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PREFACE

Over the last two decades, hydrologists and geo-
morphologists have often discussed the need to 
document the history, scientific discoveries, and 
field expertise gained in watershed management 
in British Columbia. Several years ago, a group of 
watershed scientists from academia, government, 
and the private sector gathered at the University of 
British Columbia to discuss the idea of a provincially 
relevant summary of hydrology, geomorphology, and 
watershed management. Their main objectives were 
to bridge the sometimes disparate views in water-
shed science with an integrated understanding of 
forest hydrology and geomorphology and to create a 
“go-to” reference for this information. Through this 
meeting, the Compendium of Forest Hydrology and 
Geomorphology was born.

As a synthesis document, the Compendium 
consolidates our current scientific knowledge and 
operational experience into 9 chapters organized 
around six themes: the regional context, watershed 
hydrology, watershed geomorphology, water quality, 
stream and riparian ecology, and watershed man-
agement decision support. These chapters sum-
marize the basic scientific information necessary to 
manage water resources in forested environments, 
explaining watershed processes and the effects of 
disturbances across different regions of the province. 
Some chapters incorporate case studies highlighting 
pertinent examples that move discussions from the 
abstract and theoretical to the applied and practical. 
Each chapter also presents a comprehensive list of 
references, many of which are electronically linked 
for reader convenience. In short, the Compendium is 
about British Columbia and is primarily intended for 

a British Columbian audience, giving it a uniquely 
regional focus compared to other hydrology texts.

To ensure that the Compendium presented reli-
able, relevant, and scientifically sound information, 
chapters underwent extensive peer review employing 
the standard double-blind protocol common to most 
scholarly journals. Each chapter was reviewed by 
three to five peers, several steering committee mem-
bers, an English editor, and executive reviewers from 
the B.C. Ministry of Forests and Range and FORREX. 
With 67 authors and 84 peer reviewers, the Compen-
dium embodies the spirit of partnerships—strength-
ening connections among colleagues, agencies, and 
disciplines. Although the Compendium focusses 
on British Columbia, its genesis and development 
involved hydrologists, geomorphologists, and related 
professionals from across Canada, the United States, 
and around the world. The “Authors” section (page 
v) lists all authors and their affiliations, and the “Peer 
Reviewers” section (page x) provides a record of all 
peer reviewers. 

At over 800 pages, the Compendium showcases 
the rich history of forest hydrology, geomorphology, 
and aquatic ecology research and practice in British 
Columbia and sets the foundation for the future by 
showing us how much more we have yet to learn. We 
hope it will become a valuable resource for students, 
water resource professionals, and anyone else inter-
ested in water in British Columbia.

Robin G. Pike, Todd E. Redding, R. Dan Moore, Rita 
D. Winkler, and Kevin D. Bladon
June 200. 
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INTRODUCTION

Clean water is essential for ecosystems and societies 
worldwide. In British Columbia, the water that flows 
from forested watersheds is known for its high qual-
ity. Approximately 80% of municipal water in this 
province is drawn from forested, surface sources; 
the balance is supplied by groundwater (Bryck 99; 
Parfitt 2000). Considering the prevalence of forests 
as drinking water source areas, management activi-
ties that can potentially affect water quality are often 
a concern to the public. 

This chapter provides an overview of factors 
influencing water quality in British Columbia with 
a focus on forested watersheds and the manage-
ment activities conducted in these areas. The chapter 
provides a review of applicable legislation in British 
Columbia, describes the B.C. Ministry of Envi-
ronment’s water quality guidelines and objectives, 
reviews common water quality parameters, and con-
cludes with a review of potential forest management 
effects on water quality. 

Water Quality and Forest  
Management

Chapter 2

Robin G. Pike, Michael C. Feller, 
John D. Stednick, Kevin J. Rieberger, and 
Martin Carver

WATER QUALITY IN BRITISH COLUMBIA

The term “water quality” is generally used to 
describe the chemical, physical, and biological 
characteristics of water, usually with respect to its 
suitability for a particular use. Streamflow genera-
tion mechanisms and flow routing processes are 
the largest determinants of water quality in forested 
watersheds (Stednick 200). 

Although rivers and lakes contain low concen-
trations of dissolved nutrients, nutrient concentra-
tions may spike seasonally because of decomposing 
salmon carcasses, internal nutrient cycling (e.g., 
return of phosphorus from lake sediments to the 
overlying water), nitrogen-fixing plant species, and 
(or) seasonal movement of accumulated nutrients 
from soils (Pike and Perrin 2005). 

Forests can affect water quality in many ways. 
Riparian forests provide shade, which moderates 
water temperatures, and provide a source of organic 
debris and nutrients, which are used by aquatic or-
ganisms. Natural processes in forested areas, such as 
landslides, channel erosion, blowdown, and wildfire, 
can affect water quality by creating temporarily 
increased concentrations of sediment, increased 
stream temperatures, and (or) increased nutrient 
concentrations (Harr and Fredriksen 988). Forests 
also modify the chemistry of incoming precipitation 
as a result of vegetation and soil interactions. Nutri-
ent movement within forest ecosystems involves 
uptake and retention by biota, which retards chemi-
cal or nutrient movements to surface waters (Figure 
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2.). Thus, natural disturbances and management 
activities that remove or disturb forest vegetation or 
alter hydrochemical flow paths may change dissolved 
and chemical particulate concentrations and fluxes 
in water bodies. 

Across British Columbia, chemical fluxes in forest 
ecosystems are variable and have been observed to 
increase, decrease, or remain unaffected by distur-
bances. Disturbances to these ecosystems include 
forest harvesting, road construction and use, wild-
fire, insects, tree diseases, and chemical applications 
of fire retardants, herbicides, and fertilizers. Other 
disturbances, such as the clearing of forests for min-
ing, agriculture, or urban development, may also af-
fect water quality (Dissmeyer [editor] 2000; Kaushal 
et al. 2006; de la Crétaz and Barten 2007), but these 
activities are not discussed in this chapter. 

Important determinants of the chemistry of sur-
face waters flowing from a forested watershed (Feller 
2005, 2008) include:

• geological weathering;
• climate: precipitation amount and timing, tem-

perature, and streamflow rates;

• precipitation: chemistry of dissolved and particu-
late materials;

• terrestrial biological processes, including chemi-
cal uptake, chemical transformations, and pro-
duction of soluble chemicals;

• physical-chemical reactions in the soil; and 
• physical, chemical, and biological processes 

within aquatic ecosystems.

Because of the complexity of these factors, the 
chemical “loading” in streams draining apparently 
similar watersheds can vary due to small differ-
ences in geology, soil, streambed materials, stream 
shading, or prevailing weather patterns. Chemical 
fluxes may also vary in time (e.g., annually, season-
ally) as a result of changes in weather, precipitation 
chemistry, and atmospheric deposition. Atmos-
pheric deposition of air pollutants from natural and 
anthropogenic sources is also a significant source 
of water quality problems, acidification of streams 
and lakes, and toxic contamination in many areas 
(U.S. Environmental Protection Agency 200). For 
example, an estimated 80% of the mercury input to 
Lake Michigan is a result of atmospheric deposition 
(U.S. Environmental Protection Agency 200). The 
monitoring of atmospheric deposition of pollutants 
to water bodies usually focusses on heavy metals, 
compounds of sulphur, nitrogen, or mercury, and 
certain pesticides and herbicides (U.S. Environmen-
tal Protection Agency 200). 

Water quality variations over time are also caused 
by the dilution influence of storm events (Whit-
field et al. 993) or by different seasonal streamflow 
sources. A flow–dilution relationship is frequently 
observed in forested watersheds; that is, when 
streamflow increases, dissolved constituents de-
crease (e.g., using electrical conductivity as a proxy; 
Figure 2.2). In areas where base flow is composed 
largely of groundwater, changes in the proportion of 
runoff volume to groundwater input will vary over 
seasons and storm events. After a storm, a river may 
be composed largely of storm runoff, whereas the 
pre-storm flow regime may have been predominantly 
from groundwater. The differences in the chemical 
composition of these water sources create tempo-
ral variability in water quality. At Place Creek near 
Pemberton, frequent measurements of electrical con-
ductivity were used to identify streamflow sources 
(Figure 2.3). Other water quality parameters, such 
as sediment, are often more prominent on the rising 
limb than on the falling limb of the hydrograph 
because sediment supply is usually exhausted after 

FIGURE 2.  Forest ecosystems can retard chemical or nutrient 
movements to surface waters. (Photo: R.G. Pike)
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FIGURE 2.2  Common flow–dilution relationship for a forested watershed in Oregon. Q represents 
stream discharge; EC represents electrical conductivity, a proxy for dissolved  
constituents. (Data source: U.S. Geological Survey water quality records; graph:  
J.D. Stednick, unpublished, 2009).

FIGURE 2.3  Identification of streamflow sources based on the relationship between electrical  
conductivity (EC) and stream discharge (Q) at Place Creek during the 2000 melt  
season (Moore et al. 2008a).
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and phosphorus, often leads to greater biological 
productivity than in rivers and thus differing water 
quality. 

Groundwater frequently has lower mixing rates 
and generally longer residence times than rivers and 
lakes; consequently, groundwater is normally more 
uniform in temperature and exhibits lower variabil-
ity in chemical composition in time and space than 
lakes and rivers (Lamb 985). This can be important 
for aquatic life. For example, in areas where streams 
freeze in winter, groundwater inflows can provide 
temperature refugia for fish and other aquatic life 
(Power et al. 999) and (or) can ensure the winter 
survival of salmon eggs (Leman 993; Smerdon and 
Redding 2007).

Water quality naturally varies across British 
Columbia and can be driven by a watershed’s normal 
hydrologic regime and disturbance agents. Variabili-
ty in chemical and physical constituents subsequent-
ly affects biological water quality. This is important 
to consider, as this natural variability is the baseline 
from which the regulation of activities that affect 
water quality are judged and managed. 

some period of time (Macdonald et al. 2003: see Sec-
tion 7.3., “The Hydrograph”).

 Although most lakes are similar in chemical 
composition to the rivers that feed them, reduced 
water velocity and turbulence in lakes leads to 
settling of particulates and suspended sediments, 
lower turbidity, and greater light penetration (Lamb 
985). Most lakes have low water current velocities or 
multidirectional currents, water residence times of 
months to years, and periods of thermal or chemical 
stratification (Meybeck and Helmer 992). Ther-
mal stratification within lakes can create anaerobic 
conditions near the lake bottom. Decomposition 
of organic materials that settle on the lake bottom 
increases the biological oxygen demand and may 
deplete dissolved oxygen from the overlying waters. 
These anaerobic conditions can change the lake oxi-
dation-reduction potential, which creates a reducing 
environment above the sediments. Such reducing 
conditions may result in the release of orthophos-
phate and iron from the lake sediments, which 
potentially can affect drinking water quality. The 
internal cycling of major nutrients, such as nitrogen 

In British Columbia, the protection of water quality 
is based on designated water uses at given locations. 
These uses include:

• drinking water, public water supply, and food 
processing;

• aquatic life and wildlife;
• agriculture (livestock watering or irrigation); 
• recreation and aesthetics; and
• industrial water supplies. 

Water quality guidelines and objectives are used 
to assess water quality so that the most sensitive 
designated use at a given site can be protected. As 
such, the standards by which water quality is judged 
to be acceptable often differ between water uses. For 
example, water deemed satisfactory for agricultural 
irrigation may be inappropriate for use as drinking 
water. 

The regulation of activities that affect water qual-
ity in forested watersheds in British Columbia (Fig-
ure 2.4) is controlled by both federal and provincial 
governments through various legislative acts and 
regulations. The following acts and regulations apply 

to the management of activities on forested Crown 
land.

• Dam Safety Regulation 
• Dike Maintenance Act 
• Drinking Water Protection Act 
• Environmental Assessment Act 
• Environmental Management Act
• Fish Protection Act 
• Forest and Range Practices Act 
• Groundwater Protection Regulation 
• Ministry of Environment Act 
• Sensitive Streams Designation and Licensing 

Regulation 
• Utilities Commission Act 
• Water Act 
• Water Protection Act 
• Water Regulation 
• Water Utilities Act 

In addition, water quality guidelines and objec-
tives are used in the regulation of water quality in 
British Columbia.

GUIDELINES, OBJECTIVES, AND PARAMETERS IN BRITISH COLUMBIA

http://www.qp.gov.bc.ca/statreg/reg/w/water/44_2000.htm
http://www.qp.gov.bc.ca/statreg/stat/D/96095_01.htm
http://www.qp.gov.bc.ca/statreg/stat/D/01009_01.htm
http://www.qp.gov.bc.ca/statreg/stat/E/02043_01.htm
http://www.env.gov.bc.ca/epd/main/ema.htm
http://www.qp.gov.bc.ca/statreg/stat/F/97021_01.htm
http://www.qp.gov.bc.ca/statreg/stat/f/02069%5F01.htm
http://www.env.gov.bc.ca/wsd/plan_protect_sustain/groundwater/index.html
http://www.qp.gov.bc.ca/statreg/stat/M/96299_01.htm
http://www.qp.gov.bc.ca/statreg/reg/F/FishProtect/89_2000.htm
http://www.qp.gov.bc.ca/statreg/reg/F/FishProtect/89_2000.htm
http://www.qp.gov.bc.ca/statreg/stat/U/96473_01.htm
http://www.qp.gov.bc.ca/statreg/stat/W/96483_01.htm
http://www.qp.gov.bc.ca/statreg/stat/W/96484_01.htm
http://www.qp.gov.bc.ca/statreg/reg/W/Water/204_88.htm
http://www.qp.gov.bc.ca/statreg/stat/W/96485_01.htm
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Water Quality Guidelines

Water quality guidelines (formerly called “criteria” 
in British Columbia) provide the benchmark for as-
sessing the province’s water quality and setting water 
quality objectives (see below). Water quality guide-
lines are numerical values that indicate acceptable 
levels of physical, chemical, and biological charac-
teristics of water, biota, and sediment for different 
types of designated water uses. Approved water qual-
ity guidelines are applied province-wide to prevent 
detrimental effects from occurring to a water use, 
and to support aquatic life. A water quality problem 
is deemed non-existent if the substance concen-
tration is lower (or higher in some cases, such as 
dissolved oxygen) than the guideline level; however, 
this approach does not recognize that the cumulative 
effect of several substances may cause a water qual-
ity problem. Where a guideline is exceeded or falls 
below a threshold, an assessment of water quality is 

usually required. British Columbia’s water quality 
guidelines are science-based and subjected to wide 
review before finalization. Once established, the 
guidelines are reviewed periodically to incorporate 
newly available information. Water quality guide-
lines for the support of aquatic life are the most diffi-
cult to develop and are based mainly on the effects of 
toxins on various life forms. Given the uncertainty 
involved, conservative safety factors are usually 
applied in determining the final guideline level. For 
example, the maximum nitrate guideline is based on 
the results of toxicity tests with the lowest 96-hour 
LC50,

1 which are multiplied by a safety factor of 0.5, 
whereas the 30-day average nitrate guideline (again 
based on the lowest 96-hour LC50) is multiplied by 
a safety factor of 0. (Meays 2009). Provincially ap-
proved water quality guidelines take precedence over 
any other guidelines or standards (e.g., those of the 
Canadian Council of the Ministers of the Environ-
ment or the U.S. Environmental Protection Agency). 
Approved water quality guideline information for 
British Columbia can be found on the Ministry of 
Environment’s Environmental Protection Division 
website at: www.env.gov.bc.ca/wat/wq/wq_ 
guidelines.html. 

In situations where guidelines have not yet 
been fully assessed or endorsed, “working” water 
quality guidelines are used in British Columbia. 
These guidelines are obtained primarily from the 
Canadian Council of the Ministers of the Environ-
ment and other North American jurisdictions. The 
working guidelines provide the best guidance, in the 
interim, on safe levels of different substances in the 
environment. Nevertheless, these draft guidelines 
should always be used with caution because they can 
be based on historic information or different deriva-
tion protocols. Importantly, the appropriate techni-
cal document must be used to ensure that approved 
water quality guidelines are applied correctly.

Water Quality Objectives

Water quality objectives are based on scientific water 
quality guidelines. These objectives are established 
on a site-specific basis and take into consideration 
local water quality, water use, water movement, and 
waste discharges. 

In contrast to the provincially applicable water 
quality guidelines, water quality objectives are 

FIGURE 2.4   In British Columbia, water quality in forested 
watersheds is regulated by both federal and 
provincial governments. (Photo: R.G. Pike)

 Concentration of toxicant lethal to 50% of test organisms during a defined time period and under defined conditions.

http://www.env.gov.bc.ca/wat/wq/wq_guidelines.html
http://www.env.gov.bc.ca/wat/wq/wq_guidelines.html
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commonly used to: guide the evaluation of water 
quality; issue permits, licences, and legal orders; and 
manage fisheries. The objectives also provide a refer-
ence against which the state of water quality in  
a particular water body can be checked over time. 

Water Quality Parameters 

Water quality parameters are measures of specific 
characteristics of water and can be categorized 
as physical, chemical, and biological parameters 
(Table 2.). This section describes some of the most 
common water quality parameters and serves as an 
introduction to the example measures. For addi-
tional information on water quality parameters and 
sampling strategies, see the publications listed in 
Table 2.2.

Water temperature
Water temperature is a physical property of a system 
defined as the average kinetic energy of atoms in 
a solution (Stednick 99) and is a measure of the 
intensity (not amount) of heat stored in a volume of 
water. Temperature is measured in degrees Celsius 
(°C) and is influenced primarily by solar radiation as 
modified by the seasons, latitude, elevation, vegeta-
tion cover, discharge, stream channel characteristics, 

prepared for specific bodies of fresh, estuarine, 
and coastal marine surface waters. Objectives are 
prepared only for specific water bodies and water 
quality characteristics that may be affected by hu-
man activity currently or in the future. Water quality 
objectives are set by the B.C. Ministry of Environ-
ment under Section 5(e) of the Environmental Man-
agement Act. In addition, Section 50 of the Forest 
and Range Practices Act contains provisions for the 
designation of community watersheds and the estab-
lishment of objectives to protect drinking water. For 
this reason, water quality objectives developed for 
community watersheds generally focus on potential 
effects from roads, forest harvesting, and range ac-
tivities. Currently, 46 community watersheds have 
been approved in British Columbia. Section 8.2 of 
the Forest and Range Practices Act’s Forest Planning 
and Practices Regulations contains details on objec-
tives for water in community watersheds. 

If water quality objectives for community wa-
tersheds are established by the Minister of Forests 
and Range’s order following the Forest and Range 
Practices Act’s Government Actions Regulation 
process, then those forest agreement holders who are 
required to prepare a forest stewardship plan must 
include in this plan a result or strategy consistent 
with the water quality objective. Objectives are most 

TABLE 2. Forest water quality parameters and example measures

Category Parameters Example measures

Physical Water temperature Temperature 
 Sediment Total suspended solids 
  Turbidity

Chemical Ions, dissolved constituents,  pH
 and nutrients  Electrical conductivity
  Total dissolved solids 
  Dissolved oxygen
  Ions (e.g., sodium, potassium, calcium, magnesium, iron) 
  Nitrogen (nitrate, ammonium) 
  Phosphorus (various forms) 

 Toxic parameters Pesticides (insecticides, herbicides, and fungicides)
  Metals (e.g., lead, mercury, cadmium, aluminum, copper, selenium,
  zinc)

Biological Biological parameters Chlorophyll a
  Fecal coliform 
  Benthic invertebrate communities
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cloud cover, and time of day. In British Columbia, 
measured surface water temperatures (Figure 2.5) 
can naturally range from less than 0°C under ice 
to more than 40°C in hot springs. For additional 
information on water temperature variability and 
measurement, see Chapter 7 (“Watershed Measure-
ment Methods and Data Limitations”). 

Changes to water temperature regimes (water 
temperature over time) beyond optimal ranges can 
have significant effects on aquatic life, such as fish 
(e.g., metabolic rates, eggs, behaviour, and mortal-
ity). Increasing water temperature may lead to more 
rapid decomposition of organic material, which in 
turn could result in decreased oxygen levels. In-
creased temperatures also elevate metabolic oxygen 
demand, which in conjunction with reduced oxygen 
solubility, may affect aquatic species. In most moun-
tain streams, however, high aeration rates preclude 
significant changes in dissolved oxygen content 
(Brown and Beschta 985; Stednick 99). Tempera-
ture also affects the solubility of many constituents 
such as metals that may influence water quality. 
Information on preferred temperatures for spawn-
ing and incubating salmon and lower or upper lethal 
and preferred temperatures for select salmon species 
can be found in Bjornn and Reiser (99).

Water temperature guidelines vary depending 
on water use (e.g., consumptive use vs. aquatic life). 
A summary of guidelines for water temperature 
follows; for complete details on each of these guide-
lines, see Singleton (200):

TABLE 2.2 Water quality sampling literature

Title Author (year)

Ambient Freshwater and Effluent Sampling Manual Resources Information Standards Committee (1998)

British Columbia Field Sampling Manual Clark (editor, 2003)

Continuous Water Quality Sampling Programs: Operating  Resources Information Standards Committee (RISC) 2006a
  Procedures 

Continuous Water Quality Sampling Programs: Appendices Resources Information Standards Committee (RISC) 2006b

Freshwater Biological Sampling Manual Cavanagh et al. 1997a

Guidelines for Designing and Implementing a Water Quality  Cavanagh et al. 1998a
  Monitoring Program in British Columbia 

Guidelines for Interpreting Water Quality Data  Cavanagh et al. 1998b

Guidelines for Monitoring Fine Sediment Deposition in  Rex and Carmichael 2002
  Streams, Version 1.3 

Lake and Stream Bottom Sediment Sampling Manual Resources Information Standards Committee 1997

a Resources Information Standards Committee approved protocol.

FIGURE 2.5  Measuring stream temperature in a British  
Columbia coastal stream. (Photo: T. Redding)

• Drinking water: maximum of 5°C for aesthetics.
• Aquatic life (streams with known fish distribu-

tion): ±°C beyond optimum temperature range 
for the most sensitive species present.

• Aquatic life (streams with unknown fish distribu-
tions): mean weekly maximum temperature of 
8°C or less.
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Sediment: Total suspended solids and turbidity
Clay, silt, and very fine sand particles less than 
0. mm in diameter can be transported as suspended 
sediment (MacDonald et al. 99) in water at most 
velocities. Fine sediment in forested watersheds is 
generally measured as total suspended solids (TSS) or 
turbidity (Stednick 99). 

Total suspended solids Total suspended solids (also 
known as non-filterable residue) refer to the portion 
of sediments suspended in a water column. Suspend-
ed sediment is measured by drying or filtering a wa-
ter sample (usually a depth-integrated sample) and 
weighing the residual portion, which is expressed 
as a concentration in milligrams per litre (mg/L) or 
parts per million (ppm). 

Fine sediment has many important implications 
for water quality (Figure 2.6). In addition to re-
stricting light penetration in water, suspended solids 
can result in damage to fish gills and impair spawn-
ing habitat by smothering fish eggs. Suspended solids 
can also impair water treatment processes (Cavanagh 
et al. 998b). 

Guidelines for TSS are based on increases over 
background levels. These guidelines can be either 
pre-operational, whereby monitoring must be 
done to establish appropriate background levels, 
or post-operational, whereby a site upstream of the 

anthropogenic influences contributing to increased 
turbidity is used to define background (see Caux et 
al. 997). In British Columbia, TSS guidelines have 
been developed for aquatic life and for other uses. 
A summary of TSS guidelines to protect aquatic life 
follows; for complete details on each of these guide-
lines, see: www.env.gov.bc.ca/wat/wq/BCguidelines/
turbidity/turbidity.html.

• Induced suspended sediment concentrations 
should not exceed background levels by more 
than 25 mg/L at any one time for a duration of 
24 hours, or exceed 5 mg/L from background 
at any one time for a duration of 30 days, in all 
waters during clear flows.

• Induced suspended sediment concentrations 
should not exceed background levels by more 
than 25 mg/L at any time when background is 
25–00 mg/L during high flows or in turbid water.

• When background exceeds 00 mg/L, suspended 
sediments should not be increased by more than 
0% of the measured background level at any one 
time. 

Details of methods commonly used to sample 
suspended sediments are presented in Chapter 7, 
“Watershed Measurement Methods and Data Limi-
tations” (see subsection on “Suspended Sediment”). 

FIGURE 2.6  Suspended sediment in streams can have many important implications for water  
quality. (Photo: P. Teti)

http://www.env.gov.bc.ca/wat/wq/BCguidelines/turbidity/turbidity.html
http://www.env.gov.bc.ca/wat/wq/BCguidelines/turbidity/turbidity.html
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Turbidity  Turbidity is used as a proxy to describe 
sediment content of water samples (Figure 2.7). 
Turbidity refers to the amount of light scattered by a 
fluid (Stednick 99) and is measured in nephelomet-
ric turbidity units (NTU). Increasing turbidity is usu-
ally associated with increasing suspended sediment 
concentrations. Turbidity cannot be used as a direct 
measure of suspended sediment as values are influ-
enced by solution colour, particle size, particle shape, 
solute concentration, and dissolved air (Anderson 
and Potts 987); however, relationships between 
turbidity and suspended sediment may be developed 
on a site-specific basis (Stednick 99). Details of 
methods commonly used to measure turbidity are 
presented in Chapter 7, “Watershed Measurement 
Methods and Data Limitations” (see subsection on 
“Turbidity as a Proxy for Suspended Sediment”). 

Excessive sedimentation rates can adversely affect 
aquatic life as fine sediment can fill gravel interstices, 
thereby reducing oxygen availability for developing 
fish eggs and embryos (Fredriksen 973). Prolonged 
turbid waters also block light, which reduces prima-
ry productivity. Excessive turbidity negatively affects 
the aesthetics associated with recreational water use. 
Turbid waters also require higher levels of treatment 
if used for drinking water because of the increased 
total available surface area of solids in suspension 
upon which bacteria can grow. Turbidity also inter-
feres with the disinfection of drinking water and is 
aesthetically unpleasing (Cavanagh et al. 998b).

As with TSS, turbidity guidelines are based on 
increases over background levels. A summary of 
turbidity guidelines follows; for complete details, 
see Caux et al. (997) or www.env.gov.bc.ca/wat/wq/
BCguidelines/turbidity/turbidity.html. 

• For raw drinking water with treatment for par-
ticulates: turbidity should not increase from back-
ground by more than 5 NTU when background is 
less than or equal to 50 NTU, or should not change 
from background by more than 0% when back-
ground is greater than 50 NTU.

• For raw drinking water without treatment for 
the removal of particulates: turbidity should not 
increase from background by more than  NTU 
when background is less than or equal to 5 NTU, 
or should not change from background by more 
than 5 NTU at any time when background is 
greater than 5 NTU.

Turbidity guidelines for other water uses are also 
dependent on background levels and have specific 
requirements for determining attainment (Caux et 
al. 997).

pH, electrical conductivity, total dissolved solids, 
dissolved oxygen, nitrogen, and phosphorus
pH The pH of a substance is a measure of hydrogen 
ion (H+) activity. The “H” in “pH” represents the 
moles per litre of H+ and “p” is the negative log; thus, 
a H+ activity of 0–5.6 is expressed as a pH of 5.6. A 
4-point scale is used to quantify pH: less than 7 is 
acidic, 7 is neutral, and greater than 7 (up to 4) is 
basic. For solutions in which the concentration of 
hydrogen ions (H+) is higher than hydroxide ions 
(OH–), the solution will be acidic (i.e., pH < 7). For 
solutions in which hydroxide ions have a higher ac-
tivity than H+, the solution will be basic (pH > 7).

Various methods are used to measure pH, the 
most common of which is colour indicators (e.g., 
litmus strips) or specialized probes that generate 
voltage proportional to the pH of a solution. A com-
prehensive review of pH determination and meas-
urement is available in McKean and Huggins (989). 

In British Columbia, the range of pH in surface 
water is variable and is largely a product of the 
amount of precipitation and the rate of geologic 
weathering in soils and bedrock (McKean and Nag-
pal 99). Regarding water quality, pH is important 
as it determines the solubility of heavy metals.  
McKean and Nagpal (99) outlined the following 
ways in which pH can affect aquatic organisms.

• alteration of chemical species (metals, etc.) to 
toxic forms

• destruction of gill tissue 
• creation of acidosis or alkalosis FIGURE 2.7  Measuring the turbidity of a water sample. 

(Photo: P. Teti)

http://www.env.gov.bc.ca/wat/wq/BCguidelines/turbidity/turbidity.html
http://www.env.gov.bc.ca/wat/wq/BCguidelines/turbidity/turbidity.html
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• loss of electrolytes
• inhibition of ammonia excretion mechanism

Guidelines for pH vary depending on water use 
(e.g., drinking vs. aquatic life). Additionally, some 
other guidelines are pH-dependent and are adapted 
for conditions at the site (e.g., ammonia). Further 
details on ambient water quality criteria for pH are 
found in McKean and Nagpal (99) and in Table 2.3 
below. 
 
Electrical conductivity Electrical conductivity 
(EC) is a measure of the ease with which electrical 
current passes through water, and is expressed in 
microSiemens per centimetre (μS/cm). The EC of 
water varies with ion composition, ion concentra-
tion, and temperature (Moore et al. 2008a). Because 
of the temperature dependence, the measurement 
of EC is corrected to a standard temperature (e.g., 
25°C). The term “specific conductance” (SC) refers to 
electrical conductivity measured at a specified refer-
ence temperature, usually 25°C (Moore et al. 2008a), 
and is often considered synonymous with electrical 
conductivity (Mills et al. 993). 

Electrical conductivity is used as an indicator of 
water chemistry and hydrologic processes (Figures 
2.2, 2.3, 2.8), and is also used to identify ground-
water discharge zones. The introduction of tracers 
that temporarily alter water EC (e.g., sodium chlo-
ride) are used to measure stream discharge (Moore 
2004a; 2004b; Hudson and Fraser 2005; Moore et al. 
2008a). 

Additional information on the use of electrical 
conductivity as an indicator of water chemistry and 
hydrologic process can be found in Moore et al. 
(2008a). 

Total dissolved solids Total dissolved solids (TDS) is 
a measure of inorganic salts dissolved in water. The 

principal constituents are usually calcium, magne-
sium, sodium, potassium, carbonate, bicarbonate, 
chloride, sulphate, phosphate, and nitrate (Health 
Canada 978). These dissolved solids come from 
both natural and human sources (road salt, ferti-
lizer, etc.), and as such, concentrations vary across 
British Columbia. In general, concentrations of TDS 
in drinking water are well below 500 mg/L but may 
be higher in some areas (Health Canada 978). It is 
measured by collecting electrical conductivity data 
and converting it to TDS values using a multiplica-
tion factor (0.55–0.8) (Health Canada 978); it is also 
measured gravimetrically (Health Canada 978). 

Dissolved oxygen Dissolved oxygen (DO) is a 
measure of the amount of oxygen dissolved in water 
through diffusion from the air, aeration or turbu-
lence in a stream, or photosynthesis occurring in 
aquatic ecosystems. Most aquatic organisms require 
DO. In British Columbia, DO levels in surface waters 
are usually high. Saturation levels are the maximum 
level of DO that can be contained in the water, based 
on water temperature and partial pressure of atmos-
pheric oxygen, and are often greater than 0 mg/L 
(B.C. Ministry of Environment 997). 

Dissolved oxygen is most often measured in 
situ through the use of specialized probes and data 
loggers. Measuring DO in the laboratory via grab 
samples may cause errors in accuracy compared 
to in situ conditions. For more information on DO 
and its measurement, see B.C. Ministry of Environ-
ment (997). Guidelines for DO in British Columbia 
are also available at: www.env.gov.bc.ca/wat/wq/
BCguidelines/do/index.html.

Nitrogen In relation to the potential effects of forest 
management activities on chemical water quality, 
changes to nitrogen (N) and phosphorus (P) inputs 
are considered important (Brown and Binkley 994). 

TABLE 2.3 Summary of surface water pH guidelines in British Columbia

Water use Guidelines for pH units Comments

Drinking water supply pH 6.5–8.5 Designed to minimize solubilization of heavy metals and 
  salts from water distribution pipes and the precipitation 
  of carbonate salts in the distribution system, and to 
  maximize the effectiveness of chlorination; however, 
  natural-source water outside the guidelines may be safe   
  to drink from a public health perspective.

Recreational waters pH 5.0–9.0 No irritation to eyes. Note that lakes with naturally low or 
  high pH are not in contravention of the guideline.

http://www.env.gov.bc.ca/wat/wq/BCguidelines/do/index.html
http://www.env.gov.bc.ca/wat/wq/BCguidelines/do/index.html
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Nitrogen and phosphorus typically limit terrestrial 
and aquatic productivity, respectively, and increased 
concentrations can lead to eutrophic conditions in 
aquatic environments (Binkley and Brown 993). 
Excessively high levels of nitrate can be toxic to fish 
(Stednick [editor] 2008). Nitrate-N concentrations 
greater than 0 mg/L can also adversely affect hu-
man health and can cause methaemoglobinaemia  
or “blue baby” syndrome (Binkley et al. 999a). 

Nitrate and ammonium are the primary con-
stituents of interest when considering nitrogen. 
Nitrate (NO3

–) ions are formed through the oxidation 
of nitrogen by micro-organisms in plants, soil, or 
water, and to a lesser extent, by electrical discharges 
such as lightning (Beatson 978). In North America, 
background concentrations of nitrate-N in streams 
are low and average 0.3 mg/L with a median value 
of 0.5 mg/L (Binkley 200). Concentrations are typi-

cally lower than this in British Columbia’s coastal 
streams, and sometimes are as low as 0.00 mg/L 
(Perrin et al. 987). Nitrite (NO2

–) is another form of 
nitrogen that tends to oxidize rapidly to nitrate in 
the environment. Nitrite is rare in forested water-
sheds. Detectable concentrations in surface waters 
often suggest an input of organic waste such as sew-
age. Water quality guidelines for nitrate and nitrite 
are summarized in Table 2.4.

 Ammonia (NH3) is a colourless gas that has a 
strong pungent odour. Ammonia is produced natu-
rally by the biological degradation of nitrogenous 
matter (e.g., amino acids) and is an essential link in 
the nitrogen cycle (Health Canada 987). Ammonia 
concentrations as low as 0.03 mg N/L can be poten-
tially toxic to aquatic organisms in the short term; 
concentrations greater than 0.002 mg N/L may be 
toxic over the long term (Binkley et al. 999a, 999b). 

FIGURE 2.8  Measuring electrical conductivity in a British Columbia coastal stream. (Photo:  
D. Spittlehouse)

TABLE 2.4 Summary of British Columbia water quality guidelines for nitrate and nitrite (Meays 2009)

 Nitrate Nitrite
Water use (mg/L as nitrogen) (mg/L as nitrogen)

Drinking water 10 mg/L (maximum) 1 mg/L (maximum)
Freshwater aquatic life (maximum) 31.3 mg/L (maximum)a 0.06 mg/L (maximum)
Freshwater aquatic life (average) 3.0 mg/L (30-d average)a 0.02 mg/L (average) when chloride is ≤ 2 mg/L

 a Source: http://a00.gov.bc.ca/pub/eirs/viewDocumentDetail.do?fromStatic=true&repository=EPD&documentId=9930).

http://a100.gov.bc.ca/pub/eirs/viewDocumentDetail.do?fromStatic=true&repository=EPD&documentId=9930
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The conversion of ammonium (NH4
+) to ammonia 

(NH3) is pH-dependent. Both ammonia and am-
monium can exist in water, but ammonia is stable 
only when pH is greater than 9. Concentration of 
ammonia decreases tenfold with each decrease in pH 
unit; thus, for acidic forest soils (pH 4–6.5), ammonia 
concentrations are typically below detection limits 
(Binkley et al. 999a). Ammonium concentrations 
are also typically below detection limits in surface 
waters, since ammonium is rapidly utilized in plant 
uptake or fixed on soil cation exchange sites.

Phosphorus Phosphorus (P) is often the nutrient 
that limits biological production in aquatic ecosys-
tems. Overloading a system with phosphorus can 
lead to excess production of unwanted algae, as well 
as other water quality problems, including reduced 
oxygen content, which can kill fish and may lead 
to drinking water impairment (taste, odour, and 
treatment difficulties) (Wetzel 200). The magnitude 
of the effect depends on the characteristics of the 
receiving water body (e.g., discharge, background 
phosphorus concentration, and water residence 
time) (Pike and Perrin 2005). 

Phosphorus is naturally derived mainly from the 
weathering of minerals. The cycling of phosphorus 
between plants, animals, soils, and water involves 
both dissolved and particulate forms of the element 
(Scatena 2000). In freshwater, phosphorus occurs 
in three forms: () inorganic phosphorus, (2) undis-
solved or particulate organic phosphorus, and (3) 
dissolved organic phosphorus (Environment Canada 
2005). Phosphorus dissolved in water usually occurs 
in the form of phosphates (PO4

3 -). In North America, 
more particulate than dissolved phosphorus occurs 
in stream water (Feller 2008). Unlike nitrogen, phos-
phorus does not have a gaseous component (Scatena 
2000). Sources of phosphorus include agricultural 
and urban runoff, soil erosion, and sewage. 

Phosphorus is not considered hazardous to hu-
man health (Scatena 2000). In British Columbia, 
guidelines for phosphorus vary between lakes and 
streams (Nordin 985). Currently, approved water 
quality guidelines for phosphorus are based on  
Water Quality Criteria for Nutrients and Algae  
www.env.gov.bc.ca/wat/wq/BCguidelines/nutrients/ 
nutrientstech.pdf). A summary of the phosphorus 
guidelines for lakes follows.

• Drinking water sources: < 0 µg/L total P
• Recreation: < 0 µg/L total P
• Aquatic life: 5–5 µg/L total P (for lakes with  

salmonids as the predominant fish species).

For streams, chlorophyll a is used as the water 
quality measure because several conditions (i.e., 
water velocity, substrate, light, temperature, and 
grazing pressure) must be met before phosphorus 
becomes a factor causing nuisance levels of algal 
growth (Nordin 985). As algal biomass is the focus of 
concern it was chosen as the measure (Nordin 985). 
A summary of the guidelines for chlorophyll a follows.

• Drinking water sources: no recommendation
• Recreation: < 50 mg/m2 chlorophyll a
• Aquatic life: < 00 mg/m2 chlorophyll a

Other biological and toxic parameters
Water quality analysis in forested ecosystems can 
also focus on several other parameters. Biological 
parameters of interest often include total coliforms, 
Cryptosporidium, and Giardia. Further discussion 
of these constituents and the factors influencing 
their generation and transport to water bodies can 
be found in Dissmeyer (editor, 2000) and Scatena 
(2000). 

Toxins can be defined as any chemicals that cause 
adverse effects (Brown and Binkley 994). Acute 
toxicity occurs in the short term and is the rapid re-
sponse of organisms to a chemical dose (Norris and 
Moore 976). Chronic toxicity occurs over the long 
term and is the delayed response of organisms to 
the exposure of a chemical (Norris and Moore 976). 
Examples of toxins that may be monitored in water 
include heavy metals, such as lead or cadmium, or 
pesticides. 

Biological parameters and toxins are generally 
monitored in association with land use (e.g., agricul-
ture, range) or point and non-point source discharg-
es (e.g., mineral extraction, urban stormwater/sewer, 
pulp mill effluent, wildlife/cattle). Approved water 
quality guidelines for biological and toxic param-
eters in British Columbia are available from:  
www.env.gov.bc.ca/wat/wq/BCguidelines/ 
approv_wq_guide/approved.html. Working guide-
lines are available at: www.env.gov.bc.ca/wat/wq/ 
BCguidelines/working.html.

http://www.env.gov.bc.ca/wat/wq/BCguidelines/nutrients/nutrientstech.pdf
http://www.env.gov.bc.ca/wat/wq/BCguidelines/nutrients/nutrientstech.pdf
http://www.env.gov.bc.ca/wat/wq/BCguidelines/approv_wq_guide/approved.html
http://www.env.gov.bc.ca/wat/wq/BCguidelines/approv_wq_guide/approved.html
http://www.env.gov.bc.ca/wat/wq/BCguidelines/working.html
http://www.env.gov.bc.ca/wat/wq/BCguidelines/working.html
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In the last 20 years, numerous reviews of forest 
management effects on water quality have been 
published, including those of Krause (982), Hether-
ington (987), MacDonald et al. (99), Binkley and 
Brown (993), Brown and Binkley (994), MacGregor 
(994), Martin (995), Miller et al. (997), Teti (998), 
Carignan and Steedman (2000), Dissmeyer (editor, 
2000), and Sedell et al. (2000). A summary of water 
quality components that can be affected by forest 
management activities is presented in Table 2.5.

Forest Management Effects on Sediment and Water 
Temperatures

Increased sediment inputs and stream temperatures 
are two common concerns associated with the effects 
of forest management on water quality. Because sev-
eral different natural disturbances and forest prac-
tices can affect sediment and stream temperature in 
British Columbia, the coverage of these topics has 
occurred extensively throughout many other chap-
ters in this Compendium. Specifically, the reader is 
referred to the following information.

• Groundwater influence on stream temperatures 
(Chapter 6)

• Riparian management effects on stream tempera-
ture (Chapter 5)

• Stream temperature measurement (Chapter 7) 
• Climate change, stream temperature, and water 

quality (Chapter 9)
• Modelling future stream temperatures (Chapter 

9)
• Glaciation, geology, and effects on sediment re-

gimes (Chapter 2)
• Landslides, erosion, and sedimentation processes 

(Chapter 8) 
• Forest management and sediment production 

(Chapter 9)
• Sediment influence on stream channel morphol-

ogy (Chapter 0) 
• Sediment production in karst environments 

(Chapter )
• Sediment and stream/riparian ecology (Chapter 

3)
• Sediment and salmon (Chapter 4) 
• Riparian management, sediment production, and 

stream habitat (Chapter 5)
• Practices to avoid harvesting-related landslides 

and sediment production (Chapter 9)
• Practices to avoid landslides and sediment pro-

duction from forest roads (Chapter 9)

FOREST MANAGEMENT AND DISTURBANCE EFFECTS ON WATER QUALITY

TABLE 2.5 Components of water quality potentially affected by forest management activities

Activity Variants Affected water quality components

Timber harvesting Clearcutting Temperature, sediment, nutrients, dissolved
 Variable retention solids, dissolved oxygen

Timber extraction Tractor (crawler or wheeled) Sediment, dissolved solids
 Rubber-tire skidder
 Cable yarding (ground lead, high lead, skyline)
 Helicopter 

Roads and stream crossings Road construction, use, maintenance,  Temperature, sediment, toxins, dissolved solids, 
 and deactivation dissolved oxygen
 Bridge and culvert installation 

Site preparation Mechanical preparation, scarification,  Sediment, nutrients, dissolved solids, dissolved
 slash disposal oxygen

Prescribed burning Broadcast, pile and burn Nutrients, sediment, dissolved solids, dissolved 
  oxygen

Applied chemicals Fertilizers Nutrients, toxins 
 Pesticides and herbicides Toxins, temperature
 Fire suppressants and retardants Nutrients, toxins 



44

• Climate change effects on landslides, glaciers, and 
sediment (Chapter 9)

• Measuring suspended sediment and turbidity 
(Chapter 7)

• Sediment source mapping (Chapter 7) 
• Riparian assessment and fine sediment (Chapter 

5) 
• Watershed assessment and sediment (Chapter 6)
• Sediment in forested watersheds and rehabilita-

tion measures (Chapter 8)

Therefore, this chapter will not duplicate these 
sources of information. Rather, the following mat-
erial briefly highlights these parameters from a water 
quality perspective. The reader should consult the 
sources listed above for more detailed information.

Stream temperature
Stream temperature is influenced by various energy 
sources including short- and long-wave radiation, 
sensible and latent heat from the atmosphere, con-
duction from the streambed, and advective inputs 
from groundwater, hyporheic, and tributary inflows 
(Moore et al. 2005). All of these energy sources vary 
in response to daily and seasonal cycles of climatic 
variables as well as synoptic-scale weather systems. 
As a result, stream temperatures also vary on daily, 
synoptic, and seasonal time scales. The influence of 
groundwater on stream temperature is discussed 
further in Chapter 6, “Hydrologic Processes and 
Watershed Response.” 

Stream temperature sensitivity to hydroclimatic 
conditions varies with both riparian vegetation 
cover and channel morphology. The riparian forest 
canopy provides shade, emits long-wave radiation, 
and reduces wind speed, thus exerting an important 
control on the radiative and turbulent exchanges at 
the stream surface. The effects of the forest canopy 
vary with stream width, as a wider stream has a 
greater sky view factor and thus reduced shading 
and longwave radiation and higher wind speeds over 
the stream. The sensitivity of stream temperature to 
energy inputs is inversely related to stream depth. As 
a result of these factors, wide, shallow streams in un-
disturbed riparian zones are generally more sensitive 
to heating than deep, narrow streams with a similar 
discharge. 

Stream temperature exhibits systematic variabil-
ity within and among catchments. Within a catch-
ment, stream temperature is generally coldest in 
the headwaters and increases downstream for both 

glacier-fed and groundwater-fed streams. Particular-
ly on the interior plateaus, many catchments contain 
lakes and wetlands that become much warmer than 
groundwater during periods of calm, sunny weather. 
This warming produces elevated stream tem-
peratures at the outlets of lakes and wetlands, with 
cooling in downstream reaches caused by inflow of 
colder groundwater (Mellina et al. 2002). Among 
catchments, stream temperature tends to increase 
with fractional lake coverage and to decrease with 
mean catchment elevation and fractional glacier cov-
erage, as the increased inputs of cool water during 
periods of warm weather serve to moderate diurnal 
warming (Moore 2006). It is expected that a con-
tinued reduction in meltwater contributions associ-
ated with glacier retreat will lead to altered aquatic 
habitat characteristics, including increased stream 
temperatures and altered stream water chemistry 
(see Chapter 9, “Climate Change Effects on Water-
shed Processes in British Columbia”). A complete 
description of how stream temperature may be af-
fected by climate and climate change is provided in 
Chapter 9. 

Forest harvesting has the potential to influence 
stream temperature in several ways. Harvesting in 
riparian areas can affect stream temperature directly 
through the removal of shading vegetation and 
alteration of riparian microclimate. Riparian forest 
harvesting can also cause stream widening caused by 
the loss of bank strength as tree roots decay, result-
ing in greater temperature response to heat inputs. 
Forest harvesting outside the riparian zone can also 
lead to channel destabilization and widening as a 
result of increased inputs of coarse sediment and 
discharge, particularly where debris flows occur 
(Chapter 5, “Riparian Management and Effects on 
Function”). Forest harvesting has led to increases in 
stream temperatures in all seasons, with the greatest 
increases occurring in the summertime (see Table 
5.2 for details).

Stream temperature is an important water quality 
parameter as it has a strong influence on metabolic 
rates, biological activity, and decomposition that can 
affect the chemical and biological composition of 
waters. Altering stream temperatures thus has the 
potential to have a strong influence on local biologi-
cal communities. Certain fish species in British 
Columbia, such as the bull trout (Salvelinus conflu-
entus), have been shown to be sensitive to tempera-
ture changes. Overall, responses to increased water 
temperatures, and how these changes will affect the 



45

various life stages (from egg to spawning adult) are 
generally defined by fish species. For example, at 
Carnation Creek, minor changes in stream tem-
peratures in the fall and winter caused by forest 
harvesting profoundly affected salmonid popula-
tions, accelerating egg and alevin development rates, 
emergence timing, seasonal growth, and the timing 
of seaward migration (Tschaplinski et al. 2004). Fur-
ther details of the influence of riparian management 
on stream temperature can be found in Chapter 5, 
“Riparian Management and Effects on Function.” 

Sediment
The production of sediment and movement to 
streams and lakes in British Columbia is caused by 
both natural and human-caused factors (Figure 2.9). 
Primary sources of sediment include surface erosion, 
mass movements (e.g., landslides), and streambank 
erosion (Hetherington 987). Importantly, each 
sediment source contributes different calibres (sizes) 
of sediment at different time intervals. Mass move-
ments contribute large and fine sediment fractions 
episodically (see Chapter 8, “Hillslope Processes,” 
Chapter 9, “Forest Management Effects on Hillslope 
Processes,” and Chapter 0, “Channel Geomorphol-
ogy: Fluvial Forms, Processes, and Forest Manage-
ment Effects”). In contrast, surface erosion generally 
contributes finer sediments continually, which can 
have an important effect on drinking water quality, 

aquatic life, and habitat conditions. The size of the 
sediment (i.e., coarse fractions) is one of the most 
significant of the potential factors influencing chan-
nel morphology (Figure 2.9; see also Chapter 0). 

Historically, forest management increased the 
production and movement of sediment to waterways 
directly through practices such as: the logging of 
floodplains, fans, and riparian forests; cross-stream 
yarding; harvesting unstable or marginally stable 
terrain; road construction causing landslides and 
surface erosion; inadequate stream crossings; and 
indirectly through channel and bank destabiliza-
tion (for a more complete history, see Chapter 8, 
“Stream, Riparian, and Watershed Restoration”). 
These historic practices have largely been discontin-
ued or have been modified to reduce the potential 
for sediment transport. In more recent times, timber 
harvesting has been shown to have minimal direct 
effects on sedimentation levels (Egan 999; and see 
Chapter 9, “Forest Management Effects on Hillslope 
Processes”). Stream crossings by roads or skid trails 
are the most frequent sources of sediment input 
because these crossings act as focal points for the 
introduction of sediment into streams (Taylor et al. 
999) from road surfaces and ditch-lines. Natural 
sediment production in any given watershed is gen-
erally related to precipitation and snowmelt events, 
and the degree of connectivity of sediment source 
to waterway. So while certain forestry practices in 

FIGURE 2.9  The production of sediment and movement to streams and lakes in British Columbia is 
caused by both natural and human-caused factors. (Photo: R.G. Pike)
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some areas may increase the potential for sediment 
production, precipitation will still be a key factor 
(Chapter 6, “Detecting and Predicting Changes in 
Watersheds”). 

Sediment is an important water quality parameter 
because it can directly influence aquatic organisms 
as well as water treatment effectiveness. For exam-
ple, sediment particle size distribution of incubation 
gravels and the percentage of fine sediments (e.g., 
< 0.85 mm diameter) (Chapman 988; Young et al. 
99) in streams can have a strong influence on egg 
survival to emergence for salmon and trout (Chapter 
4, “Salmonids and the Hydrologic and Geomor-
phic Features of Their Spawning Streams in British 
Columbia”). Fine sediment can reduce intergravel 
water flows, decrease the supply of dissolved oxygen 
to the eggs and alevins, and decrease the transport of 
ammonia and other metabolites away from the egg 
pockets (Chapter 4).

Forest Management Effects on Nutrients

Nutrient uptake
Nutrient cycling in forested environments is often 
complex and dependent on ecosystems, vegetation 
species, and structure. In general, forest harvest-
ing initially reduces nutrient uptake by terrestrial 
vegetation, which may lead to increased nutrient 
concentrations and loads in aquatic ecosystems for 
periods of –7 years for nitrogen and up to 0 years 
for base cations. Conceptually, nutrient loading ini-
tially increases after forest harvesting, then declines 
when local plant uptake is at a maximum (e.g., at 
canopy closure); however, forest harvesting effects 
differ depending on forest species composition and 
structure (including understorey vegetation). The 
following four subsections are based on literature 
reviews conducted by Feller (2005, 2008). The reader 
is directed to these reviews for additional detail and 
supporting references.

Nutrient transformations
Forest harvesting can affect microbiologically 
mediated soil processes. For example, the creation 
of forest openings by harvesting or canopy gaps by 
blowdown, or the falling of old-growth trees, can 
increase nitrification in the soil (Feller 2005, 2008). 
This may increase nitrate flow through the soil, 
which may reach surface water bodies. This flow may 
be enhanced if nitrogen fixation also increases after 
forest harvesting. For example, nitrogen fixation may 
increase if the cover of nitrogen-fixing plant species, 

such as Alnus spp. (alder), increases after forest har-
vesting (Feller 2005, 2008), particularly when alder 
is part of the riparian vegetation (Stednick [editor] 
2008). Nitrogen fixation increases existing nitrogen 
pools and may increase nitrate mobility. Conversely, 
nitrate flow can decrease in forests because of 
denitrification, especially in riparian forests where 
anaerobic conditions may result from increased soil 
moisture and increased dissolved organic carbon 
(DOC) in soil solution (caused by enhanced decom-
position of organic material) (Feller 2005, 2008). 
Recognition of this process is commonly used in 
designing riparian or streamside management zones 
to improve water quality from upslope sources (Sted-
nick 200). 

Production of soluble constituents
In general, forest harvesting deposits variable 
amounts of organic material and litter on the soil 
surface. Harvesting in the riparian zone may cause 
an initial decrease in forest litter production and re-
sult in less organic matter input into streams imme-
diately following harvesting. Organic material and 
litter produces easily soluble constituents, which are 
leached into the soil or water as the material decom-
poses. This may not always contribute to enhanced 
soil nitrogen availability following harvesting. Forest 
harvesting has a variable effect on litter decom-
position rates because of differences in the type of 
material being decomposed, the climate, the effects 
of harvesting on soil organisms, and the degree of 
mixing of organic matter with soil materials (Feller 
2005, 2008). 

Process effects within aquatic ecosystems 
Forest harvesting can influence many processes 
within aquatic ecosystems, but the extent of this 
influence depends on the amount of organic debris, 
fine sediment, and solar radiation reaching the 
aquatic ecosystem. Increases in ion exchange, chemi-
cal oxidation-reduction reactions, and microbial 
transformations all increase with the surface area 
of the streambed substrate. Although many studies 
have investigated chemical cycling processes within 
undisturbed forested streams, the direct effects of 
forest harvesting on these processes has not been  
widely studied (Feller 2005).

Primary production in a stream ecosystem in-
creases with solar radiation and with temperature. 
When these parameters increase because of forest 
harvesting, primary production may also increase. 
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Other factors 
Chemical loading is further influenced by the char-
acteristics of the harvesting itself, soil properties, 
and the rate of re-vegetation following harvesting 
(Figure 2.0). Specifically, these influencing factors 
include: 

• proportion of the watershed harvested; 
• presence of riparian reserves between freshwater 

and disturbed areas; 
• nature of the site treatment following forest har-

vesting; 
• rate of re-vegetation following harvesting; 
• nutrient content of the soil (soil fertility) before 

harvesting; 
• buffering capacity of the soil; 
• abundance of water storage areas in a watershed; 

and 
• timing of forest harvest.

In general, the greater the proportion of the wa-
tershed harvested, the greater the effects on constitu-
ent movement through the watershed (Feller 2005; 
Gundersen et al. 2006; Titus et al. 2006). 

Undisturbed vegetated strips adjacent to a water 
body can effectively remove sediments and nutrients 
flowing from a harvested area upslope of the water 
body (Figure 2.). The filtering efficiency of these 

vegetated strips generally increases as the width of 
the strip increases. It has been suggested that 00% 
removal of excess nutrients occurs when widths are 
greater than 00 m (Feller 2008); however, the effec-
tiveness of buffer strips varies by watershed and de-
pends on other factors, such as soil properties, slope 
angle, subsurface hydrology, presence or absence of 
small ephemeral channels running through the buf-
fer strips to the water body, and the type of vegeta-
tion present (Vidon and Hill 2006; de la Crétaz and 
Barten 2007; Mayer et al. 2007; Feller 2008). 

Site preparation treatments, such as mechanical 
scarification, slashburning, or herbicide applica-
tion, can potentially increase the effects of timber 
harvesting on stream water chemistry. Clearcutting 
plus slashburning may cause more change in stream 
water chemistry than clearcutting alone. Herbicide 
applications to control competing vegetation follow-
ing clearcutting can cause the greatest observable 
changes in stream water chemistry. For example, 
Feller (989) found that nitrate-N in stream water 
increased from clearcutting (approximately 0 kg/ha), 
to clearcutting plus slashburning (approximately 
20 kg/ha), to herbicide application in young planta-
tions (approximately 40 kg/ha) in Coastal Western 
Hemlock (CWH) biogeoclimatic zone forests in 
southwestern British Columbia. Herbicides such as 
glyphosate can chelate heavy metals, such as copper 

FIGURE 2.0  The characteristics of forest harvesting, soil properties, and the rate of re-vegetation 
following harvesting can have a strong influence on chemical loading in a watershed. 
(Photo: R.G. Pike)
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and aluminum, and displace anions, such as phos-
phate, from the soil exchange complex, which can 
cause increased leaching of these nutrients (Barrett 
and McBride 2006). 

In Finland, leaching of nitrogen and phosphorus 
through the soil was greater in mechanically mound-
ed areas than beneath furrows. This was because less 
organic material occurred in the furrows, and chem-
ical fluxes in mineral soil leachate were increased 
by mounding compared to clearcutting with no site 
preparation (Piirainen et al. 2007); however, in Fin-
land, ditching and mechanical scarification caused 
no increase in chemicals in stream water compared 
to clearcutting alone (Ahtiainen and Huttunen 999). 
Hart et al. (98) found that the overall amount of 
leaching from a windrow and burn treatment was 
similar to that from a broadcast burn treatment; the 
increased leaching from beneath windrows compen-
sated for the decreased leaching between windrows. 
Feller and Hamilton (994) found greater cation and 
nitrogen levels in mineral soil leachate after clearcut-
ting and mechanical scarification in Engelmann 
Spruce–Subalpine Fir forests than after clearcutting 
alone. 

Generally, the more rapidly an area re-vegetates 
after harvesting, the more rapidly stream nutrient 

loading returns to pre-harvest levels. If vigorous 
re-vegetation results in greater nutrient immobiliza-
tion rates than occurred before harvesting, nutrient 
fluxes to freshwater can decline to below pre-har-
vesting levels (Feller 2005). Partial cut or variable 
retention silvicultural systems remove less vegeta-
tion than clearcutting; therefore, the magnitude of 
the impact on stream chemistry will be less than 
clearcutting, and the duration of the effects may 
also be less (Gundersen et al. 2006; Stednick [edi-
tor] 2008). Generally, the greater the ability of a 
forest soil to retain nutrients, the lower the amount 
of nutrients that will be leached from the soil into a 
water body.

Selected case studies 
Public concern has been expressed about the effects 
of forest harvesting on stream water quality (e.g., 
MacDonald and Stednick 2003). For example, high 
concentrations of nitrate can have adverse effects on 
human health. However, no study in North America 
has shown that forest harvesting (even clearcutting 
followed by slashburning) increases stream water 
nitrate concentrations above permissible levels for 
drinking water (Brown and Binkley 994; Binkley et 
al. 2004; ). Although forest harvesting can increase 

FIGURE 2.  The maintenance of streamside buffers is one strategy to help prevent changes in 
water quality following forest harvesting. (Photo: J.D. Stednick)
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stream water nitrate levels, exceeding water quality 
guidelines would likely occur only in areas where the 
background ecosystem nitrogen levels are already 
high because of higher atmospheric inputs from 
anthropogenic sources or in areas dominated by 
nitrogen-fixing vegetation species, such as red alder 
growing in riparian zones. 

Most published studies reported minimal to 
modest changes in water chemistry due to timber 
harvesting. Removal of woody debris after harvest-
ing can decrease the magnitude of chemical loading 
unless the removal causes substantial site distur-
bance, which can increase chemical loading (Feller 
and Hamilton 994; Staaf and Olsson 994; Strahm et 
al. 2005; Belleau et al. 2006). 

In the Alsea watershed study near Newport, 
Oregon, Brown et al. (973) observed no significant 
changes in nitrate-N or phosphorus concentrations 
after logging when streamside buffers were main-
tained. Tiedemann et al. (988) analyzed the effects 
of various harvesting methods (uncut, 4% clearcut, 
7% clearcut, and selection) in four catchments in the 
Blue Mountains of eastern Oregon. Minimal increas-
es in nitrate-N concentration occurred in clearcut 
treatments and peaked at 0.52 mg/L (increased nitro-
gen outputs were balanced by inputs through precip-
itation), whereas dissolved phosphate-P increased in 
the 4% clearcut treatment (Tiedemann et al. 988). 

Murray et al. (2000) examined the long-term ef-
fects of partial harvesting in two watersheds (7 and 
33% of watershed) on the western Olympic Penin-
sula, in Washington. In this study, partial harvesting 
had little influence on stream chemistry –5 years 
after harvesting. Higher nitrate concentrations in 
the harvested areas were attributed to the presence 
of red alder. Similar findings were recorded at the 
Alsea watershed experiment 25 years after harvesting 
(Stednick [editor] 2008).

Adams and Stack (989) examined several harvest-
ing methods in four watersheds on the west slopes of 
the Cascade Range at Coyote Creek, Oregon. The 
treatments studied included uncut, shelterwood (50% 
area removed), patch cut (30% removed), and clear-
cut. Clearcutting had the largest influence on water 
quality, whereas shelterwood and patch cut showed 
very little effect. Nitrate yields in the clearcut were 
highest in the third year following harvest (2.9 kg/
ha), with a peak concentration of 50 µg/L recorded 
in the fourth year after harvesting. Differences among 
all four watersheds were negligible after 9 years. 

Harr and Fredriksen (988) studied the effects of 
logging on water quality in the Bull Run watershed 
in Oregon. They assessed three different treatments: 
() uncut, (2) clearcut, and (3) clearcut and broadcast 
burned. Both clearcut treatments had essentially 
no streamside buffers. Nitrate-N concentrations 
increased sixfold in the clearcut treatment for 7 years 
after harvesting, with values frequently exceeding 
00 µg/L during the high-flow period (Harr and 
Fredriksen 988). Nitrate-N concentrations in the 
burned clearcut treatment increased fourfold for 
6 years after harvesting, but values rarely exceeded 
50 µg/L during the high-flow period. No other water 
quality changes were detected. 

The forest harvesting effects on water quality 
recorded in Washington and Oregon are consistent 
with those observed in British Columbia. Hether-
ington (976) monitored the effects of harvesting 
on the chemical water quality of a small watershed 
(Dennis Creek) near Penticton. Harvesting resulted 
in a significant increase in water colour, and minor 
increases in K+, Na+, Cl-, electrical conductivity, total 
organic carbon, and dissolved solids. Following har-
vesting, all parameters, except colour, were within 
drinking-water standards (Hetherington 976).

Scrivener (988) summarized the changes in 
concentrations of dissolved ions recorded during the 
Carnation Creek study in coastal British Columbia. 
Increases in conductivity occurred  year after log-
ging and slashburning, but on average, returned to 
pre-logged conditions 2 years after logging was com-
pleted. Nitrate concentrations effectively doubled 
at Carnation Creek  year after logging began. 
Increased concentrations were of short duration and 
persisted for only 2 years at low flows and 7 years at 
high flows after harvesting activities ended (Scriv-
ener 988).

In studying the long-term effects of forest harvest-
ing on a small, southern Vancouver Island coastal 
lake, Nordin et al. (2007) reported increased concen-
trations of Ca2+, Cl–, Mg2+, Na+, specific conductance, 
nitrate, and ammonia/ammonium in the lake water 
after logging. For most constituents, peak concen-
trations occurred 2–3 years after logging, and most 
ions returned to background concentrations after 
5–8 years. Nordin et al. (2007) also reported that the 
largest increases in constituents were for nitrate and 
ammonia, with a decreasing trend for phosphorus, 
which indicated no obvious response to logging. 
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Forest Management and Dissolved Oxygen

Declines in stream water dissolved oxygen concen-
trations during the summer following forest harvest-
ing have sometimes been significant and resulted in 
values below the Canadian guidelines of 6.5 mg/L for 
cold water (Plamondon et al. 982; Brown 985). For-
est harvesting can alter stream water dissolved oxy-
gen concentrations primarily by affecting solubility, 
depletion rates, and re-supply rates, and by creating 
barriers to oxygen movement. 

Forest harvesting has no effect on atmospheric 
pressure but can affect both stream temperature and 
dissolved ions. Changes in dissolved ions are usually 
small; therefore, water temperature becomes the 
most important determinant of oxygen solubility 
(Brown 985; Hanson et al. 2006). When forest har-
vesting increases stream temperatures, declines in 
dissolved oxygen concentrations are proportional to 
the degree of increase in stream water temperature.

Deposition of organic material into streams may 
increase chemical and biological oxygen demands, 
leading to declines in dissolved oxygen levels (Servizi 
et al. 97; Moring 975; Schreiber and Duffy 982; 
Brown 985). This may be exacerbated when water 
velocities are reduced, as in pools or areas where 
water is impounded by organic materials and where 
organic matter loads are high (Krammes and Burns 
973; Plamondon et al. 982; Naiman 983). In one 
study, Servizi et al. (97) determined that stream  
water dissolved oxygen was a balance between 
stream velocity, temperature, and concentrations  
of tree bark in the stream. 

If forest harvesting removes a water body’s protec-
tive canopy cover, increased exposure to the atmo-
sphere in winter could theoretically lead to increased 
ice cover and decreased mixing of oxygen-contain-
ing air with the water beneath the ice (e.g., Whitfield 
and McNaughton 986); however, this effect does not 
appear to be documented in the literature. More im-
portant is the influence of forest harvesting on sedi-
ment levels in water and deposition of this sediment 
onto streambeds, which prevents the movement of 
oxygen in the surface waters into the streambed 
(Scrivener and Brownlee 982; Whitman and Clark 
982; Everest et al. 987). 

Wildfire, Prescribed Fire, and Water Chemistry

In British Columbia, some wildfires have led to 
severe surface erosion, debris flows, and flooding 
(Curran et al. 2006; see also Chapter 9, “Climate 

Change Effects on Watershed Processes in British 
Columbia”). The specific effect of fire on hydrologic 
and geomorphic processes has been discussed in de-
tail in many other references (see Moore et al. 2008b) 
and chapters of this Compendium. Specifically, the 
reader is referred to the following information.

• Formation of water-repellent, or hydrophobic, soil 
properties (Chapters 6 and 8)

• Effects of fire on snow accumulation, snow abla-
tion, and interception processes (Chapter 7)

• Influence of fire on streamflow duration  
(Chapter 6)

• Effects of fire on peak flows (Chapter 7)
• Fire-generated erosion and landslides (Chapter 8)
• Rehabilitating wildfire-affected areas (Chapter 8)
• Climate change and effects of frequency of distur-

bances (fire) (Chapter 9)
• Modelling future frequency/magnitude of forest 

disturbances (Chapter 9)

Some wildfires can cause severe changes in soil 
and vegetation, which can affect hydrology and slope 
stability (Scott and Pike 2003). A common concern 
is the formation of a water-repellent layer below 
the soil surface that results from the deposition of 
hydrophobic compounds, leading to a reduction 
in water infiltration (see Chapter 6, “Hydrologic 
Processes and Watershed Response,” and Chapter 
8, “Hillslope Processes”). These changes can cause 
overland flow, especially during high-intensity rain-
fall under dry soil conditions (Chapter 8) leading to 
increased runoff and sediment input to water bodies. 
Additionally, the loss of the protective vegetation 
and organic soil layer can increase the likelihood of 
splash erosion of exposed mineral soil (see Chapter 
8). Fire also has the potential to increase stream tem-
peratures through the reduction of shading vegeta-
tion in riparian areas (Leach and Moore 200) and 
the widening of the channel because of the loss of 
channel bank strength (Eaton et al., 200). 

Following wildfire, the potential effects on water 
quality include increased sediment inputs and 
stream temperatures (Bladon and Redding 2009), 
flooding, and other water chemistry changes. The 
balance of this discussion will be on the effects of 
fire on water chemistry. Both wildfire and prescribed 
burning have been shown to have similar effects on 
stream chemistry as does forest harvesting. Many 
studies have reported increased nutrient movement 
through soils and into streams following fire (Tiede-
mann et al. 979; DeBano et al. 998; Minshall et al. 
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200; Bêche et al. 2005; Murphy et al. 2006; Bladon 
et al. 2008). Fire effects and forest harvesting effects 
are influenced by similar factors. For example, the 
extent of nutrient movement into streams following 
fire depends on the buffering capacity of soils (Mc-
Coll and Grigal 977; DeBano et al. 998), proportion 
of a watershed burned (Carignan et al. 2000; Bêche 
et al. 2005), rate of regrowth of vegetation (Clinton 
et al. 2003), streamflow generation mechanisms 
(Huffman et al. 200; Kunze and Stednick 2006), and 
streamflow regime (Bladon et al. 2008). 

An important factor that influences fire effects 
on stream chemistry is fire behaviour (Figure 2.2). 
Fires that consume more organic material generally 
have a greater effect on water quality than fires that 
consume less (Boerner and Forman 982; Nakane et 
al. 983; Bayley et al. 992; Belillas and Feller 998; 
DeBano et al. 998; Malmer 2004). The seasonal tim-
ing of fire events is also important. Fall and spring 
burns can have different effects on water quality 
depending on soil moisture content and the amount 
of nutrient uptake by the surviving vegetation.

Fire could be expected to cause a greater duration 
and magnitude of water quality effects than forest 
harvesting partly because of the greater loss (death) 
of vegetative cover, and the conversion of insoluble 
chemicals within organic matter into readily solu-
ble chemicals in ash, which are more quickly and 
easily transported into streams (Stednick 200); 
however, there are many confounding factors. For 
example, net nitrification in the soil may be greater 
after harvesting than after fire. This may happen if 
nitrifying bacteria are more adversely affected by 
fire or if greater immobilization of nitrate occurs in 
the soil after a fire (LeDuc and Rothstein 2007), in 
which case less nitrate could be expected to leach 
into streams. Fire often enhances nitrification (Mroz 
et al. 980; Jurgensen et al. 98; Herman and Rundel 
989; DeBano et al. 998) because of the increased 
ammonium levels, stimulation of nitrifying bacteria 
or fungi, or sorption by charcoal of nitrification-
inhibiting phenolics (DeBano et al. 998; DeLuca et 
al. 2006). The charred material left by fire can be a 
chemically active heterogeneous mixture of com-
pounds containing nitrogen, sulphur, and oxygen 
functional groups, which can be quickly oxidized, 
attacked by microbes, and rendered soluble (Knicker 
2007), thereby facilitating nitrate and sulphate 
additions to streams. Furthermore, dissolution of 
smoke gases directly into streams may also enhance 
stream water nitrate levels. Spencer and Hauer (99) 
reported that dissolution of smoke gases into fresh-
water would yield relatively more nitrate for a well-
ventilated fire, and relatively more ammonium for an 
incomplete combustion or poorly ventilated fire. In 
general, slashburning and clearcutting are associated 
with greater chemical constituent flow through soil 
and streams than clearcutting alone (Hart et al. 98; 
Feller and Kimmins 984; Tiedemann et al. 988).

Some of the reported effects of prescribed fire in 
logging slash are confounded by the effects of forest 
harvesting. In the Alsea watershed study, nitrate-N 
increased from 0.70 to 2.0 mg/L on a clearcut and 
broadcast-burned basin but returned to pre-logging 
levels after 6 years, whereas the patch-cut treat-
ment showed no associated changes in water quality 
(Brown et al. 973). Martin and Harr (989) studied 
nutrient changes related to harvesting and broadcast 
burning of two mature Douglas-fir forested water-
sheds in the H.J. Andrews Experimental Forest. In 
their study, clearcutting and shelterwood harvest-
ing in combination with broadcast burning did not 
increase net losses of nutrients from the study sites. 
However, stream water nitrate-N levels did increase 

FIGURE 2.2  Fires that consume more organic material 
generally have a greater effect on water quality. 
(Photo: P.J. Tschaplinski)
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30-fold after harvesting, although this level was still 
less than half of the nitrogen input from precipita-
tion. 

Feller and Kimmins (984) separated burning and 
harvesting effects by monitoring stream water chem-
istry for 2 years before and 9 years after clearcut 
logging of two small basins near Haney. During log-
ging, streams in both watersheds were avoided, and 
a combination of tractor and cable yarding was used 
for timber extraction. Both watersheds possessed 
minimal roads and one of the treatment watersheds 
was broadcast burned. In general, all constituents 
increased for 2–3 years following harvest and then 
declined below pre-harvest values. The largest in-
creases occurred in potassium and nitrate. Clearcut-
ting and burning resulted in greater nutrient losses 
than clearcutting alone (293 kg N/ha vs. 245 kg N/ha 
for the first 2 years after harvesting), although most 
of the difference was due to losses to the atmosphere 
during burning. Subsequent work by Feller (989) 
indicated that slashburning doubled the increased 
stream water nitrate output compared to clearcut-
ting alone. 

For 3 years, Carignan et al. (2000) monitored nu-
trient changes in 38 thermally stratified Boreal Shield 
lakes located in catchments that were subjected to 
forest harvesting and wildfire. Dissolved organic 
carbon and light attenuation was 3 times higher in 
lakes within harvested catchment areas than in lakes 
in control catchments. Lakes in the treatment catch-
ments contained 2–3 times higher concentrations of 
total phosphorus, 2 times higher total organic nitro-
gen concentrations, and up to 6 times higher levels 
of K+, Cl-, and Ca2+ than lakes in the control catch-
ments. Nitrate concentrations were up to 60 times 
higher in lakes in burned catchments than in those 
in harvested and control catchments. Carignan et 
al. (2000) stated that the chemical changes observed 
were directly proportional to the area disturbed (cut/
burned) divided by the lake volume/area. Although 
increased levels of nitrogen and phosphorus export 
from the forest were negligible, Lamontagne et al. 
(2000) reported that it was an important supple-
mentary source of nutrients for the study lakes. In 
northern Alberta, McEachern et al. (2000) studied 
forest fire–induced effects on nutrient concentrations 
in 29 boreal sub-Arctic lakes for 2 years following 
wildfire. Lakes in burned catchments had 2 times 
higher concentrations of total phosphorus, total dis-

solved phosphorus, and soluble reactive phosphorus; 
.5 times higher dissolved organic carbon concentra-
tions; and .2 times higher concentrations of total 
and total dissolved nitrogen, nitrate+nitrite, and 
ammonium than lakes in unburned catchments. 

An important difference between forest harvest-
ing and fire is that both phosphate and sulphate flux-
es in streams are often greater following fire (Gluns 
and Toews 989; Spencer and Hauer 99; Williams 
and Melack 997; DeBano et al. 998; Earl and Blinn 
2003), whereas these fluxes are usually unaffected, 
or reduced in the case of sulphate, following forest 
harvesting. This can be attributed to the leaching of 
relatively large amounts of phosphate and sulphate 
from the ash left by fires (Figure 2.3). 

Studies on the effects of forest fires on stream 
water dissolved oxygen are scarce. Earl and Blinn 
(2003) found that dissolved oxygen levels in streams 
in New Mexico declined following wildfires. Fel-
ler (unpublished data) found that clearcutting and 
slashburning in the CWH zone in southwestern 
British Columbia caused greater declines in stream 
water dissolved oxygen in the summer than clearcut-
ting alone. This effect was expected, as fire increased 
summer stream temperatures to a greater extent 
than did clearcutting alone (Feller 98). Conse-
quently, fire can potentially cause declines in stream 
water dissolved oxygen, depending on its effect on 
stream temperature and organic material in streams.

Fire Retardants and Water Chemistry 

Forest fire suppression often involves the aerial ap-
plication of fire retardants. These are primarily am-
monium phosphate– or sulphate-based compounds 
with small amounts of other chemicals used as dyes, 
for anti-corrosion, or for other purposes. Fire sup-
pressants are generally applied as foams that are 
made of proprietary mixtures of sodium and ammo-
nium salts, alcohol, ether, and sulphates. Relatively 
few studies have assessed the effects of fire retardants 
on freshwater; even fewer have assessed the effects 
of fire suppressants. The major factors that influence 
the effects of fire retardants on freshwater chemistry 
have not all been quantified, but based on an analogy 
of herbicide applications, which have been studied 
(see “Herbicide chemicals” below), these factors are 
likely to include: 
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• location of the application in relation to the water 
body;

• retardant type;
• quantity applied;
• application method;
• weather at the time of application;
• weather following the application;
• season of application;
• soil characteristics;
• ability of the aquatic ecosystem to utilize the 

added retardant chemicals; and
• ability of the water body to dilute the retardant 

chemicals (e.g., volume, discharge of the water 
body). 

Fire retardants applied close to a water body have 
been shown to increase stream water ammonium, 
phosphate, and nitrate concentrations (Norris and 
Moore 98; Norris and Webb 989; Dissmeyer [edi-
tor] 2000). These increases are usually short lived 
(<  hour initially) but may re-occur in response to 
subsequent streamflow-generating rainfall events 
(Stednick 2000). High phosphate concentrations in 
streams following retardant application may be a 
concern from the viewpoint of downstream eutroph-
ication. A useful summary of the ecological effects 
of firefighting foams and retardants can be obtained 
from Adams and Simmons (999).

Some fire retardants contain sodium ferrocyanide 
as a corrosion inhibitor (Norris et al. 983). In the 
presence of UV radiation, the ferrocyanide decom-
poses, yielding cyanide ions that react in acidic 
solutions and produce the highly toxic hydrogen 
cyanide. Norris et al. (983) estimated that toxic 
concentrations of cyanide are unlikely following 
application of ferrocyanide-containing retardants, 
but more recent work by Little and Calfee (2002) 
suggested that toxic concentrations can occur, par-
ticularly when light levels are high and soils adjacent 
to streams are coarse textured and contain little 
organic matter. 

Insects, Tree Diseases, and Water Chemistry 

Insect infestations that kill trees can have a simi-
lar effect on water and chemical constituent flow 
through forested watersheds as forest harvesting 
(Figure 2.4). Studies on insect effects on fresh-
water, particularly on its chemistry, are relatively 
scarce. The few published studies available have all 
reported increases in nitrate leaching through soil 
or in streams following insect-caused tree mortality, 
even with as little as 20% basal area affected (Swank 
et al. 98; Douglass and Van Lear 983; Webb et al. 
995; Eshleman et al. 998; Huber 2005; Lewis and 
Likens 2007). Stream water and soil leachate nitrate 

FIGURE 2.3  Both phosphate and sulphate fluxes in streams are often greater following fire due to 
leaching from ash. (Photo: J.D. Stednick)
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levels can remain elevated for extended periods—for 
at least 7 years after a severe bark beetle infestation 
of spruce in Germany (Huber 2005) and 5 years after 
defoliation of mixed hardwood-conifer forests in the 
northeastern United States (Lewis and Likens 2007). 
This duration is longer than usually occurs after for-
est harvesting, but peak concentrations were below 
water quality guidelines. Lewis and Likens (2007) 
also found elevated cation and decreased sulphate 
concentrations in stream water, identical to trends 
following forest harvesting.

Even fewer studies have looked at the effects of 
tree disease outbreaks on stream water chemistry, 
and none of these was conducted in Canada. Hobara 
et al. (200) found elevated stream water nitrate 
concentrations and Tokuchi et al. (2004) found 
elevated stream water nitrate, magnesium, and 
calcium concentrations and reduced sulphate con-
centrations following tree mortality from a pine wilt 
disease in Japan. Again, these influences on stream 
water chemistry are similar to those following forest 
harvesting. No studies have looked at the influence 
of insects and pathogens on stream water dissolved 
oxygen levels, although it can be inferred that any 
disturbance adding organic matter (e.g., litter from 
dying trees) to a stream or exposing a stream to 
increased solar radiation following tree mortality 
would have similar effects as forest harvesting. 

Herbicides and Water Chemistry

Herbicides may affect stream water chemistry, both 
through nutrient loading and the loading of the 
herbicide chemicals themselves. Studies that have 
looked at herbicide application effects on stream 
water dissolved oxygen levels and resulting effects on 
aquatic life appear to be lacking. 

Nutrients
Herbicide applications can cause greater increases 
in nutrient chemical concentrations in streams than 
forest harvesting, especially if buffers along riparian 
areas are not used. Nitrate concentrations increased 
to relatively high levels in stream water following 
repeated herbicide applications in a New Hamp-
shire forested watershed (Likens et al. 970) and in a 
California chaparral watershed (Davis 987). Repeated 
herbicide applications are uncommon in typical forest 
management practices but have been used to illustrate 
nutrient cycling processes. Large increases in stream 
water nitrate concentrations have been attributed 
to increased nitrification rates in the soil following 
herbicide application (Likens et al. 969; Davis 987), 
but this does not always happen (Stratton 990). 
Nitrification may depend on the relative abundance of 
nitrifying organisms in the ecosystem, the degree of 
impact of the herbicide, the increase in moisture and 

Figure 2.4  Changes in forest cover as a result of insect infestations in British Columbia, such as 
the mountain pine beetle, can have an important effect on water quantity and qual-
ity. (Photo: R.G. Pike)
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light reaching the soil surface, or the type of herbi-
cide used. Consequently, different herbicides will 
have different effects on nitrification (Guenzi [editor] 
974). This suggests that the type of herbicide used is 
another important factor influencing the effects of 
herbicides on stream water nutrient chemistry. 

In several studies, stream water nitrate concen-
trations increased following herbicide applications 
(Likens et al. 970; Sollins et al. 98; Neary et al. 
986; Davis 987; Feller 989; Simpson et al. 997). 
Other nutrient chemical concentrations also in-
creased, whereas sulphate concentrations decreased 
following herbicide application (Likens et al. 970). 
Intervals between herbicide applications that are suf-
ficiently long enough to allow vegetation to recover, 
such as 5–6 years in the CWH biogeoclimatic zone, 
may minimize increases in nitrate concentration to 
only moderate levels (M.C. Feller, unpublished data). 
These trends are generally the same as those fol-
lowing forest harvesting, suggesting that the factors 
controlling stream water nutrient chemistry re-
sponse to forest harvesting also control the response 
to herbicides.

Herbicide chemicals
The movement of herbicide chemicals and their 
degradation products into freshwater ecosystems has 
been relatively well studied and reviewed (Brown 
978, 985; Leonard 988; Norris et al. 99; Dissmey-
er [editor] 2000; Michael 2000). The main factors 
influencing the amount of herbicide that enters a 
water body are the same as those for fire retardants. 
The potential for herbicide drift into water bod-
ies is greater for aerial than ground applications, 
particularly if it is windy at the time of application. 
Herbicide chemicals are more likely to enter water 
bodies if these substances are soluble (although the 
fat-soluble–water-insoluble herbicides are generally 
more deleterious than the water-soluble ones), do not 
degrade quickly, do not volatilize easily, and are not 
easily sorbed by soils. The closer the application to 
a water body and the greater the quantity of herbi-
cide used, the greater the likelihood that the herbi-
cide will enter the water body. Direct application, 
chemical drift, and overland flow (including flow in 
ephemeral channels) are the main flow pathways by 
which herbicide chemicals enter water bodies and 
subsequently affect water quality. 

Herbicide concentrations in surface waters have 
sometimes exceeded permissible levels, but high 

concentrations tend to be short lived and generally 
occur soon after application, although concentra-
tions often increase during rainfall events that occur 
in the first few months after application (Norris et 
al. 983; Wan 983, 986; Brown 985; Leitch and Fagg 
985; Neary et al. 986; Michael et al. 989; Michael 
2000). Heavy rain shortly after application can 
result in relatively high concentrations of herbicides 
in stream water if flow occurs either overland (e.g., 
roads) or in ephemeral channels (Brown 978, 985; 
Norris et al. 983; Wan 983; Leonard 988). In two 
studies in coastal British Columbia and Oregon, herb-
icide levels in streams flowing through treated areas 
were shown to be elevated close to, but not beyond, 
permissible levels (Wan 983; Newton et al. 984). 
Large buffer strips and an aerial application of a 
relatively small quantity of glyphosate in the Interior 
Cedar–Hemlock zone in British Columbia resulted 
in undetectable levels of the herbicide in stream 
water (Gluns 989). A useful synthesis of Carnation 
Creek herbicide research can be found in Reynolds et 
al. (993). 

Fertilizer and Water Chemistry 

Forest stands are commonly fertilized to increase 
stand volume and reduce rotation length. Some 
lakes, reservoirs, and streams in British Columbia 
are fertilized to increase primary productivity and 
the growth rates of fish (Stockner and Shortreed 
978, 985; Perrin et al. 984; Johnston et al. 990; 
Pike and Perrin 2005). The added nutrients in-
crease growth rates of algae, which increases food 
availability for zooplankton (in lakes) or benthic 
invertebrates (in streams and lakes). This, in turn, 
increases food availability for fish, yielding greater 
growth rates and survival (Pike and Perrin 2005). A 
comprehensive review of the use of fertilizer for both 
forestry and fisheries applications can be found in 
Pike and Perrin (2005).

Numerous reviews have described the potential 
effects of forest fertilization on water quality and 
biological production in aquatic ecosystems (e.g., 
Fredriksen et al. 975; Moore 975; Bisson et al. 992; 
Binkley and Brown 993; Perrin 994; Binkley et al. 
999a, 999b; Dissmeyer [editor] 2000; Anderson 
200; Pike and Perrin 2005). Water quality concerns 
are mostly related to unintentional increases in con-
centrations of urea, nitrate, ammonia/ammonium, 
phosphorus, sulphur, and heavy metals.
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In forestry applications, urea fertilizer (the most 
common fertilizer used) in the presence of moisture 
is hydrolyzed to yield ammonia and then ammo-
nium, which is effectively retained on soil cation 
exchange sites. Ammonium is actively taken up and 
used as a nitrogen source by trees (Perrin 994). Am-
monium is also nitrified in the presence of autotro-
phic bacteria in the soil to form nitrate. This nitrate 
is taken up and used as a nitrogen source by trees, 
but it is relatively mobile in forest soils and can be 
lost to streams more so than ammonium (Pike and 
Perrin 2005). 

In several case studies, most forest fertilizer appli-
cations resulted in short-term increases in nitrogen 
(e.g., nitrate–N) concentrations in streams. When 
leave strips or buffers were used around water bod-
ies, relatively low peak concentrations of nitrate–N 
and ammonium–N were recorded in the water bodies. 
Concentrations of total ammonia–N generally re-
mained above background concentrations for several 
weeks to months after treatment, whereas nitrate–N 
concentrations remained above background for sev-
eral months to a year after treatment (Perrin 994).

Because of the many controlling factors, the 
response of stream water nitrogen concentrations 
to fertilization has been quite variable (Table 2.6); 
however, the general consensus is that fertilization 
is not likely to have adverse effects on water quality 
(Bisson et al. 992; Binkley et al. 999a, 999b; Pike 
and Perrin 2005). 

Although no published water quality guidelines 
are available for urea–N, concentrations of several 
thousand milligrams per litre are required for toxic 
effects, which would be much higher than what 
might reasonably occur in any stream environment 
(Binkley et al. 999a). However, in southwestern Brit-
ish Columbia, Hetherington (985) found that stream 
water nitrate-N concentrations closely approached 

permissible levels following urea fertilization in 
areas where streamside buffers were not applied 
(Tables 2.6 and 2.7).

Few studies have looked at fertilizer applications 
on stream water dissolved oxygen levels. In one 
study, no effects were found following urea fertil-
ization of a boreal forest in Quebec (Gonzalez and 
Plamondon 978).

The addition of phosphorus to lakes and streams 
is typically done with very tight controls on specific 
phosphorus loadings because the element is often the 
primary nutrient that limits aquatic biological pro-
duction. Excess phosphate in water bodies can cause 
eutrophication, with subsequent death and decay of 
aquatic plants and algae, which leads to the deple-
tion of dissolved oxygen. Phosphorus fertilizers have 
sometimes caused large increases in stream water 
phosphorus levels. In New Zealand, peaks of 50 mg/
L of phosphate-P were recorded and concentrations 
exceeded 0. mg/L for many weeks following applica-
tion of phosphorus fertilizers (Neary and Leonard 
978). In review of forest fertilization trials in coastal 
British Columbia, Perrin (994) found that low-level 
phosphorus concentrations commonly dropped 
to background levels within 20 days of fertilizer 
application, and likely resulted in some increased 
productivity over 4 months (Table 2.8). Stream wa-
ter phosphorus concentrations are influenced by the 
time-release factor of the fertilizer; higher concen-
trations are likely to occur with fast-release rather 
than slow-release fertilizers (Sharpley and Syers 
983). Fertilizers also induce leaching of other chemi-
cals into streams, particularly potassium, sodium, 
magnesium, and calcium (Gonzalez and Plamondon 
978; Lundin and Bergquist 985; Edwards et al. 99; 
Briggs et al. 2000); however, the increases in these 
chemicals have generally been slight and short lived 
(<  year).
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TABLE 2.7 Peak urea-N concentrations from British Columbia case studies (Pike and Perrin 2005)

 Urea     Duration
 Treatment  Fertilizer-free Urea–N Peak urea–N of elevated
 level (kg  buffer  control  concentration urea levels
Location N/ha) width (m) (mg/L)a (mg/L) (days)b References

Sayward Forestc 200 None < 0.005 49.3 141 Perrin et al. 1984
Sayward Forestd 200 50 < 0.005 0.658 136 Perrin et al. 1984
Lens Creek 224 None 0.03 14.0 7 Hetherington 1985
Nusatsum River 200 None 0.005–0.018 0.005–0.018 na Perrin 1992
Sallompt River 200 30 0.005–0.018 0.005–0.018 na Perrin 1992
Tarundl Creek 200 30 < 0.01 0.614 66 Perrin 1991
Honna River 200 30 0.005–0.020 0.296 10 Perrin 1991
Honna River  200 none 0.005–0.055 2.43 91 Perrin 1991
  tributary

a Data are from sample sites not affected by fertilization and indicate concentrations at the time that peak concentrations were  
measured at the treatment site.

b Number of days from time of fertilization to return to control values.
c Data are the maximum concentration from six replicate streams; no streams were affected by fertilizer spills.
d Data are the maximum concentrations from four replicate streams.

TABLE 2.8 Peak soluble reactive phosphorus concentrations from British Columbia case studies (Pike and Perrin 2005)

    Peak soluble Duration
    Soluble reactive reactive of elevated
 Treatment  Fertilizer-free phosphorus phosphorus soluble reactive
 level (kg  buffer  control  concentration phosphorus
Location P/ha) width (m) (mg/L)a (mg/L) (days)b References

Keogh River  100 None < 0.001 10.6 120 Perrin 1994
  tributary
Glerup Creek 100 None < 0.001 1.92 73 Perrin 1989
Glerup Creek 100 10 < 0.001 0.560 73 Perrin 1989

a Data are from sample sites not affected by fertilization and indicate concentrations at the time that peak concentrations were  
measured at the treatment site.

b Number of days from time of fertilization to return to control values.
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SUMMARY 

This chapter summarizes the interactions of chemi-
cal, physical, and biological processes that control 
water quality in British Columbia. It also provides an 
overview of the generalized effects of forest man-
agement and other disturbances, including forest 
harvesting, wild and prescribed fire, insects and tree 
diseases, and applications of chemical fire retardants, 
herbicides, and fertilizers on water quality. The ef-
fects on water chemistry are varied and are a func-
tion of the type and level of activity or disturbance, 
the terrestrial or aquatic ecosystem affected, the 
water quality constituents considered, and weather 
conditions. 

Most published studies reported small to moder-
ate chemical changes as a result of forest harvesting. 
Although harvesting can possibly increase stream 
water nitrate levels, exceeding water quality guide-
lines would likely occur only in areas where the 
background ecosystem nitrogen levels were already 
high. Changes in freshwater chemical loading (par-
ticularly for nitrogen) caused by forest harvesting 
are normally short lived—up to 7 years but usually 
considerably less; however, base cation changes may 
occur for more than 0 years. Wildfire, insects, and 
tree diseases have similar effects on water chemistry 
as forest harvesting. Yet wildfire can be expected to 
cause a greater duration and magnitude of effects 
than forest harvesting because more vegetative cover 

can be lost and insoluble chemicals within organic 
matter converted into readily soluble chemicals in 
ash, which are more quickly and easily transported 
into streams. Forest harvesting followed by pre-
scribed burning has a greater effect on freshwater 
chemistry than does forest harvesting alone. Fertil-
izer applications to forests may temporarily increase 
nitrogen concentrations in freshwater, especially if 
fertilizer-free application areas are not used. Fer-
tilization with urea has not been shown to impair 
drinking water quality. Herbicide concentrations in 
surface waters have sometimes exceeded permissible 
levels, but high concentrations tend to be short lived 
and generally occur soon after application. Defor-
estation with herbicides is likely to cause greater 
chemical changes in freshwater as compared to other 
disturbances.

This chapter began by defining water quality as 
the chemical, physical, and biological characteristics 
of water with respect to its suitability for a particular 
use. It is important to re-emphasize that water qual-
ity varies in space and time and that any water qual-
ity response can be immediate or manifest over the 
long term. Consequently, water quality monitoring 
and sampling programs must be designed to account 
for this variability and the complex effect multiple 
disturbances can have on sampled water quality.
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INTRODUCTION

Water is a valuable resource for humans (direct con-
sumption, power, irrigation, industry) and provides 
essential habitat for many organisms, including 
highly valued fish species such as salmonids. Aquatic 
habitat is influenced by processes active not only 
in the near-stream (riparian) zone (e.g., provision 
of shade) but also over the entire watershed (e.g., 
hillslope hydrologic processes that control the supply 
of water or the generation of landslides). Processes at 
both of these scales, and others, can be profoundly 
influenced by forestry activities, as described in 
more detail in Chapter 7 (“The Effects of Forest 
Disturbance on Hydrologic Processes and Watershed 
Response”), Chapter 9 (“Forest Management Effects 
on Hillslope Processes”), and Chapter 0 (“Channel 

Geomorphology: Fluvial Forms, Processes, and  
Forest Management Effects”). 

The purpose of this chapter is to provide an 
overview of stream and riparian ecology in Brit-
ish Columbia. It describes the ecological structure 
and function of streams and the associated riparian 
zones, and the interactions between them. Several 
topics in this chapter are integrative; therefore, some 
topics are addressed only briefly but references are 
provided for more in-depth coverage. For additional 
information on stream and riparian ecology, see 
Giller and Malmqvist (998), Naiman and Bilby (edi-
tors, 998), Naiman et al. (2005), Allan and Castillo 
(2007), and Richardson and Danehy (2007).

Stream and Riparian Ecology

Chapter 3

John S. Richardson and R.D. (Dan) Moore

STREAMS 

Definitions

The word “stream” is a generic term used to de-
scribe watercourses of all sizes that have channels of 
running water and which show evidence of fluvial 
processes, even if it is only the erosion of organic 
materials during peak runoff events. The term 
“river” is generally used to describe a large stream 
(e.g., Richardson and Milner 2005). No specific scale 
distinguishes a river from a stream, creek, or brook; 

hence, the term stream is used to mean all running 
waters. Stream channels include the active chan-
nel (or open channel), as well as relict channels that 
may be disconnected from the active channel or 
are connected only at high flow. The active chan-
nel is characterized by open water interacting with 
its bed materials (mineral substrate, wood). Below 
and adjacent to the active channel is the hyporheic 
zone—a zone of saturated sediments where infiltra-
tion of stream water via the streambed and banks 
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has a strong influence on water quality. It is typically 
the interface between stream water and groundwater 
and, as such, is often characterized as an ecotone 
spanning the boundaries of the surface and subsur-
face environments. The riparian zone is the terrestri-
al area adjacent to the stream. It is influenced by the 
water in the stream and (or) has an influence on the 
aquatic system (see below). A more comprehensive 
discussion of the classification of streams, channel 
types, and morphology, and the processes that shape 
stream environments is provided in Chapter 0 
(“Channel Geomorphology: Fluvial Forms, Process-
es, and Forest Management Effects”). 

The duration of surface flow throughout the year 
in a given stream will vary from year to year, de-
pending on weather patterns. It will also vary among 
streams, and along streams, with smaller streams 
more likely to have lower flow duration than bigger 
streams. In perennial streams, flow over the stream-
bed is usually maintained throughout the year, 
although the entire active channel does not have to 
be inundated (Feminella 996). In general, peren-
nial streams are considered distinct from intermit-
tent and ephemeral streams along a continuum of 
flow duration (Feminella 996; Halwas et al. 2005). 
Intermittent and ephemeral channels differ in the 
duration of surface flow. Intermittent channels carry 
water through an extended portion of the year and 
may support populations of some benthic inverte-
brates with adaptations to this environment. Ephem-
eral channels show evidence of fluvial processes but 
have flows only during and shortly after precipitation 
events (Halwas et al. 2005).

During extended periods of low flow, the water 
table may drop below the streambed because of a 
combination of reduced runoff generation from 
upslope areas and transpiration by riparian vegeta-
tion. Under these conditions, sections of streams 
dry up wherever stream discharge is insufficient to 
maintain continuous surface flow and to satisfy wa-
ter losses through the streambed and banks. Stream 
drying may occur frequently in the upper portions 
of the channel network, which can interrupt con-
nectivity (Hunter et al. 2005). For example, Story et 
al. (2003) found that dewatering of an intermediate 
segment of stream channel effectively decoupled a 
lower reach from the warming effects of harvesting 
and road construction on an upper reach of a small 

stream in the central interior of British Columbia. 
The use of various terms to define streams can 

cause confusion. For example, “headwaters” is 
sometimes used to refer to the sources of any stream, 
regardless of its size (Gomi et al. 2002; Moore and 
Richardson 2003). In this chapter, headwater streams 
are defined as having no perennially flowing tribu-
taries (Gomi et al. 2002; Moore and Richardson 
2003; Richardson and Danehy 2007). This narrow 
definition distinguishes headwaters from networks 
of streams (Gomi et al. 2002), placing the focus 
instead on the different processes governing head-
waters versus non-headwaters and on the differ-
ent management strategies available for these two 
channel types (see Gomi et al. 2002; Richardson and 
Danehy 2007). 

Influence of Channel Type on Habitat

Channel components such as pools, riffles, steps, 
cascades, and plane beds provide important habitat 
for many organisms (Chapter 0, “Channel Geo-
morphology: Fluvial Forms, Processes, and Forest 
Management Effects”). Variations in the hydraulic 
characteristics of different reaches and channel 
sub-units create distinctive habitat characteristics 
that influence the spatial distributions of aquatic 
organisms (Hawkins et al. 993). For example, riffles, 
a common channel feature, are characterized by 
relatively high flow velocities. This channel feature is 
favoured habitat for a diversity of aquatic organisms 
that filter fine particles of organic matter or prey 
from the water column and that require sufficient 
flow to bring these materials to them. Larval black-
flies and net-spinning caddisflies, for example, can 
filter large masses of particles from passing water 
(Wallace and Merritt 980), removing this load of 
organic material from water supplies and thus pro-
viding an important ecosystem service. Fish often 
require particular channel features during different 
life cycle stages. Adult salmonids (Pacific salmon, 
trout, char) generally use riffles for spawning redds, 
whereas juvenile salmonids usually inhabit pools. 
Within these pools, young salmon take advantage of 
cover behind boulders or logs, finding refuge from 
the full hydraulic force of the channel flow but still 
having ready access to prey carried along in the cur-
rent (i.e., “drift”). 
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HYPORHEIC ZONES

Hydrology

Hyporheic exchange flow refers to the transfer of 
stream water through the streambed and banks 
(recharge), the down-valley transport of this water 
within the saturated zone surrounding the stream 
channel, and the subsequent discharge from the sub-
surface back into the channel (Figure 3.). Hyporhe-
ic exchange flow occurs in response to variations in 
hydraulic potential along the streambed and banks 
and takes place at a range of spatial and temporal 
scales. For example, at a small scale, water pressure 
is often higher on the upstream side of bedforms 
than on the downstream side; the resulting hydrau-
lic gradient induces infiltration of stream water on 
the upstream side of the bedform and discharge on 
the downstream side. This type of exchange flow is 

important for salmon redds, where the through-flow 
of surface water maintains high dissolved oxygen. 
This topic is covered in more detail in Chapter 4 
(“Salmonids and the Hydrologic and Geomorphic 
Features of Their Spawning Streams in British Co-
lumbia”).

Hyporheic exchange flow is controlled primarily 
by the morphology of the valley floor and stream 
channel (Harvey and Bencala 993; Wroblicky et al. 
998; Kasahara and Wondzell 2003; Gooseff et al. 
2006; Wondzell 2006). In steep headwater streams, 
hyporheic exchange flow can be controlled by 
boulder or log steps in the longitudinal profile of the 
stream (Kasahara and Wondzell 2003; Anderson et 
al. 2005). The volume of sediment stored above these 
steps largely determines the extent of the hyporheic 
zone. Downwelling stream water seeps into the 

FIGURE 3.  A stream reach showing many of the elements and processes that link streams and riparian areas  
(E. Leinberger, University of British Columbia). 
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zone. Because of the contributions of channel and 
hillslope water, hyporheic zones are biogeochemi-
cally distinct from groundwater. For example, the 
hyporheic zone tends to have enhanced dissolved 
oxygen, particularly near the recharge zones where 
oxygenated channel water infiltrates the stream-
bed and banks (Ward et al. 998). The contrasts 
in biogeochemistry between groundwater and the 
hyporheic zone are particularly important in rela-
tion to nitrogen processing. Information on nitro-
gen cycling in terrestrial and aquatic ecosystems is 
provided in Chapter 2 (“Water Quality and Forest 
Management”). 

The hyporheic zone is often thermally interme-
diate between surface water and groundwater. The 
water temperature in shallow sediments in hyporheic 
recharge zones usually follows diurnal and seasonal 
fluctuations in stream temperature but with a lag 
and attenuation that increases with depth (Moore et 
al. 2005b; Arrigoni et al. 2008).

Biology

Biologically, hyporheic zones provide habitat for a 
set of aquatic species that includes some not found in 
surface waters, and most of which are microscopic. 
Some of these taxa are rarely seen other than by 
people who expressly look for them; consequently, 
very little work has been done in British Columbia 
on these species. These taxa include a variety of 
rotifers, copepods and other crustaceans, nematodes, 
and gastrotrichs (Ward et al. 998). Increasing evi-
dence shows that some macro-invertebrate species 
(e.g., Capniidae stoneflies) live much of their life in 
the hyporheic zone and come to the bed surface only 
when nearing completion of the larval stages before 
emergence as a flying adult. These organisms feed on 
biofilm, the thin microbial layer growing on wet sur-
faces supported by dissolved organic carbon (DOC), 
and on particulate organic matter in the interstitial 
spaces in the hyporheic zone. These tiny inverte-
brates can move easily through the small interstitial 
spaces and may find refuge from predators and the 
forces associated with flowing waters. 

streambed upstream of the steps and returns to the 
stream channel below the steps, where it upwells 
through the streambed (Harvey and Bencala 993; 
Moore et al. 2005b; Scordo and Moore 2009). 

In streams with riffle-pool morphology, channel 
water tends to flow into the streambed and banks at 
the riffle heads and discharge back into the stream 
in the downstream pools (Harvey and Bencala 
993; Kasahara and Wondzell 2003; Anderson et 
al. 2005). In larger, unconstrained streams with 
relatively wide and flat floodplains, exchange flows 
occur through mid-channel bars. Stream water flows 
into the bars through the streambed and bank on 
the upstream side, and returns to the stream chan-
nel on the downstream side (Vervier and Naiman 
992; Kasahara and Wondzell 2003). Exchange flows 
across gravel bars also support upwelling of stream 
water into floodplain springbrooks where abandoned 
channels are incised below the water table (Wondzell 
and Swanson 996, 999). Where streams meander 
through a floodplain, hyporheic flow paths typically 
shortcut the meander bends; water infiltrates across 
the downstream bank of one bend and re-emerges at 
the upstream bank of the following meander seg-
ment.

In wide, gravel-filled glaciated valleys, the bed-
rock underlying the alluvium often has sills that 
rise toward the alluvial surface alternating with 
over-deepened basins. In these situations, water 
typically leaves the stream near the head of a basin, 
flows down-valley near the base of the alluvium, and 
then is forced to emerge at the downstream end of 
the basin by the confining effect of the bedrock sill 
(Malard et al. 2002).

Water Chemistry and Temperature 

Sources of hyporheic water include shallow sub-
surface flow from hillslopes, upwelling of deeper 
groundwater, and infiltration of channel water 
through the streambed and banks. Consequently, 
hyporheic zone water chemistry varies in both time 
and space due to variations in chemistry of the 
different water sources, and the associated rates of 
supply, flow paths, and mixing within the hyporheic 
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RIPARIAN ZONES AND THEIR FUNCTIONS

Definition

The riparian zone has been defined in various ways, 
and the definition applied depends on the context in 
which it is used. The riparian zone has been referred 
to as the ecotone between aquatic and terrestrial 
realms (Naiman and Décamps 997). The zone is of-
ten defined based on diagnostic plant communities; 
however, the applicability of this approach differs 
according to climatic context. In xeric (or seasonally 
xeric) landscapes, a strong gradient often exists from 
the vegetation associated with riparian areas to that 
of upslope areas. In mesic landscapes, such as those 
found in coastal areas, the contrast between upslope 
forest and riparian zones may be subtle or non-exis-
tent (Hibbs and Bower 200).

From a functional perspective, the riparian zone 
is considered to be the portion of the terrestrial 
environment that exerts influence on a stream and 
(or) that is influenced by the water body (Gregory et 
al. 99; Richardson et al. 2005b, Figure 3.). The in-
fluences of streams on riparian areas are frequently 
expressed through differences in microclimate (e.g., 
Moore et al. 2005a; Rambo and North 2009). In 
addition, riparian soils often differ owing to peri-
odic inundation by groundwater or overbank flows, 
which directly influence soil-forming processes and 
can lead to the development of Gleysols.

Management guidelines commonly define the ri-
parian zone in terms of the width of a riparian buffer 
(Gregory et al. 99; Forest Ecosystem Management 
Assessment Team 993; Richardson et al. 2005b). 
The management guideline is the most arbitrary 
definition, but it is also the most pragmatic because 
it captures many of the functions of riparian–stream 
interactions and is simple to measure. A compre-
hensive review of the methods used to define and 
delineate riparian management areas (or zones) is 
provided in Forest Ecosystem Management Assess-
ment Team (993) and Chapter 5 (“Riparian Man-
agement and Effects on Function”). 

Riparian areas associated with lakes, wetlands, 
estuaries, and the ocean have special characteristics. 
Soils at the edges of these water bodies may remain 
saturated for most of the year if the surrounding 
area has little elevational gradient compared to areas 
with steeper gradients. This contrast in soil mois-
ture condition can be an important determinant of 

riparian plant communities. Vegetation communi-
ties at the edge of lakes, wetlands, estuaries, and the 
ocean may show evidence of greater specialization 
than communities that border flowing waters; for 
instance, these communities may include extensive 
areas of rushes (e.g., Juncus spp.) and cattails (e.g., 
Typha spp.) that grade into partially submerged spe-
cies (e.g., Potamogeton spp., Nuphar). 

Functions of Riparian Vegetation 

Riparian vegetation strongly influences both stream 
and riparian zone processes (Gregory et al. 99). 
The magnitude or degree of coupling of instream 
processes with riparian vegetation partly depends on 
stream size (Richardson and Danehy 2007). For ex-
ample, the forest canopy can cover the entire width 
of a small stream, shading the streambed from most 
light input. A larger stream, by creating a wider gap 
in the vegetation, may be exposed to direct sunlight 
over part of its area. This in turn affects the microcli-
mate, thermal regime, and primary productivity of 
the stream (Figure 3.). 

Forest canopies can intercept 95% or more of the 
light reaching the canopy. The amount of light actu-
ally reaching the level of the stream depends on lati-
tude, time of year, time of day, cloud cover and type, 
stream width, overstorey canopy characteristics, 
and shading by the streambanks and surrounding 
topography (Figure 3.2). The effect of the canopy on 
light infiltration can vary seasonally where decidu-
ous trees are an important component of the ripar-
ian community (Hill et al. 200). It can also vary 
over decadal and longer time scales in association 
with the state of forest development (second-growth 
forests typically intercept more light than old forests) 
and disturbance history (e.g., fires, blowdown). In-
creased light levels reaching the stream surface after 
disturbance can result in enhanced rates of primary 
production (Kiffney et al. 2003; Melody and Rich-
ardson 2007), depending on whether nutrients or 
other factors are limiting. Photosynthetically active 
radiation (PAR) and ultraviolet (UV) radiation can be 
intercepted by canopy vegetation, and can increase 
after the canopy has been opened by forest harvest-
ing, fire, or insect damage. Light inputs (including 
UV, especially UVB, radiation) can negatively affect 
many organisms (Kelly et al. 2003). Ultraviolet 
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temperature variations (Moore et al. 2005a). De-
creased wind speed limits ventilation above and near 
streams; consequently, riparian zones are usually 
more humid than upslope areas (e.g., Danehy and 
Kirpes 2000) because the stream is a source of 
moisture.

Hydrology of the Riparian Zone

Hydrologically, the riparian zone functions to trans-
mit groundwater and hillslope water to the stream 
channel. In addition, when the riparian water table 
rises to the ground surface, infiltration of rainfall 
and snowmelt is impeded, producing saturation 
overland flow (Hewlett and Hibbert 967; Troendle 
985; Burns et al. 200; McDonnell 2003; Buttle et 
al. 2004). Two-way exchanges of water between 

inputs can be attenuated by water depth or by high 
concentrations of DOC, which tends to increase fol-
lowing forest harvesting.

Riparian forests contribute to bank stability (Ea-
ton et al. 2004) and strongly influence the rate and 
kind of organic matter inputs. The influence of veg-
etation also varies with the sizes of plants. In general, 
a closed tree canopy shades a stream more effectively 
than the herb or shrub layer, although small streams 
can be shaded effectively by understorey vegetation 
(e.g., Macdonald et al. 2003; Teti 2006).

Riparian vegetation influences microclimate by 
affecting solar radiation, longwave radiation, air 
temperature, humidity, and wind speed. Relative to 
an open site, forest cover tends to decrease solar 
radiation, increase incident longwave radiation, 
decrease wind speed, and moderate diurnal air 

FIGURE 3.2  Small stream at the University of British Columbia’s Malcolm Knapp Research Forest (Stream G); note that with a 10-m 
riparian reserve on each side the stream channel is still mostly shaded from incoming solar radiation by canopy and 
shrub-layer vegetation. (Photo: J. Richardson) 



447

the stream and the riparian aquifer (i.e., hyporheic 
exchange) can also occur. 

Transpiration by riparian vegetation can extract 
water from the riparian zone, drawing down the 
riparian water table and producing a diurnal de-
crease in streamflow followed by recovery at night 
(Dunford and Fletcher 947; Hewlett 982; Bond et 
al. 2002). However, the timing and magnitude of 
these streamflow fluctuations vary with discharge, 
likely caused by changes in travel time and the 
downstream routing of streamflow fluctuations from 
different parts of the catchment (Wondzell et al. 
2007). The magnitude of this process is also strongly 
affected by temperature, soil moisture regime, and 
vegetation types.

Water Quality 

Forested riparian areas are often characterized as fil-
ters, intercepting sediments and nutrients that would 
otherwise enter streams (Lowrance et al. 997). Re-
moval of nutrients, such as nitrogen, is accomplished 
by plant uptake of riparian groundwater as it flows 
from surrounding slopes toward the stream (Castelle 
et al. 994). The riparian zone can also trap sedi-
ments because its lower gradient reduces the trans-
port capacity of overland flows. In addition, riparian 
vegetation provides flow resistance. 

These observed water-quality functions have 
been well demonstrated in agricultural settings, and 
have led to recommendations for retaining forested 
reserves along streams. However, these water qual-
ity functions have been less well studied in forested 
catchments, and may be less important than in agri-
cultural catchments. For example, several studies in 
the Pacific Northwest and elsewhere have shown that 
infiltration excess overland flow in areas with se-
verely disturbed soils and saturation excess overland 
flow in topographic convergence zones may trans-
port significant amounts of sediment from hillslopes 
to a stream even though the stream has an intact 
riparian buffer (Belt and O’Laughlin 994; Rivenbark 
and Jackson 2004; Gomi et al. 2005).

Wood

Wood, large and small, performs several functions 
in stream and riparian systems. It can function as 
a geomorphic structure, as a place for interception 
and storage of organic matter, as cover for organ-
isms, as a substrate, and even as a source of nutrition 

(e.g., Richardson 2008). Large wood is well known 
for contributing to stream channel stability. This 
function is discussed in detail in Chapter 0 (“Chan-
nel Geomorphology: Fluvial Forms, Processes, and 
Forest Management Effects”). Large wood contrib-
utes to the diversification of channel sub-units, and 
is especially important in the formation of plunge 
and scour pools, which provide habitat for many 
instream species. 

Wood provides important habitat elements for 
organisms in streams (and riparian areas). Single 
logs, debris jams, and other accumulations of wood 
provide security cover for organisms seeking refuge 
from predators. Small fish can hide from predators 
among wood accumulations (Roni and Quinn 200; 
Boss and Richardson 2002). The signal crayfish 
(Pacifastacus leniusculus), the sole species of native, 
freshwater crayfish in British Columbia, is most 
often found in wood accumulations where it hides 
from predators, such as river otters and mink (Bon-
dar et al. 2005). Wood provides shelter from the full 
force of the stream current. This can allow fish and 
other organisms to occupy the water column without 
having to struggle against strong flows. In addition, 
wood contributes to the storage of fine sediments by 
damming and locally reducing the bed slope. The 
stored fine sediments may provide important spawn-
ing substrate for some species. 

Organic matter would be easily entrained from 
the streambed and washed downstream if it were 
not for the presence of instream wood. A large 
proportion of organic matter gets stored temporarily 
against wood. Small pieces of wood, a single large 
piece, or a debris jam can all trap organic matter. The 
retention of organic matter over an extended period 
allows it to be broken down and utilized by the local 
aquatic community.

Wood provides a substrate for attachment for 
some organisms. This has not been demonstrated 
in British Columbia or the Pacific Northwest but, in 
other parts of the world, a number of aquatic organ-
isms use wood preferentially as an attachment site. 
This is especially true for “collectors”—organisms 
that filter fine particles of organic matter that passes 
by in the water column (e.g., Benke et al. 984). 

Finally, wood provides a source of food, particu-
larly for biofilm (see further detail below), which 
can use the wood as a carbon source or extract dis-
solved carbon from the passing water. Examination 
of well-decayed wood in many streams in British 
Columbia frequently reveals the presence of many 
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small organisms, especially stonefly larvae (Nemou-
ridae) and midge larvae (Chironomidae). The role of 
wood as a substrate versus a food source is not easily 
distinguished for many organisms. For example, nu-
merous invertebrate species consume biofilm from 
the wood surface, and it may constitute the largest 
proportion of some species’ diets (Bondar et al. 2005; 
Eggert and Wallace 2007). The stomachs of adult sig-
nal crayfish were shown to contain large amounts of 
wood, and a stable isotope signature of the crayfish 
body matches biofilms growing on wood (Bondar 
et al. 2005). Some species feed almost exclusively on 
wood (referred to as xylophagy), including larvae of 
the elmid beetle (Lara avara) and larvae of a cranefly 
genus (Lipsothrix spp.; Dudley and Anderson 982). 
An estimate of the quantitative contribution of wood 
to stream food webs has still not been attempted. 

Bank Stability and Windthrow

Vegetation growing along the riparian area helps 
stabilize the stream channel in several ways. Plant 
roots bind to mineral substrate, making the stream-
bank better able to resist the erosive forces of moving 
water (e.g., Eaton et al. 2004; Sakals and Sidle 2004). 
If riparian vegetation is of sufficient size (e.g., large 
trees), it can also trap wood that is transported dur-
ing floods, and thereby contribute to bank stability, 
the formation of gravel bars, and the initiation of 
debris jams (Swanson et al. 998). Windthrow can 
either stabilize or destabilize channels, depending on 
how it interacts with fluvial sediment transport pro-
cesses. Windthrown streamside trees can increase 
sediment inputs to the channel via the root wad 
(Grizzel and Wolff 998). 

ORGANIC MATTER DYNAMICS IN STREAM-RIPARIAN SYSTEMS

Autochthonous Inputs

Primary production (photosynthesis) is the source of 
most biologically fixed energy available to food webs. 
We distinguish between in situ production (autoch-
thonous) and production derived outside the local 
system (allochthonous). In riparian areas, many 
kinds of plants contribute to productivity. Likewise, 
within streams, primary producers such as algae can 
contribute to the energetic basis of stream food webs. 
In general, plant productivity is limited by nutrients 
(e.g., nitrogen, phosphorus, and potassium) or light, 
or some combination of these two factors (Kiffney et 
al. 2003, 2004). In streams with relatively open cano-
pies (i.e., high light environments), primary produc-
tion can be the dominant contributor to instream 
production (Minshall 978). Some types of primary 
producers in streams are described below (see “The 
Biota of Streams and Their Riparian Areas” below).

Allochthonous Inputs to Streams

Various types of organic matter from the riparian 
and upslope areas can enter a stream (i.e., they are 
allochthonous; Figure 3.). These materials occur as 
particulate (e.g., leaf litter, terrestrial invertebrates) 
or dissolved forms of matter (e.g., via groundwater 
discharge). In most streams, organic matter in the 
form of leaf litter and wood provides the main form 
of energy for stream food webs (Richardson et al. 

2005a). The rate, timing, particle size, and qual-
ity of organic inputs vary with stream size, time of 
year, and forest type. Small streams have the highest 
inputs of leaf litter per unit surface area; as stream 
size increases, advection of particulate matter from 
upstream becomes the dominant source of fluvial 
organic matter within a stream reach.

Dissolved organic matter (DOM), or dissolved or-
ganic carbon (DOC), reaches the stream via ground-
water discharge. DOC is colloidal and not truly 
dissolved, and is operationally defined as organic 
matter that can pass through 0.63-µm filter paper 
(Richardson et al. 2005a). Quantitatively, DOC may 
be the single largest flux of organic matter through 
streams (Kiffney et al. 2000); however, it is not easily 
stored because it gets flushed through the channel. It 
is used as an energy source primarily by bacteria, but 
it may also flocculate (weakly aggregate into larger 
particles) and can then be captured and consumed 
by organisms such as blackfly larvae (Ciborowski 
et al. 997). Dissolved organic carbon often makes 
water tea-coloured, enhancing interception of UVB 
radiation that would otherwise damage stream 
organisms (Kelly et al. 2003). The specific qualities of 
DOC vary widely, and its value as a resource depends 
partly on its source (McArthur and Richardson 2002).

Particulate organic matter includes mainly leaf 
litter, seeds, small branches, and bark, all of which 
can contribute to the energy base of streams (Rich-
ardson 992). It is generally classified as coarse 
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particulate organic matter (CPOM; >  mm2) or fine 
particulate organic matter (FPOM; <  mm2 and 
larger than dissolved). The distinction by particle 
size relates to the two primary groups of decompos-
ers: fungi decompose CPOM and bacteria decompose 
FPOM. The size fractions also match the modes of 
foraging by consumers: CPOM is eaten by animals 
(mostly invertebrates) known as “shredders” and 
FPOM is eaten by “collectors.” 

The largest proportion of the organic matter load 
enters the stream in autumn and is used up by the 
following spring, which may result in periods of food 
limitation (Richardson 99). In British Columbia, 
organic matter enters stream channels year-round. 
In particular, red alder, a common riparian tree in 
coastal British Columbia, can drop large numbers 
of leaves starting as early as June in most years, with 
peak leaf drop occurring in October and November. 

Cross-ecosystem Subsidies

Stream ecosystems receive large inputs of organic 
matter from the riparian zone, especially leaf lit-
ter from riparian vegetation, but also by inputs of 
seeds, fruits, and terrestrial invertebrates that often 
drop from the riparian zone to the stream surface. 
These inputs represent a “cross-ecosystem resource 
subsidy,” whereby organic matter production in one 
ecosystem is consumed by (and subsidizes) another 
(Polis et al. [editors] 2004; Marczak et al. 2007b; 
Richardson et al. 2009). The significance of these 
subsidies is increasingly recognized. Another ex-
ample of a resource subsidy is the input of terrestrial 

invertebrates falling from the riparian canopy into 
streams. For example, some salmonids, such as coho 
and cutthroat trout, may gain more than 50% of their 
food energy from terrestrial invertebrates (Wipfli 
997). Other species, such as water striders, also 
depend on inputs of terrestrial invertebrates; conse-
quently, aquatic organisms may have to compete for 
fast access to these inputs (Marczak et al. 2007a).

Cross-ecosystem subsidies can also transfer 
energy from the stream to the riparian zone. For ex-
ample, adult aquatic insects are used as food sources 
by some riparian species, such as birds, bats, and 
dragonflies. Subsidies also operate along the stream 
network; for example, invertebrates are transported 
downstream from fishless headwater streams to 
larger, fish-bearing reaches. In addition, terrestrial 
vertebrates such as bears and mink depend on fish 
as a significant food source, although these latter 
sources of food may not strictly be subsidies (see 
Richardson et al. 2009 for further details). 

Small streams can have relatively high rates of 
productivity and some of that production is moved 
downstream to larger streams where consumers, 
such as salmonid fish, may be able to capitalize on 
these resources (Wipfli and Gregovich 2002). Subsi-
dies of resources and materials from headwaters to 
downstream ecosystems can be substantial (Wipfli et 
al. 2007). The magnitudes of these fluxes make it ap-
parent that small streams are important contributors 
to fish production downstream. Within large rivers, 
the processing of materials to finer particles can 
provide an enormous flux of particles to downstream 
reaches (Malmqvist et al. 200).

THE BIOTA OF STREAMS AND THEIR RIPARIAN AREAS 

Terrestrial Species

Streams and riparian areas provide critical habitat 
for many terrestrial animals, plants, and other or-
ganisms during some stage of their life cycles. These 
organisms are referred to as “riparian obligates” and 
include stream-breeding amphibians and some spe-
cies of waterbirds and mammals. “Riparian associ-
ates” are species that are more abundant in riparian 
than in upland areas, but do not depend solely on 
riparian areas to complete their life cycle (Richard-
son et al. 2005b; Mallik and Richardson 2009). 

Amphibians are typically riparian obligates (some 
Plethodontidae salamanders in British Columbia 

are not) because they depend on water for their 
larval stages or other life history stages. In British 
Columbia, three species of amphibians are obligate 
stream-breeders: () the coastal tailed frog (Asca-
phus truei), (2) the Rocky Mountain tailed frog (A. 
montanus), and (3) the coastal giant salamander 
(Dicamptodon tenebrosus). These species lay eggs in 
cobble-bottomed streams and the larvae are re-
stricted to streams until metamorphosis (which may 
take as long as 4 years). In these three species, larval 
growth is affected by stream productivity and tem-
perature (Kiffney and Richardson 200; Mallory and 
Richardson 2005; Matsuda and Richardson 2005). 
Populations of these stream-associated amphib-
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ians are negatively affected when fine sediments are 
introduced into the aquatic environment—growth 
rates are reduced, interstitial habitats are in-filled, 
and their capacity to hold on to the rocky substrate 
is potentially impaired (Welsh and Ollivier 998). 
Toads and other amphibians are also sensitive to 
changes in freshwater habitats, such as increases 
in sedimentation, changes in algal resources, and 
increases in water temperatures (e.g., Wood and 
Richardson 2009).

Other vertebrate riparian obligates use riparian 
zones for foraging and (or) nesting. Riparian obli-
gates typically rely on streams as a source of food. 
For example, dippers, harlequin ducks, spotted 
sandpipers, and water shrews feed largely on stream 
invertebrates, whereas river otters, kingfishers, 
and mergansers prey heavily on fish. The beaver is 
another riparian-obligate species that depends on 
deep-water habitats, usually created by dams, for 
refuge from predators and as a place to store win-
ter food supplies. In turn, beavers modify stream 
channels in ways that provide important habitat 
elements for other species (e.g., Stevens et al. 2007). 
A large percentage of British Columbia’s vertebrates 
are considered riparian obligates, and over half of 
all terrestrial vertebrate species in the province are 
considered at least riparian associates. 

Many species of invertebrates, bryophytes, 
vascular plants, and fungi are also associated with 
riparian zones; however, our lack of basic knowledge 
about many species within these groups makes it 
difficult to determine the nature of their dependence 
on riparian areas. In one set of studies conducted 
in Sweden, bryophytes and snails were shown to 
be strongly associated with the riparian areas of 
small streams, and were seriously affected by forest 
harvesting even when 0-m reserves were provided 
(Hylander et al. 2004). Some spiders may be specially 
adapted to capture the emergent adults of aquatic 
insects (e.g., Marczak and Richardson 2007). Other 
organisms, such as dragonfly adults, also take advan-
tage of this food source. 

Vascular Plants, Mosses, Algae, and Microbes

A diverse assemblage of organisms including all the 
kingdoms of life, many of which are microscopic, 
inhabit streams. A number of vascular plants, also 
referred to as macrophytes, are found in moving 
water, although usually slow-moving water. These 
include pondweeds of the genus Potamogeton, as well 
as sedges, rushes, and cattails found along marginal 

areas. In general, rooted plants are relatively uncom-
mon in British Columbia’s streams. Mosses can be 
prevalent on stable rock surfaces in streams. 

The complex mixture of small organisms gener-
ally referred to as biofilms are attached to most sur-
faces in streams. The organisms within this mixture 
include algae, bacteria, and fungi, as well as small 
organisms (protists and small animals) that feed on 
the biofilms. Biofilms develop very rapidly, have very 
high productivity, and may be a predominant source 
of food for consumers in some streams (Allan and 
Castillo 2007). The term “periphyton” is sometimes 
used, although this refers strictly to the algae com-
ponent, and algae are usually associated with other 
organisms of the biofilms, so biofilm is the correct 
term for most applications. 

Algae are single-celled, primary producers; that 
is, they are photosynthetic and grow on any surface 
(rocks, wood, plants, invertebrates) where they get 
energy from light and nutrients (e.g., nitrogen and 
phosphorus) from water. Algae are a taxonomically 
diverse grouping and represent many different phyla 
(divisions) within the plant and protist kingdoms. 
These groups include diatoms, green algae, red algae, 
and golden algae (Figure 3.3). Blue-green algae 
(Cyanobacteria) are a phylum of photosynthetic, 
nitrogen-fixing bacteria that are not constrained by 
the amount of fixed nitrogen in water. Most algae 
are small cells attached in some way to mineral and 
organic surfaces, where they form a thin, slippery 
mat tens of micrometres thick. Some species of algae 
form long filaments of cells, often protected by a mu-
cilaginous sheath, which makes it difficult for small 
animals to eat them and allows the species to grow 
in the short term without control other than limita-
tions of nutrients and space. Cyanobacteria can also 
avoid consumption by producing toxins as well as 
physical defences. One species of diatom (Didymos-
phenia geminata) forms thick mats that cause vari-
ous problems in streams around the world, including 
within British Columbia. For more information on 
stream algae see Stevenson et al. (996).

Bacteria are ubiquitous in streams, and gener-
ally obtain energy from DOC and nutrients from the 
passing water (or DOC excreted by algae within the 
biofilms). Bacteria are found on any surface, and 
some are thought to extract energy from both FPOM 
and DOC. Particles of FPOM that are fecal aggregates 
from stream invertebrates provide a large surface 
area for bacterial growth. Most bacteria are not 
generally harmful to humans, but certain types are 
toxic, and agencies monitor specifically for groups 
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considered dangerous, such as E. coli and coliform-
shaped bacteria.

Fungi in streams, referred to as “aquatic hypho-
mycetes,” include hundreds of described species, 
but their taxonomic status and relation to terrestrial 
fungi is unclear. Fungi use CPOM (wood, leaves) as a 
carbon source and obtain nutrients from the water. 
Fungal spores colonize CPOM, establishing a myce-
lium (similar to a root system) that requires particles 
greater than about  mm in diameter. Because these 
fungi require a large particle of organic matter, 
they are found only in biofilms growing on organic 
surfaces. Fungi are considered to dominate the pro-
cess of decomposition of leaves, wood, and animal 
carcasses in streams, and serve as an intermediate 
trophic level making cellulose (and other complex 
carbohydrates) available to consumer animals. 

Stream Invertebrates

Freshwater invertebrates are described in numer-

ous ways, either taxonomically or by functional 
attributes. Invertebrates are often called “benthos” 
(or described using the adjective “benthic”), which 
refers to their association with the bottom of a water 
body such as the streambed. Invertebrates occupy all 
major ecological roles one could expect in streams. 
They are consumers of basal resources (algae, 
biofilms, organic matter), and secondary consum-
ers. They are the link from basal resources to higher 
trophic levels, including fish. One common way of 
describing freshwater invertebrates is by functional 
feeding group, or FFG (Cummins 973; Merritt et al. 
2008), a categorization based on what the species 
feeds on and how it gets its food. The primary FFGs, 
known as the “predators,” include groups that engulf 
food as well as those that pierce and suck their prey. 
Another group, known as the “shredders,” includes 
detritivorous invertebrates that feed on coarse 
particulate organic matter. Species that gather fine 
particulate organic matter are referred to as “col-
lectors”; these organisms may use a filter of some 

FIGURE 3.3  Examples of two types of macroscopic stream algae, one a red algae (Rhodophyta) and the other a 
green algae (Chlorophyta) (top right of photo). The large clump of red algae in the middle is about 
10 cm long. Most algae are microscopic. (Photo: J. Richardson)
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sort (“filterers”; e.g., a modified body part or a net 
made of silk or mucous) or gather food using mouth 
brushes or other modifications (“gatherers”). Organ-
isms that eat biofilms or algae from rock or wood 
surfaces are known as “scrapers” or “grazers.” A 
special kind of grazer is a group of organisms known 
as “xylophages” that scrape wood surfaces. The last 
of the invertebrate feeding groups are parasitic, and 
include species from the Nematoda (wire worms) 
and the Nematomorpha (horsehair worms). 

Few accurate estimates exist of the numbers of 
invertebrate species in British Columbia. Cannings 
(2002) estimated that 87 species of dragonflies and 
damselflies (order Odonata) occur in the province. 
Of these dragonflies, 20 are either red- or blue-listed 
species. Molluscs, including freshwater mussels, 
snails, limpets, are another taxonomic group of 
invertebrates that includes many at-risk species in 
British Columbia, with 2 species either red- or blue-
listed. Other orders of freshwater invertebrates in 
British Columbia are much less known, but species 
number easily in the thousands.

One particular use of freshwater invertebrates 
is as indicators of water quality and environmental 
condition. The community structure (composition 
and relative abundances) of invertebrates reflects the 
physical, chemical, and biological condition of a site 
by integrating all local and catchment-scale influ-
ences. Two primary sets of indicator tools have been 
developed: the “Reference Condition Approach” and 
“Benthic Index of Biotic Integrity.” These approaches 
compare the community structure of a set of refer-
ence sites (assumed to be without environmental 
impacts) to a test site in order to determine whether 

the community structure diverges from what is 
predicted (e.g., Bailey et al. 2004; and see Chapter 
7, “Watershed Measurement Methods and Data 
Limitations”).

Fish 

Many species of fish, particularly salmonids, are 
associated with streams. British Columbia has 
75–80 species of freshwater fish (McPhail 2007). 
Most of these species are resident (i.e., non-anadro-
mous), spending their entire life cycle in freshwater, 
although not necessarily always in streams. Some 
species move to different freshwater habitats depend-
ing on their life stage and the time of year (e.g., white 
sucker, Chinook salmon, bull trout, grayling). 

Adults of anadromous species, such as salmo-
nids and smelts (e.g., oolichan), return from the 
marine realm to freshwaters in large numbers. This 
return is an important part of stream ecology, form, 
and function (e.g., Hassan et al. 2008; Chapter 4, 
“Salmonids and the Hydrologic and Geomorphic 
Features of Their Spawning Streams in British Co-
lumbia”). Salmon provide direct and indirect inputs 
to aquatic environments by providing nutrients and 
an easily consumed resource complete with protein 
and fatty acids in the form of the carcass or salmon 
eggs (e.g., Zhang et al. 2003); however, toxins that 
bioaccumulate in the bodies of fish when they are 
in the marine environment can also be carried into 
terrestrial food webs (Christensen et al. 2005). For 
additional information on fish of British Columbia, 
see Groot and Margolis (editors, 99), Richardson et 
al. (2000), and McPhail (2007).

Longitudinal and Lateral Linkages

Streams are the receiving environment for materials 
transported by processes within catchments (water-
sheds) and are intimately linked to the surrounding 
basin. As described earlier in this chapter, these 
linkages take many forms. For example, groundwa-
ter entering streams carries with it signatures of the 
organic material in the forest floor and chemistry 
of the soils and bed materials it flows through. The 
concentration of DOC carried by groundwater varies 
through time (Kiffney et al. 2000) but little is known 
about the qualitative differences in organic compo-

nents (McArthur and Richardson 2002). Leaf litter 
and other organic materials enter streams directly 
from the riparian forest canopy, although these 
materials are also carried in laterally from adjacent 
areas (referred to as “lateral transport”). Lateral 
delivery mechanisms include wind, advection from 
ephemeral channels, or even saturation overland flow. 

An important distinction between the headwater 
and downstream portions of a stream network is the 
degree of coupling between the stream and the hill-
slopes. In headwater streams, this coupling is strong, 
so that disturbances occurring on the slopes (e.g., 
an increase in soil erosion) can directly influence 
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stream processes. In downstream reaches where the 
stream may flow within a low-gradient floodplain, 
the coupling is weaker, and stream processes are 
more sensitive to disturbances in the riparian zone, 
or to disturbances in the headwaters that propagate 
downstream. For these reasons, it is appropriate to 
adopt different management strategies in different 
portions of the stream network.

Materials delivered to streams from upslope 
source areas or the riparian zone can be transported 
downstream (Chapter 0, “Channel Geomorphology: 
Fluvial Forms, Processes, and Forest Management 
Effects”). Small streams, especially most headwaters, 
are relatively incompetent to carry large materials, 
and therefore tend to accumulate large clasts and 
wood that remain in place for long periods of time 
(i.e., colluvial material). This material only moves 
downstream to larger channels during infrequent, 
large debris flows (Chapter 8, “Hillslope Processes”). 
In environments where debris flows do not occur 
(e.g., low-gradient headwaters in the Interior Pla-
teau), rates of downstream transport of mineral sedi-
ment and wood are constrained by the rates at which 
this material weathers or decays in situ to size classes 
that the stream is competent to move.

Channelized debris flows occur as brief, punc-
tuated episodes, but as a consequence of moving 
large amounts of rock and wood stream channels 
are reshaped along with the habitat they provide 
(e.g., Swanson et al. 998). The resulting changes in 
morphology can be long lasting. Some elements of 
the stream system recover relatively quickly (e.g., 
Lamberti et al. 99) but others may take decades to 
stabilize.

Over longer time scales, stream erosion shapes the 
morphology of the riparian zone (e.g., by bank ero-
sion and channel migration) and also interacts with 
hillslope processes (e.g., by undercutting footslopes). 
In these ways, stream erosion can modify the nature 
of coupling between the stream, its riparian zone, 
and the catchment as a whole. 

The organization of the stream network and its 
lateral interactions varies with physiographic set-
ting. For example, mountainous catchments typi-
cally have high gradients in the headwaters, with a 
dominant trend to lower gradients and decreased 
coupling in the downstream direction. In contrast, 
streams draining the interior plateaus may have rela-
tively low-gradient reaches in their headwaters, often 
including wetlands, ponds, and small lakes, located 
upstream of reaches with high gradient and strong 
coupling where the streams are actively cutting 

through the plateau bedrock toward the level of a 
larger stream occupying a major valley (e.g., streams 
draining the Bonaparte and Nehalliston Plateaus 
located west of the North Thompson River).

Conceptual Models of Stream Ecosystem 
Organization

Three primary conceptual models highlight the 
spatial and temporal scaling of ecological processes 
within streams: () the River Continuum Concept 
(Vannote et al. 980), (2) the Riverine Productivity 
Model (Thorp and Delong 994), and (3) the Flood 
Pulse Model (Junk 999). The River Continuum 
Concept (RCC) describes the linear variations in 
stream ecology from a stream’s source to its mouth 
based on changes in characteristics such as stream 
size, gradient, biological energy sources, and tem-
perature regime. As described above, the intensity 
of the linkages between a stream and its surround-
ings scales with stream size, particularly in relation 
to width; however, channel gradient and maximum 
flows also vary with stream size, producing long-
itudinal variations in stream power and tractive 
force. Although the RCC captures several important 
scale linkages governing stream ecology, it does 
not account for the branching network structure 
of a channel network and the important ecological 
role of tributaries (Gomi et al. 2002; Grant 2007). 
In addition, the RCC provides a static description of 
stream ecology, and does not explicitly recognize 
that streams evolve through time and interact with 
their landscape (Ward 989). Some of the physical 
features observed in a stream can reflect the anteced-
ent conditions caused by past channel-modifying 
flows or sediment inputs rather than the current flow 
regime and sediment supply. 

The stream network concept is particularly 
important in relation to population dynamics and 
species diversity, especially in headward streams that 
can vary in their disturbance histories across a land-
scape. Streams high in the network may experience 
relatively higher rates of local extinction because of 
the limited population sizes they can support, as well 
as relatively lower rates of recolonization because 
of the distance from nearest sources (Fagan 2002). 
These extinction-recolonization dynamics may be 
one reason for the occurrence of relatively fewer spe-
cies, especially large-bodied species, as one goes up a 
drainage network. The network perspective provides 
important insights for the conceptualization and 
management of watersheds that are only just starting 
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to permeate management agencies (Richardson and 
Thompson 2009). 

The Riverine Productivity Model (RPM) empha-
sizes the lack of a continuous, longitudinal gradient 
in streams, and points to the nesting of hydrogeo-
morphic patches in streams (Thorp and Delong 
994). This view integrates variation in channels as 
an array of geomorphic elements at many spatial 
and temporal scales, more in line with a geomorphic 
perspective. It also highlights the local influence of 
hydrogeomorphology on species occurrences and 
biological processes. The RPM, as with the Flood 
Pulse Concept, better integrate lateral connectivity 
with floodplains than does the RCC (Junk 999). The 
Flood Pulse Concept emphasizes the links across the 
stream-floodplain margin that result in movements 
of nutrients, sediments, wood, and species across the 
boundaries, and it varies temporally, especially dur-
ing floods (Junk 999; Richardson et al. 2009). This 
latter concept suggests that stream processes cannot 
be understood without consideration of the con-
nections with the surrounding floodplain, riparian 
areas.

Spatial and Temporal Dynamics: Disturbance 
Regimes, Nutrient Spiralling, and Serial 
Discontinuity

Periodic disturbances can rearrange structures 
and functions of aquatic ecosystems, and allow the 
organizing processes to re-exert themselves. Disturb-
ance is defined in many ways. One simple approach 
considers disturbances as events where some process 
exceeds the long-term mean plus two standard 
deviations (see Resh et al. 988). In streams, disturb-

ances include floods, low flows, channelized debris 
flows, fire, and other events that dramatically alter 
the streamscape. For example, extreme flows can 
mobilize large structural elements of streams and 
rearrange large wood and boulders, disrupting the 
physical habitat and food supplies within the chan-
nel and beyond.

Streamflow in channels moves materials, includ-
ing organic particles and dissolved nutrients as well 
as large particles of mineral substrate. Particles or 
nutrients can be taken up by biological and physical 
processes in the bed, and then subsequently released 
back to the flow, resulting in cycling of particles 
between the bed and the flow in conjunction with 
downstream displacement. This pattern of coupled 
vertical cycling and downstream transport is known 
as “nutrient (or particle) spiralling” (Newbold et al. 
2005). One important implication of nutrient spiral-
ling is that it slows the downstream transport of 
nutrients, thus promoting primary production and 
biogeochemical processing within a given stream 
reach.

Humans can disrupt the natural patterns of 
stream dynamics by, for instance, installing dams 
to regulate flow and store water. These modified 
patterns rarely duplicate those naturally found at 
streams flowing from lakes (Richardson and Mackay 
99). This interruption of the longitudinal connec-
tions along the fluvial network is referred to as “se-
rial discontinuity.” This discontinuity can result in 
the interception of sediment and organic materials 
transported from upstream, alteration of flow and 
temperature regimes, changes in water chemistry, 
and suspended particulates. 

SUMMARY

Streams and their riparian zones are complex sys-
tems that respond to transfers of water, sediment, 
nutrients, organic matter, and heat both laterally 
and longitudinally, all of which vary on time scales 
ranging from diurnal, synoptic (storm systems), and 
seasonal, to decadal and much longer. The current 
structure and function of a stream-riparian system 
reflects not only the influences of recent events but 
also those of past events and disturbances higher 
up in the stream network, which may be slowly 
propagating downstream. Because of the range of 
time scales associated with different types of disturb-

ances and the rates at which different components of 
stream-riparian systems respond, it is inappropriate 
in many, if not most, cases to assume that stream 
structure and function are in a steady-state configu-
ration (e.g., that the volume of instream wood is in 
equilibrium with long-term rates of input from the 
riparian forest). This dynamic nature of response to 
disturbances contributes to the spatial variability of 
stream conditions over a landscape, in addition to 
variations resulting from fundamental physiograph-
ic differences among catchments. This fact suggests 
that it may be difficult to use field measurements to 
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define reference conditions for use as management 
targets. 

Significant advances have been made in our un-
derstanding of stream and riparian ecology over the 
last two decades, particularly in relation to organic-

matter dynamics and the dynamics and function of 
instream wood. Nevertheless, significant gaps still 
exist that limit our ability to develop robust manage-
ment guidelines. 
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INTRODUCTION

The objective of this chapter is to describe some key 
linkages between the ecology of salmonid fish and 
the hydrologic and geomorphic features of their 
spawning streams in British Columbia. Salmonid re-
fers to all species in the Salmonidae family of fishes, 
which includes Pacific salmon and trout (Oncorhyn-
chus spp.), char (Salvelinus spp.), grayling (Thym-
allus spp.), whitefish and cisco (Coregonus spp.), 
Atlantic salmon and trout (Salmo spp.), inconnu 
(Stenodus spp.), and round whitefish (Prosopium 
spp.). The focus here is on Pacific salmon, trout, and 
char because of their widespread distribution in 
the province, their extensive use of stream habitats 
for spawning, and the volume of research devoted 
to these socio-economically important species. 
Stream-spawning salmonids and their reproductive 
success are affected by the hydrologic and geomor-
phic watershed processes that define and shape their 
streams and spawning habitats. To manage fish and 
land-use practices effectively, we need to understand 
how salmonid ecology and physical stream processes 
interact and are altered by natural and human dis-
turbances in their watersheds. 

The dependence of stream organisms on the 
quantity, quality, and movement of flowing waters 
has always been part of the underlying fabric of 
stream ecology. In the 35+ years since Hynes pub-
lished his landmark book, The Ecology of Running 
Waters (Hynes 972), appreciation for these hydro-
logic–biologic linkages has advanced considerably in 

North America, driven largely by the environmental 
movement and our increasing concern over the ef-
fects of land and water uses on fish and their habitat. 
Our understanding of specific ecological–hydrologi-
cal processes and interactions in stream systems 
has progressed significantly. For example, we now 
recognize the ecological significance of hyporheic 
zones (See Chapter 3, “Stream and Riparian Ecol-
ogy”) where ground and surface waters mix below 
the streambed surface, creating important habitats 
for faunal communities (Edwards 998). We also 
now recognize many of the dynamic and hydrologi-
cally mediated biochemical exchange processes that 
determine how nutrients and organic matter “spiral” 
downstream and are transformed and moved 
through stream ecosystems (Newbold et al. 982). 
Woody debris is no longer “cleaned” from streams 
because it has been shown to be a critical physical el-
ement for stream morphology, fish and invertebrate 
habitats, and other important ecological functions 
(Bisson et al. 987). 

These advances in our knowledge have helped us 
better appreciate the importance of hydrologic and 
geomorphic processes to stream ecosystems and 
have aided in the development of more effective wa-
ter and stream management policies. Nevertheless, 
significant gaps still exist in our knowledge of stream 
and watershed processes and of human impacts on 
the hydrology, morphology, and ecology of streams 
(Young 2000; Rosenau and Angelo 2003; Moola et 

Salmonids and the Hydrologic 
and Geomorphic Features of Their 
Spawning Streams in British Columbia

Chapter 4

Erland A. MacIsaac



462

al. 2004). For example, although small streams are 
ubiquitous throughout the province, only recently 
has the need been highlighted for better ecological 
data on their functions and roles in stream networks 
and the effects of natural and human watershed 
disturbances (Moore and Richardson 2003). 

The Salmonid Landscape of British Columbia

British Columbia is a landscape of diverse geogra-
phy, geology, vegetation, and climate that together 
define the physical and chemical characteristics 
of the streams and rivers draining the land. These 
stream characteristics in turn can define the fish spe-
cies assemblages that have colonized and adapted to 
them. Salmonids exhibit various natural adaptations 
to the range of local stream conditions that reflect 
this diverse landscape. 

The province encompasses a wide diversity of 
watersheds with markedly different geophysical 
and climatic conditions, ranging from the northern 
boreal mountains and taiga plains bordering the 
Yukon Territory to the near-desert valleys of the 
south Okanagan and the temperate coastal rainfor-
ests of the Coast and Vancouver Island. This diverse 
hydrologic and geomorphic landscape yields a 
variety of streams and rivers, ranging from the great 
Fraser, Skeena, Stikine, Columbia, and Mackenzie 
Rivers with their biologically diverse resident and 
migratory fish communities, to the ubiquitous first-
order headwater streams and tributaries that feed all 
stream networks. The latter may serve as spawning 
and rearing ecosystems for species such as bull trout 
(Salvelinus confluentus) and cutthroat trout (On-
corhynchus clarki) (Gomi et al. 2002). 

The coastal rainforests yield an abundance of 
warm-in-winter, soft-water streams that are impor-
tant habitat for anadromous salmon, trout, and char 
(Rosenfeld et al. 2000). Perennially cold, glacially 
turbid streams can be found draining the glaciers 
and snowfields of the coastal and interior moun-
tains. These streams present a challenging physical 
environment for many aquatic species (Lorenz and 
Filer 989; Richards and Moore 2003). Overlay-
ing this mosaic of stream ecosystems are the many 
streams and watersheds whose hydrologic and 
physical features have been modified by agriculture, 
forestry, urban development, mining, impoundment 
and flow regulation, diversions, dykes, and other hu-
man constructions. 

Scope of the Chapter

This chapter illustrates how some of the natural hy-
drologic and geomorphic characteristics of streams 
can influence various aspects of the ecology of 
salmonids in their spawning streams. The emphasis 
is on the natural interactions between salmonids 
and their physical stream environment rather than 
the effects of human disturbances (see Chapter 7, 
“The Effects of Forest Disturbance on Hydrologic 
Processes and Watershed Response,” Chapter 9, 
“Forest Management Effects on Hillslope Processes,” 
and Chapter 5, “Riparian Management and Ef-
fects on Function”), highlighting the need to better 
understand the role watershed management plays in 
conserving the hydrologic and geomorphic features 
of salmonid spawning habitats.

This chapter focusses on the freshwater reproduc-
tion stages of salmonids, from the migration into 
spawning streams up to the emergence of fry. First, 
we look at how seasonal streamflows, determined 
by regional and seasonal variations in climate and 
hydrology, can affect spawner migrations. We next 
describe the importance of natural hydrologic and 
sedimentation processes in the creation of suitable 
stream substrates and habitats for salmonid spawn-
ing and egg incubation. We also discuss hydrologic 
effects on the survival of eggs and alevins. We then 
consider spawning salmon as geomorphic and eco-
logic disturbance agents in their own right, rework-
ing and shaping the streambed for redd construction 
and enriching spawning streams. Lastly, we look at 
the relationship between streamflow and the emer-
gence of salmonid fry from natal gravels.

The scope of this chapter is best viewed in the 
context of the small- to moderate-sized streams 
that make up the majority of the stream length in 
watersheds and where terrestrial–aquatic linkages 
are strongest (Gomi et al. 2002). These include first-
order headwater and tributary streams up to larger 
third- and fourth-order streams and rivers. For a 
comprehensive description of large Pacific Northwest 
rivers, which includes physical characteristics, ecol-
ogy, and management, the reader is referred to the 
excellent texts by Naiman and Bilby (editors, 998) 
and Benke and Cushing (editors, 2005). Wetlands 
and floodplains are also not specifically addressed 
because their ecology has a unique dependence on 
local geomorphic and hydrologic conditions that is 
beyond the scope of this chapter (Brown 2002).
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Stream research conducted in British Columbia 
has been driven largely by the need to better man-
age the effects of land disturbances such as forestry, 
agriculture, or urban development on stream ecosys-
tems. Research conducted at the University of British 
Columbia’s Malcolm Knapp Research Forest in the 
Fraser Valley (Kiffney et al. 2003), the Carnation 
Creek Watershed Study on the west coast of Vancou-
ver Island (Hartman and Scrivener 990; Tschap-
linski 2000), and the Stuart-Takla Fish-Forestry 

Interaction Project in the north Fraser River water-
shed (MacIsaac [editor] 2003) are three examples of 
large-scale, multidisciplinary projects conducted in 
British Columbia that evaluate the impacts of for-
est management on stream ecology. These studies, 
along with many others in the province and else-
where, have helped advance our knowledge of how 
hydrologic watershed processes affect the ecology of 
salmonid streams. 

STREAMFLOW AND SPAWNER MIGRATIONS

The annual hydrograph of a British Columbia stream 
depends on the size, shape, elevation, and geographic 
location of its watershed along with the local climate, 
vegetation, and geology, all of which vary widely 
across the province. Seasonal flow regimes charac-
teristic of different regions of British Columbia are 
discussed in greater detail in Chapter 4 (“Regional 
Hydrology”). Differences in seasonal flow patterns, 
along with the physical features of the channel, 
determine the types of stream organisms best able  
to utilize the habitat. Salmonid behaviour, physiol-
ogy, and life history are adapted to a specific range 
and seasonal pattern of water and flow conditions. 
For example, juvenile coho (O. kisutch), steelhead  
(O. mykiss, anadromous rainbow trout), and cut-
throat trout can co-occur in the same stream reaches 
(sympatric) but during low to moderate streamflows 
tend to segregate into microhabitats based partly on 
the hydraulic characteristics of different channel 
features (Bisson et al. 988). Seasonally low stream-
flows can contract or fragment the available habitat 
into pools, and trigger the cessation of instream 
movements and foraging by juvenile salmonids 
(Mellina et al. 2005; Huusko et al. 2007). The size 
and frequency of freshets and the availability of 
suitable high-flow refuges are known to significantly 
affect the survival of juvenile coho in coastal British 
Columbia streams (Mason 975; Brown and Hart-
man 988; Shirvell 994). 

Hydrologic conditions in streams also affect the 
migration of adult salmonids to their spawning areas 
(Everest et al. 985; Hodgson et al. 2006). Natural 
seasonal variations in streamflow, driven by local 
climate and precipitation and moderated by the 

hydrologic characteristics of the watershed, can af-
fect both the timing of salmonid migrations and the 
accessibility of spawning locations. Low water levels 
during the spawning window can limit how much 
of the stream is accessible and useable for spawning. 
Obstructions (falls, canyons, beaver dams) can delay 
migration for adult salmon and may only be pass-
able under high or low flows depending on the type 
of barrier (Sandercock 99; Cooke et al. 2004; Rand 
et al. 2006). Streamflow can be an important cue for 
adults to enter spawning streams, and many salmon 
runs are known to delay entry at the mouth of a 
stream for a month or more waiting for rain to raise 
streamflows (Eames et al. 98; Lister et al. 98; Holt-
by et al. 984). Coho with exceptionally early or late 
spawning stream entries are believed to be showing 
local adaptations to specific seasonal discharge pat-
terns in order to ensure that flows are adequate for mi-
gration past stream obstructions (Sandercock 99).

Water temperatures also play an important role 
in regulating the migratory timing and enroute 
survival of adult salmonids (Macdonald et al. 2000). 
Avoidance of high water temperatures may account 
for the early migration and extended holding of 
salmon populations in freshwater before matura-
tion and spawning (Hodgson and Quinn 2002). The 
spawn timing of salmonid populations is thought to 
reflect the need of ensuring that egg incubation and 
fry emergence match local environmental and forage 
conditions which benefit juvenile survival (Brannon 
987). These population-specific adaptations of mi-
gration and spawn timing to environmental condi-
tions are just part of the range of adaptations to local 
hydrologic conditions that salmonids exhibit.
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eter, geometric mean) and percentage of fine sedi-
ments (e.g., < 0.85 mm diameter) of the incubation 
gravels (Chapman 988; Young et al. 99).

Fine sediments reduce intergravel water flows, 
decreasing the supply of dissolved oxygen to the  
eggs and alevins and the transport of ammonia and  
other metabolites away from the egg pockets. These 
sediments also inhibit alevin movement and fry 
emergence; if the organic content of the sediment is 
high, microbial processes will compete for oxygen 
with the developing eggs. Gravel quality is sensitive 
to natural and anthropogenic sediment generation 
and to transport processes in streams and their 
watersheds, both before spawning and during 
incubation. Annual and seasonal fluctuations in 
these processes can affect spawning success and  
egg-to-fry survivals.

The coarseness of spawning gravels is also im-
portant. Size of spawners is one of the factors that 
determines the size and depth of redds and the 
largest gravel sizes suitable for spawning substrates. 
Salmonids have a limited ability to move gravels 
using water currents generated by body flexing and 
tail movements. Streambeds may be “armoured” 
by large cobbles that spawners may not be able to 
excavate effectively. The maximum median diameter 
of spawning gravels utilized by a salmonid species 
is related to the size of the fish. Salmon are large-
bodied salmonids and Kondolf (2000) found that the 
maximum median-size distribution of the gravels 
used by Pacific salmon for redd construction was a 
function of the length of fish (Figure 4.). 

Hyporheic zones are the porous streambed 
substrates in which surface water and groundwater 
mix and hydrologic, geochemical, and biological 
stream processes interact. Salmonids use hyporheic 
substrates for redd construction and egg incubation 
because of the good intergravel water flows, which 
supply oxygen and remove waste metabolites (Geist 
and Dauble 998). This intergravel flowing water is 
typically a mixture of stream surface water forced 
into the streambed by upstream hydraulic gradients 
and groundwater upwelling from the surround-
ing catchment (Malcolm et al. 2005). Increases in 
water depth relative to variations in the streambed’s 
geomorphic features and topography (e.g., pools 
and tail-outs) create localized increases in hydraulic 
pressure and surface water downwelling into porous 
streambed substrates.

REDDS AND THE EGG INCUBATION ENVIRONMENT

For salmonid reproduction, the nature of the 
streambed is one of the most important geomorphic 
features of the stream. Salmonids generally spawn 
in streams from summer through spring, although 
some populations of chinook (O. tshawytscha) and 
steelhead spawn earlier. They incubate their eggs 
in redds dug into the streambed. Stream-specific 
hydrologic and geomorphic processes, including 
ground–surface water interactions, largely deter-
mine the location and quality of spawning sites in 
a stream. The natural scouring, sorting, and de-
position of sediments by water and as affected by 
in-channel structures determine the spatial extent, 
depth, and size composition of gravel deposits 
within a stream. The dynamic hydrologic and geo-
morphic processes that create and maintain gravel 
deposits within a stream are discussed in Chapter 0 
(“Channel Geomorphology: Fluvial Forms, Process-
es, and Forest Management Effects”). The quantity 
and quality of water flowing through the gravels is 
also an important factor determining the suitability 
of a site for nest construction and egg incubation.

Different species of salmonids spawn in differ-
ent substrates with different hydrologic and physi-
cal characteristics. Some salmonids, such as fluvial 
Arctic grayling (T. arcticus) and mountain whitefish 
(P. williamsoni), do not dig nests in streambeds but 
are broadcast spawners, fertilizing and deposit-
ing their eggs among the natural sand and cobble 
substrates of the streambed rather than digging nests 
in the substrate. These eggs are more exposed to 
natural streamflow variations and bedload move-
ments during incubation; however, most salmon, 
trout, and char dig nests or redds to fertilize, protect, 
and incubate their eggs. In the gravels, eggs de-
velop into alevins, embryos with yolk sacs that are 
absorbed as they grow to the “swim-up” fry stage. 
These salmon generally choose spawning sites with 
the most favourable subsurface water flow and gravel 
conditions for the survival of the incubating eggs 
and development of the alevins. Egg-to-fry survival 
can range widely from less than a few percent to 
more than 70% (Groot and Margolis [editors] 99). 
This extreme range in survival is in part a function 
of spawning bed quality, which is affected by annual 
and seasonal fluctuations in stream and intergravel 
flow conditions, by natural sediment infiltration that 
can affect incubation conditions in the gravels, and 
by the particle size distribution (e.g., median diam-
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For egg deposition, female salmonids dig pits 
that are covered with gravels from another adja-
cent upstream pit to form a hump or tail spill. After 
digging and burying several pits and egg pockets, a 
large redd has a pool-riffle morphology that creates 
localized hydraulic gradients, enhancing down-
welling and intergravel water flows through the egg 
pockets (Figure 4.2; Geist and Dauble 998). Sur-
face water flow into and out of the redd results from 
higher water depth and hydraulic pressure on the 
upstream pool side versus the downstream riffle side. 
Salmonid redd construction can significantly change 
local hydraulics; thus, high densities of large-bod-
ied spawners can significantly modify channel bed 
morphology and intergravel flows.

The water quality of intergravel flow for incu-
bating eggs (temperature, dissolved oxygen levels) 
depends on the relative contributions and qualities 
of the mixing surface and groundwater sources 
(Malcolm et al. 2005). Groundwater from the catch-
ment may come from a considerable distance and 
its oxygen content is often a function of time spent 
below ground. Thus, the relative mixing of surface 
and ground waters can determine the temperature 
and oxygen quality of the intergravel water, affect-
ing the development rates and survival of incubating 
eggs. Groundwater sources have relatively constant 
temperatures and oxygen content, whereas down-
welled surface waters reflect seasonal changes in 
stream temperatures and oxygen levels. 

The mixing of ground and surface water will 
vary seasonally with streamflow. During periods 
of high flow and deeper water, the rate of surface 
water downwelling will increase and this can dilute 
intergravel groundwater with surface water; ground-
water may dominate the intergravel water during 
low flow periods. Groundwater upwelling sites can 
also be critical thermal refuges in winter when cold 
surface water makes warmer groundwater upwell-
ings favourable habitat for egg incubation and alevin 
refuge. Variations in other ecologically important 
water quality parameters, such as ion chemistry and 
temperature, are also dependent on seasonal flows. 
Seasonal changes in the relative contributions of soil 
and groundwater sources to streamflow can manifest 
in seasonal variations in downstream water quality 
(Constantz 998; Feller 2005; Chapter 3, “Stream 
and Riparian Ecology”).

The physical and chemical cues used by salmon 
and trout to actively identify redd sites with suitable 
intergravel water flow, oxygen, and temperature con-
ditions are not entirely clear (Kondolf and Wolman 
993; Quinn et al. 2006). Salmon are capable of hom-
ing to small-scale natal habitats so natural selective 
pressures may ensure that the majority of spawners 
return to suitable gravel areas. Alternatively, salmon-
ids may be able to sense the movement and quality 
of upwelling water using olfactory and other clues. 
For example, Cope and Macdonald (998) found that 
sockeye salmon rarely dig redds in marginal habitats 

FIGURE 4.  Spawner size is related to the maximum median particle size of the spawning gravels 
utilized for redd construction. Here the average median diameter (D50 ) of spawning 
gravel utilized is plotted against the average body length (cm) of female spawners for 
five species of Pacific salmon from data compiled by Kondolf and Wolman (1993).
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of salmonid streams and create important channel 
features such as riffles, pools, and side channels. 
These processes build, clean, and sort alluvial gravel 
deposits that serve as salmonid spawning areas; 
however, if the depth of streambed scour exceeds the 
depth of egg burial, then rare high flow events may 
reduce survival of specific year-classes of salmonids 
(Kondolf et al. 993). Coastal streams are particularly 
prone to extreme winter flow events from Pacific 
Ocean storms (Chapter 4, “Regional Hydrology”). 
These events can be responsible for substantial bed-
load movements and the scour of redd egg pockets 
with losses of eggs and alevins (Tripp and Poulin 
992; Montgomery et al. 996). Theses losses may 
be a significant part of the high, natural mortalities 
salmonids experience at this life stage (Kondolf et al. 
993). 

The risk of scouring flows depends on the cli-
mate, the hydrologic characteristics of the watershed 
(e.g., upstream lakes that can buffer peak flows), the 
morphometry of the stream channel, the volume and 
type of woody debris in the channel, and the sizes 
and types of substrate (e.g., alluvial gravels). Scour 
and fill sites are very localized. The susceptibility of 
a specific spawning bed to scour depends on reach 
conditions such as streambed shear stresses, which 
are a function of local channel morphology and flow, 
and the particle entrainability of the bed material 
(e.g., substrate size and embeddedness; Rennie and 
Millar 2000). Different reaches within the same 

where intergravel oxygen levels are near or below 
3 mg/L. 

Accessible areas with suitable gravel and hyporhe-
ic flow conditions for successful salmonid spawning 
may be a small part of the total stream area. Iden-
tifying and protecting these spawning habitats is 
an important part of conservation efforts for many 
salmon, trout, and char in British Columbia. At-
tempts to model and predict the locations of these 
spawning habitats use physical stream and watershed 
characteristics (spawning habitat suitability models; 
e.g., Shirvell 989). However, although physical 
features such as gradients, channel morphology, and 
water depth are readily measured, properties such as 
gravel quality, intergravel water flows, groundwater 
upwelling, and subsurface water quality are not as 
easily measured or predicted from physical stream 
and watershed features (e.g., Geist and Dauble 998; 
McHugh and Budy 2004). In addition, the fidelity of 
spawners to their specific natal areas can only be ac-
counted for by field surveys to determine the full use 
of a stream by resident salmonids.

Scouring Flows

Another important aspect of the geomorphology 
and flow regime of streams for salmonid egg and 
alevin survival is the frequency and magnitude of 
scouring flows during the egg incubation and alevin 
stages. Scour and fill processes are a natural part 

FIGURE 4.2  Schematic of intergravel water flow through a salmonid redd. Redd morphology 
changes the streambed topography and water depths over the redd, creating upstream 
hydraulic gradients that force surface water to downwell through the redd and upwell 
on the downstream side. Entrainment of groundwater may occur. (Adapted from Geist 
and Dauble 1998)
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stream can have different scouring rates that corres-
pond to unique flow and geomorphic characteristics.

The depth at which a salmonid species buries its 
eggs is correlated to the size of the female and the 
median substrate size (DeVries 997). Maximum 
redd depths can range from 0 cm for small kokanee 
(O. nerka) to more than 50 cm for large chinook 
(Figure 4.3). The shallower the egg pocket, the more 
susceptible it is to scour during freshets. Shallower 
redd depths result from smaller females, larger 
substrate sizes, or spawners encountering excava-
tion barriers (e.g., large rocks, hard-pack clay, or clay 
pans) at depth in their spawning streams. 

Montgomery et al. (996) suggested that gravel 
scour depths may limit the species and sizes of 
salmonids that can utilize a habitat by selecting for 
those that dig to redd depths exceeding the aver-
age scour depth in a stream. It seems reasonable to 
conclude that if a stream experiences frequent bed-
scouring events, only salmonids that can bury eggs 
at or below the maximum depths of bed scour will 
be able to sustain runs to a stream; however, it is not 
yet known whether stream scour plays a significant 

role in the zoogeography of British Columbia salmon-
ids (van den Berghe and Gross 984).

Low Flows

Periods of low flow occur naturally in streams, 
during late summer and early autumn for coastal 
streams and late summer through winter in snow-
melt-dominated watersheds typical of the interior. 
Low flows can affect salmonids at any freshwater 
stage. During these times of year, streamflow is 
primarily sustained by groundwater. The frequency, 
magnitude, and duration of low flow events in a 
stream depend on regional and annual climate 
variations, the hydrologic properties of its water-
shed, and the hydrology and geomorphology of the 
stream (Chapter 4, “Regional Hydrology,” Chapter 6, 
“Hydrologic Processes and Watershed Response,” 
and Chapter 0, “Channel Geomorphology: Fluvial 
Forms, Processes, and Forest Management Effects”). 
Dry channels and periods of low flow are com-
mon higher up in watersheds where groundwater 
discharge to streams is minimal. Although surface 

FIGURE 4.3  Egg burial depths (cm) for different salmonids measured from original streambed level to 
top of first egg pocket. The smallest spawners (kokanee) have the shallowest redd depths 
and the largest salmon (chinook) have the deepest and most variable redd depths. Egg 
burial depths are indicators of egg-pocket vulnerability to scouring flows and gravel 
disturbance. (Data from DeVries 1997)
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water may be limited during low flow periods, con-
siderable subsurface (hyporheic) water flow can still 
occur through the streambed, particularly in alluvial 
reaches with permeable substrates.

Spawning beds that had adequate water levels 
during spawning may experience lower water levels 
during egg and alevin incubation. Low flows over 
winter can strand redds, exposing the eggs and ale-
vins to desiccation or freezing, which reduces egg-to-
fry survival. Alevins can move down in the gravels 
to avoid desiccation and freezing when water levels 
drop (Dill 969). Cope and Macdonald (998) report-
ed that sockeye alevins in interior British Columbia 
streams, where freezing and ice penetration into 
the gravels can occur during winter, were capable of 
moving down in the gravels to avoid ice formed in 
the surface gravels (Figure 4.4). This behaviour may 
be a local adaptation to interior climates and stream 
conditions. The ability of alevins to move within 
the gravels and avoid ice would confer a significant 
survival advantage. However, this advantage may 
be lost if the intergravel water becomes dominated 

by groundwater lacking sufficient oxygen for alevin 
survival (Whitfield and McNaughton 986).

Low flows that progress to intermittent flows 
result in spatially discontinuous habitats. As the 
stream channel breaks into discrete pools, riffle habi-
tats disappear, temperature and oxygen levels in the 
intergravel water and pools are altered, and fish and 
stream biota are affected. Unless the natural hydro-
logic properties of the stream and watershed have 
recently changed or an unusually extreme climate 
event (e.g., drought) occurs, the salmonid communi-
ties utilizing the watershed will have life histories 
and behaviours adapted to an intermittent flow en-
vironment. Bradford and Heinonen (2008) reviewed 
much of the literature on the effects of low flows 
on stream biota in the context of water regulation 
and diversion. They concluded that many potential 
responses by fish and invertebrate communities to 
low flow events are possible and that many of these 
responses were stream- or reach-specific, driven by 
local hydrologic, geomorphic, and climate condi-
tions acting on different species assemblages.
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FIGURE 4.4  After hatching, sockeye salmon alevins from interior British Columbia streams can move within the gravels and  
migrate downward to avoid ice formation in the surface gravels. Fertilized eggs were placed at 20 cm in capsules 
buried in stream gravels subject to different levels of freezing and recovered in February 1994. Alevins avoided ice 
penetrations of 2, 15, and 40 cm into the surface gravels by moving down to depths greater than 50 cm in the gravel 
bed. (Data from Cope 1996)
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SALMONIDS AS GEOMORPHIC AGENTS

Salmonids that spawn at high densities in streams 
can significantly disturb the streambed during redd 
construction (Gottesfeld et al. 2004; Hassan et al. 
2008). Excavation of redds reduces the fine sediment 
content of gravels, improving conditions for inter-
gravel flows and egg incubation, and raising sus-
pended sediment concentrations in streams during 
spawning (Kondolf et al. 993; Cheong et al. 995). 
In the course of constructing their redds, salmonids 
can move volumes of coarse sediments short dis-
tances downstream. The scale of this streambed 
bioturbation depends on the species, female size, 
number and density of spawning salmon, and areal 
extent of the spawning beds in the stream. In some 
stream reaches, salmonids returning to natal gravels 
can result in major geomorphic disturbance. Hassan 
et al. (2008) estimated that mass spawning of sock-
eye salmon in four streams in the upper Fraser River 
watershed accounted for almost half of the annual 
bedload movement in the stream reaches where the 
salmon spawned. This is remarkable from a water-
shed perspective, given that the abundance of sock-
eye salmon in streams in the Fraser River watershed 
in the late 800s may have been up to two orders of 
magnitude greater than current escapements (Ricker 
987). The growth of the commercial fishing industry 
and migration blockages at Hell’s Gate significantly 
reduced escapements of sockeye and other salmon 
species to the Fraser River; the current impact of 
salmon on the geomorphic processes of spawning 
streams is likely just a shadow of the pre-European 
condition.

Mass spawning can create streambed forms that 
persist from year to year (Montgomery et al. 996). 
One of the most graphic examples of this type of 
geomorphic disturbance and reworking of stream-
beds by spawning salmonids can be seen in the 
spawning “dunes” and other patterns of streambed 
disturbance created by chinook salmon in British 
Columbia streams. Gottesfeld et al. (2008) discussed 
the bioturbation impacts of salmon in detail and 
identified 25 stream locations in British Columbia 
where the dune streambed forms of chinook salmon 
are evident. Dunes are formed when spawning 
gravels are shaped by redd digging, which creates 
submerged, dune-shaped gravel deposits in the al-
luvial gravels of some large rivers such as the upper 
Nechako, Harrison, upper Babine, and the upper 
Chilko (Gottesfeld et al. 2008). Successive redd exca-

vations and egg pocket burials combined with strong 
river currents create gravel bars perpendicular to the 
flow of the river that reach over 0.5 m high and over 
0 m long (Figure 4.5). The dunes are a persistent 
feature of the streambeds maintained by annual 
spawning and these structures may provide a partial 
refuge from the current for holding adults and active 
spawning pairs. In other chinook spawning sites 
such as the South Thompson River, redd digging can 
create a streambed form of submerged pool-riffle 
patches readily visible from the air (Figure 4.6).

Large runs of spawning salmonids can be a 
significant disturbance force for the streambed and 
its benthic and hyporheic biota which can have a 
significant impact on stream ecology. Moore et al. 
(2004) found that spawning sockeye reduced the vol-
ume and percentage of fine sediments in the stream-
bed after redd digging and reduced the periphyton 
(attached algae) biomass of the streambed by 80%. 
Moore et al. (2004) also noted a decline in most 
benthic invertebrate taxa in spawning areas. Peter-
son and Foote (2000) measured a significant increase 
in invertebrate drift during spawning, a common 
disturbance response by the invertebrate commu-
nity. They reported that the magnitude of spawner 
influence on the benthic communities depended on 
spawner density. Moore et al. (2004) also found some 
displacement of invertebrate taxa to non-spawning 
areas. 

An aerial view illustrates an example of the extent 
of streambed scouring caused by sockeye salmon 
spawning in the Lower Shuswap River (Figure 4.7). 
Much of the streambed’s dark periphyton and 
biofilm has been scoured or buried by the digging 
actions of the spawning salmon, and redd locations 
are readily visible. Periphyton and biofilms are an 
important contributor of primary organic matter 
production to stream food webs, and the disturbance 
and reduction of periphyton biomass could have a 
short-term effect on spawning stream productivity.

Although salmonids may negatively and tem-
porarily affect the biomass of benthic flora and 
fauna by physical disturbance during spawning, the 
environment is also subsequently enriched during 
spawning and after death. Anadromous salmon, 
as major vectors of marine-derived nutrients and 
organic matter, may be important in maintaining the 
productivity and biodiversity of spawning streams 
for their progeny and other aquatic and terrestrial 
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FIGURE 4.6  Mosaic of submerged pool-riffle patches created by chinook redd construction in the 
South Thompson River (2006). (Photo: R. Bailey) 

FIGURE 4.5  Chinook salmon spawning “dunes” in the Harrison River (2004), illustrating the effect 
chinook spawners can have on streambed form. (Photo: A. Gottesfeld)
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biota (Gende et al. 2002; Schindler et al. 2003; Chap-
ter 3, “Stream and Riparian Ecology”). Organic 
matter and nutrients released as excreta and gametes 
during spawning and the decomposition of carcasses 
can enhance periphyton and biofilm production 
and some benthic invertebrates (Peterson and Foote 
2000; Johnston et al. 2004). Periphyton, bacterial 
biofilms, and benthic invertebrate densities have all 
been shown to increase in streams supplemented 
with salmon carcasses (Wipfli et al. 998; Fisher 

Wold and Hershey 999). Bilby et al. (998) found 
that the addition of salmon carcasses to a stream 
benefitted the growth of juvenile salmonids that 
directly utilized the eggs and carcasses of spawners. 
Currently, this nutrient and energy subsidy, similar 
to the bioturbation of stream geomorphology, is 
likely also just a shadow of the subsidy provided by 
pre-European salmon populations to British Colum-
bia salmonid spawning streams.

FIGURE 4.7  Sockeye salmon spawning area in the Lower Shuswap River (2006), illustrating the 
scouring of periphyton from the surface gravels and the amount of streambed  
disturbance caused by redd digging. (Photo: R. Bailey)

ALEVINS AND FRY EMERGENCE

The rate and timing of egg development to the fry 
stage strongly depends on water temperature. Many 
useful predictive models for adult spawn timing, egg 
hatch, and fry emigration are based in part on the 
accumulation of thermal units by developing eggs 
and embryos (e.g., Beer and Anderson 997). After 
yolk absorption is complete, the fry must emerge 
from the gravels and begin free-feeding or move to 
rearing habitats to feed (Brannon 987). Emergence 

before complete yolk absorption is not uncommon, 
but these fry may be more susceptible to predation 
and displacement by currents because of limited 
swimming ability. The early movements and mi-
grations by emergent fry are important adaptive 
behaviours, allowing juvenile fish to exploit differ-
ent habitats to increase their growth and survival 
(Kahler et al. 200); however, the patterns and 
timings of emergence and early movement for fry 
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vary greatly among different salmonid species and 
populations.

Sockeye salmon fry emerge in spawning streams 
during the spring and most move downstream or 
upstream (e.g., Chilko Lake) to lake-rearing habitats 
(Raleigh 97). “Taxis” refers to the directional move-
ment exhibited by animals toward or away from an 
external stimulus. Fry from populations migrat-
ing downstream usually exhibit marked negative 
phototaxis (light) and negative rheotaxis (current) 
during the migration, moving after dark and with 
the current, often aggregating and holding during 
daylight hours along the margins of the streams 
where currents are weakest (Brannon 972). Fry that 
migrate downstream can use currents to assist with 
dispersal; populations migrating upstream use the 
circulating eddy currents along the streambank to 
assist with movement. This relationship between 
current direction and velocity and fry movement is 
an innate heritable behaviour for salmonids (Raleigh 
97).

Brannon (972) demonstrated the roles that spawn 
timing, incubation temperature, and genetic adapta-
tion play in synchronizing sockeye fry emergence 
with environmental conditions, such as stream 
discharge and the availability of invertebrate food in 
a downstream lake. Fry emergence and downstream 
migration coinciding with high stream discharges 
may be a behavioural strategy that offers both 
energetic and predator avoidance benefits (Ginetz 
and Larkin 976; Beauchamp 995; Brännäs 995), 
although movement during very high discharges 
might increase the risks of mortality from displace-
ment into unsuitable habitats or from physical shock. 
McDonald (960) and Tabor et al. (2004) suggested 
that spatial separation could occur between preda-
tors and prey when sockeye occupy and migrate in 
faster water and predators such as cottids (sculpins) 
stay in slower water close to the substrate. Stream 
discharge of Gluskie Creek in the upper Fraser River 
watershed, like most interior streams, is dominated 
by spring snowmelt. Significant annual variations 
are evident in the shape of its hydrograph and the 
timing of high flow events (Figure 4.8). Sockeye fry 
emigration from the creek commences when stream-
flows and temperatures begin to rise during spring 
melt, but the peak of migration does not always 
coincide with peak flows. Fry generally migrate from 
the creek during high water but before the peak in 
flow. Although rising stream discharge will increase 
hydraulic pressures in the gravels, it is not known 
whether salmonid fry can use pressure-sensitive cues 

to adapt emergence behaviour and timing to flow 
conditions.

The emerging fry of other salmonid species may 
disperse short distances to neighbouring rearing 
habitats within the stream or exhibit extensive up-
stream and downstream migrations. Coho salmon, 
cutthroat trout, rainbow and steelhead trout, and 
bull trout fry can all exhibit upstream migrations 
into smaller stream-rearing habitats. For these fry, 
emergence and movement during a time of high 
stream discharge could be a disadvantage that risks 
downstream displacement to less suitable habitats. 
The fry of salmonids that spawn in late spring, such 
as rainbow and bull trout, have less risk of encoun-
tering seasonably high discharges during summer 
emergence, whereas the fry of coastal fall and winter 
spawners, such as coho and steelhead, may be the 
most likely to encounter higher flow conditions dur-
ing spring emergence.

Salmonid fry that emerge and remain among the 
gravel and cobble substrate to feed or that migrate 
upstream to new habitats must contend with stream 
currents. Fry taking refuge among the gravels must 
rise up in the current to feed. The swimming speed 
of juvenile salmonids is directly related to body 
length, increasing as the fish grow (Glova and McIn-
erney 977). As fry grow, their maximum sustained 
and critical swimming speeds increase, making the 
newly emergent fry the life stage most vulnerable 
to displacement caused by exposure to high stream 
discharges. Swimming speeds also depend on tem-
perature, increasing with higher water temperatures, 
so both discharge and water temperatures interact 
(Glova and McInerney 977).

Small, newly emerged salmonid fry cannot 
maintain position in a stream channel above critical 
water velocities and are susceptible to downstream 
displacement (Irvine 986; Heggenes and Traaen 
988). Sustained swim speeds are those that fish can 
maintain against a current without fatigue. Critical 
swimming speeds are the maximum that can be sus-
tained for a specific period of time, and can approxi-
mate the maximum sustained swimming speeds for 
salmonids (Beamish 978). However, few measure-
ments have been taken of critical speeds for newly 
emergent salmonid fry, particularly for many sal-
monid species common to British Columbia. Irvine 
(986) found that downstream emigration of chinook 
salmon fry increased when peak water velocity 
exceeded 0.25 m/s. Ottaway and Clarke (98) simi-
larly found that water velocities exceeding 0.27 m/s 
affected the downstream movement of brown trout 
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fry. Heggenes and Traaen (988) found that critical 
velocities above 0. m/s could displace the “swim up” 
fry stages of Atlantic salmon, brook trout, brown 
trout, and lake trout from experimental troughs. The 
much lower critical velocities measured by Heggenes 
and Traaen (988) were in smooth-bottomed troughs 

with velocities measured near the bottom; the other 
studies used gravel-bottomed troughs with velocities 
measured higher in the water column. As with natu-
ral streams, rough gravel and cobble substrates slow 
near-bed currents and provide interstitial velocity 
refuges for fry (Statzner et al. 988).

FIGURE 4.8  Sockeye salmon fry emigration from Gluskie Creek always coincided with increasing spring discharges and water  
temperatures, but not always with the timing of peak flow events. Graphs show fry emigration (bars, #), water  
temperature (red line, °C), and discharge (blue line, m3/s) in spring for Gluskie Creek during four different freshet 
regimes over 4 years. Adult sockeye escapements ranged from 22 116 to 9293 spawners.
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SUMMARY

From the migration of adult spawners to fry emer-
gence, salmonids illustrate many linkages between 
their ecology and the watershed-dependent hy-
drologic and geomorphic features of their spawn-
ing streams. Resident and anadromous salmonids 
exhibit local adaptations, allowing them to exploit 
particular spawning stream environments and 
successfully reproduce. Salmonid survival requires 
life histories and behaviours that correspond to 
specific features of the annual hydrograph and local 
instream hydrologic and streambed characteristics 
that benefit juvenile survival and egg incubation 
success. Salmonids can also alter their spawning and 
incubating environment and when spawning in large 
numbers are a formidable geomorphic agent.

Although alteration of natural hydrologic and 
geomorphic processes in watersheds by human land 
use, climate change, or natural disturbance and the 
ensuing impacts on stream and salmonid ecology are 
not the subject of this chapter, some of the potential 
implications can be inferred from the topics dis-
cussed. For example, clearcut logging, urbanization, 
forest fires, and widespread insect infestation can 
each alter features of a stream’s annual hydrograph 
such as the magnitude, duration, and timing of peak 
flows and low flows (Chapter 7, “The Effects of Forest 
Disturbance on Hydrologic Processes and Watershed 
Response”). Changes to the hydraulic environment 
of the stream in turn will affect salmonid survival, 
including:



474

• adult migration timing and access to spawning 
habitat; 

• surface-water downwelling and intergravel flows 
through redds;

• the risk of downstream fry displacement at emer-
gence;

• fry survival during downstream dispersal; and
• the risk of redd scouring and siltation affecting 

egg and alevin survival.

The directions and magnitudes of these effects 
will depend on the unique hydrologic responses  

of the watershed to disturbance and the weather.
Healthy salmon, trout, and char populations have 

become synonymous with healthy aquatic ecosys-
tems. Watershed processes influence the hydraulic 
and sediment properties of streams, which in turn 
affect the quality of the habitat for fish; however, 
these linkages can be complex and difficult to incor-
porate into management. Providing effective man-
agement direction for a given watershed requires a 
level of detail about watershed processes that is not 
trivial, but this may be required to successfully con-
serve the aquatic values of the watershed’s streams.
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Riparian Ecotones: Functions and Values

Riparian areas are the complex interface between 
aquatic and terrestrial environments within water-
sheds. These areas have been described as three-
dimensional ecotones of interaction that include 
terrestrial and aquatic ecosystems, and that extend 
down into the groundwater, up above the forest 
canopy, outward across the floodplain, laterally into 
the near-slopes to various distances into terrestrial 
areas, and along watercourses at variable widths 
(Ilhardt et al. 2000).

Riparian meadows and forests extend from the 
smallest headwater tributaries to the mouths of the 
highest-order streams within watersheds. A riparian 
zone thus forms the key boundary that moderates 
all hydrological, geomorphological, and biological 
processes associated with this interconnected fluvial 
corridor (Swanson et al. 988; Figure 5.). Stream-
side zones are highly vulnerable to disturbance 
from processes and events occurring upslope and 
upstream because of the relatively small size of these 
zones and the extensive longitudinal and lateral con-
nections with associated aquatic and terrestrial eco-
systems (Swanson et al. 988). These areas maintain 
ecological linkages throughout the forest landscape, 
connecting hillsides to streams and upper headwa-
ters to lower valley bottoms (B.C. Ministry of Forests 
and B.C. Ministry of Environment 995a). No other 
landscape features within forests provide linkages 

that are as extensive and complex as those provided 
by riparian ecotones.

Riparian areas contain and support many of the 
highest-value resources in natural forests (Hartman 
and Scrivener 990). The plant and animal commu-
nities in riparian areas frequently have the highest 
species richness found in forests (Gregory et al. 
99). Riparian habitats are also critical for several 
obligate species and for numerous others that use 
riparian areas for home ranges, travel corridors, and 
other purposes for at least a part of their life histories 
(McComb 989). Raedeke (988) indicated that 60% 
of the 480 species of wildlife in Washington State 
are found in wooded riparian habitats; 68 species 
of these mammals, birds, amphibians, and reptiles 
require riparian ecosystems to satisfy a vital habitat 
need during all or part of the year; and 03 spe-
cies achieve their maximum abundance in riparian 
zones.

Streamside riparian areas may contain excellent 
growing sites for trees (Mouw and Dixson 2008). At 
the same time, these areas support aquatic eco-
systems and associated fish populations through 
several functions (see Chapter 3, “Stream and 
Riparian Ecology,” and Chapter 4, “Salmonids and 
the Hydrologic and Geomorphic Features of Their 
Spawning Streams in British Columbia”). Riparian 
vegetation stabilizes streambanks, provides shade to 
help regulate stream temperatures, provides a source 
of wood (“large woody debris” or LWD) for stream 
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Function
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channels, and supplies both organic detritus (leaves, 
twigs, and other plant material) that drives aquatic 
food webs and terrestrial invertebrates that serve as 
a direct source of food for fish (Gregory et al. 99; 
Naiman and Décamps 997; Naiman et al. 2000). 

Although a significant amount of riparian re-
search has been undertaken in the past 30 years, the 
debate about how to best manage these areas con-
tinues to dominate current riparian management in 
British Columbia and elsewhere. This is no wonder, 
given the intrinsic values riparian areas provide, and 
the diversity of riparian types and functions across 
the province. 

The multitude of riparian values is at the centre of 
this debate because these values not only represent 
important ecological and environmental services, 
but also economic and social opportunities. For ex-
ample, some stakeholders are concerned that certain 
levels of riparian protection will result in losses of 
forestry opportunities, wood and wood products, 
water withdrawals for agriculture and domestic 
use, grazing and cropland, access to minerals and 
mining, and freedom to manage private land (Verry 

2000). Representatives of other interests believe that 
riparian areas require sufficient protection to avoid 
impacts to water quality and quantity, fish popula-
tions and habitat, native plant and animal species 
and communities, opportunities for recreation, 
aesthetic values, hydrological connections within 
watersheds, and ecological connections within 
watersheds and across landscapes. Riparian manage-
ment often attempts to strike a balance among these 
often competing domains.

Legislation and Regulations in British Columbia 

In British Columbia, several legislative statutes apply 
when working in and around water and, consequent-
ly, riparian areas. The Water Act regulates changes 
in or around streams to ensure that water quality, 
water quantity, fish and wildlife habitat, and the 
rights of licensed water users are not compromised. 
The Water Act applies to all streams regardless of 
the presence or absence of fish. Provisions under the 
Water Act are currently administered by the British 
Columbia Ministry of Environment. Federally, Fish-

FIGURE 5.  The riparian zone forms the key boundary that moderates all hydrological, geomorphological, and bio-
logical processes associated with interconnected fluvial corridors. Class S1 stream shown with riparian 
reserve. (Photo: R.G. Pike)
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eries and Oceans Canada has responsibility for all 
fish and fish habitat in Canada. The federal Fisheries 
Act prohibits the harmful alteration, destruction, 
or disruption of fish and fish habitat,  as well as the 
deposition of deleterious substances in fish-bearing 
waters. For further details from the Fisheries Act, go 
to: http://laws.justice.gc.ca/en/ShowFullDoc/cs/ 
F-4/.

The Fish Protection Act and the Riparian Areas 
Regulation are two additional legislative tools used 
to protect fish and fish habitat in British Colum-
bia. The four major objectives of this Act are to: 
() ensure sufficient water for fish; (2) protect and 
restore fish habitat; (3) improve riparian protection 
and enhancement; and (4) strengthen local govern-
ment powers in environmental planning. It works in 
concert with the Water Act to cover areas not fully 
addressed through existing legislation. The Riparian 
Areas Regulation was enacted under the Fish Protec-
tion Act to ensure that local governments protect 
riparian areas during residential, commercial, and 
industrial development. It is used for urban riparian 
management and does not apply to agriculture, min-
ing, or forestry-related land uses.

Two provincial statutes apply specifically to for-
estry practices, including riparian management, on 
the timber harvesting land base. The Private Man-
aged Forest Land Act applies to activities conducted 
on privately owned (non-Crown) forest lands, where-
as the Forest and Range Practices Act (FRPA) and its 
predecessor, the Forest Practices Code of British Co-
lumbia Act, apply to all activities on Crown land in 
British Columbia including privately owned portions 
of Tree Farm Licences. In this chapter, we focus on 
the riparian management provisions under the latter 
two statutes. Knowledge of riparian management 
under the FRPA and FPC is important because many 
of the riparian provisions within the current results-
based FRPA have been retained from the prescriptive 
FPC as default approaches in regulation. 

This chapter provides a summary of the different 
riparian management systems and practices applied 
in British Columbia’s forested watersheds. We dis-
cuss how forest management is conducted and how 
it can potentially affect riparian areas, streams, and 
fish habitats. We conclude with a summary of cur-
rent efforts to evaluate the effectiveness of riparian 
management practices in British Columbia.

RIPARIAN MANAGEMENT OBJECTIVES AND FRAMEWORK

Objectives, Values, and Principles

Recommendations for ecosystem-based approaches 
to riparian management have been advanced since 
the early 990s (Gregory et al. 99; Forest Steward-
ship Council 2005; Richardson et al. 2005). However, 
all jurisdictions in the Pacific Northwest of North 
America use fish as the principal, if not dominant, 
foundation for riparian management in forested 
areas. For example, the Forest Stewardship Coun-
cil of Canada’s riparian standards address various 
environmental values and ecosystem processes at 
watershed and site scales, but retain fish presence 
or absence as the main determinant for its stream 
classification and management system (Forest 
Stewardship Council 2005). Water for domestic use 
is the other most frequently identified management 
objective in the Pacific Northwest and elsewhere in 
North America. 

No scientifically sound basis exists for manag-
ing riparian and aquatic values on the presence of 
game fish alone. Nevertheless, some jurisdictions, 
such as the State of Alaska and the United States 

Department of Agriculture Forest Service Region 
0 (Alaska), explicitly emphasize the importance 
of anadromous salmonids or “high-value” resident 
fish (i.e., trout and char) and require higher levels 
of protection for waters used by these species. The 
foundation for determining riparian practices in 
British Columbia is largely fish-based (see next sec-
tion), but riparian management objectives generally 
encompass a broader, watershed-process perspective 
to maintain and protect riparian functions. For ex-
ample, objectives for managing riparian areas under 
the FPC looked beyond a fish-focussed view and were 
implemented to:

. minimize or prevent impacts of forest and range 
uses on stream-channel dynamics, aquatic ecosys-
tems, and water quality of all streams, lakes, and 
wetlands; 

2. minimize or prevent impacts of forest and range 
use on the diversity, productivity, and sustainabil-
ity of wildlife habitat and vegetation adjacent to 
streams, lakes, and wetlands with reserve zones, 
or where high wildlife values are present; and 

http://laws.justice.gc.ca/en/ShowFullDoc/cs/F-14/
http://laws.justice.gc.ca/en/ShowFullDoc/cs/F-14/
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In Oregon and Washington, tree retention targets 
in riparian management zones have been based on 
multiple objectives around managing for riparian 
and aquatic values, riparian ecosystem functions, 
and rehabilitating inadequately stocked forest stands 
(Adams 996; Oregon Secretary of State 200a, 
200b; Washington State Department of Natural 
Resources 200). 

Classification of Streams, Lakes, and Wetlands in 
British Columbia

Before we describe the different riparian manage-
ment systems used in British Columbia, it is useful 
to summarize the water-body classification system 
used in forestry management, and to review some of 
the commonly used terms and concepts associated 
with both the FPC and FRPA approaches for streams, 
lakes, and wetlands.

The principal management unit is the riparian 
management area (RMA), which has been in con-
tinuous and consistent use across the province since 
995. This unit consists of a riparian management 
zone (RMZ) and, sometimes, a no-harvest riparian 
reserve zone (RRZ) located immediately adjacent to 
the water body (Figures 5.2, and 5.3). The widths of 

3. allow for forest and range use consistent with  
and 2 above (B.C. Ministry of Forests and B.C. 
Ministry of Environment 995a). 

These principles remain consistent with the 
objective set by government in FRPA’s Forest Plan-
ning and Practices Regulation (FPPR) for water, 
fish, wildlife, and biodiversity within riparian areas, 
which is: “without unduly reducing the supply of 
timber from British Columbia’s forests, to conserve, 
at the landscape level, the water quality, fish habitat, 
wildlife habitat and biodiversity associated with 
those riparian areas” (Forest Planning and Practices 
Regulation).

Riparian management objectives vary broadly 
across the Pacific Northwest. In federally managed 
forests in the United States (i.e., USDA Forest Service 
Region 6), riparian management is focussed on the 
protection and enhancement of riparian ecosystems 
and habitats for species that rely on late-successional 
and old-growth forests (e.g., Northern Spotted Owl), 
and for the Aquatic Conservation Strategy in the 
Northwest Forest Plan (see Tuchmann et al. 996). 
Accordingly, conservative riparian provisions are in 
place to ensure compliance with the United States 
Endangered Species Act and the Clean Water Act. 

FIGURE 5.2  Riparian management area tree retention by basal area applied within 10 m of a small stream.  
(Photo: R.G. Pike)
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these zones are determined by specific attributes of 
streams, wetlands, or lakes, and sometimes by the 
characteristics of the adjacent terrestrial ecosystem. 
Constraints to forest practices are imposed within 
the management zone. 

A riparian classification system was established 
in FPC regulations for streams, wetlands, and lakes, 
and is continued under the FRPA (see Forest Plan-
ning and Practices Regulation). In this system, 
streams are classified from S to S6 based on:

• fish presence,
• location in a community watershed, and 
• average channel width.

Stream classification is based on the “reach” 

concept. A reach is understood to be a relatively 
homogeneous length of stream having a sequence 
of repeating structural characteristics (or processes) 
that also correspond to fish habitat types. The key 
physical factors used to determine reaches in the 
field are channel pattern, channel confinement, 
gradient, and streambed and streambank materials. 
Stream reaches generally show uniformity in these 
characteristics and in discharge (see B.C. Ministry 
of Forests and B.C. Ministry of Environment 995a). 
The characteristics of stream reaches are described 
further in the Fish-stream Identification Guidebook 
(B.C. Ministry of Forests and B.C. Ministry of Envi-
ronment 998).

Streams and reaches were defined separately in 
the FPC. Only the definition of stream has been 
retained for the FRPA, and is modified slightly to 
include a 00-m minimum channel length, which 
corresponds to the 00-m minimum reach length 
specified in the FPC. Under Section  of the Forest 
Planning and Practices Regulation:

 “‘stream’ means a watercourse, including a water-
course that is obscured by overhanging or bridging 
vegetation or soil mats, that contains water on a 
perennial or seasonal basis, is scoured by water or 
contains observable deposits of mineral alluvium, 
and that
(a) has a continuous channel bed that is 00 m or 

more in length, or 
(b) flows directly into

(i) a fish-stream or a fish-bearing lake or wet-
land, or

(ii) a licensed waterworks.”

Watercourses failing to meet this definition are 
not subject to the management provisions presented 
in Table 5., which summarizes the riparian classifi-
cation system for streams and the width and reten-
tion standards for the associated riparian reserves 
and management zones. Riparian classes S–S4 are 
fish-bearing streams or streams in community wa-
tersheds. Classes S5 and S6 are streams without fish. 

Similarly, prescribed classifications for reserve 
and management zones of lakes and wetlands de-
pend on water-body size and other characteristics 
(Figures 5.4 and 5.5; Tables 5.2 and 5.3). The four 
riparian classes of lakes (L–L4) are determined by:

• lake size, and 
• the biogeoclimatic ecosystem classification (BEC) 

unit in which they occur.

FIGURE 5.3  Riparian management area for streams showing 
a management zone and a reserve zone along 
the stream channel (B.C. Ministry of Forests and 
B.C. Ministry of Environment 1995a).
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TABLE 5.  Riparian management area standards for streams under the FPC and FRPA. Widths of reserve and management zones 
are slope distances measured from the streambank perpendicular to the channel. This classification framework  
developed for the FPC has been retained under the FRPA.

 Average channel  Reserve zone Management Total width Retention in 
Riparian class width (m) width (m) zone width (m) of RMA (m) RMZ (%)a

S-large (FPC) = S-A (FRPA) > 100  0 100 100 ≤ 70b

 (for > 1 km of  
 stream length)
S (FPC) = S-B (FRPA) > 20 50 20 70 50
S2 > 5 to ≤ 20 30 20 50 50
S3 1.5 to ≤ 5 20 20 40 50
S4 < 1.5 0 30 30 25
S5c > 3 0 30 30 25
S6c ≤ 3 0 20 20 5

a Recommended in the Riparian Management Area Guidebook for FPC only as maximum and averaged over large operating areas, not 
specific to each cutblock (B.C. Ministry of Forests and B.C. Ministry of Environment 995a).

b Softwood retention = 50% within 20 m of island perimeters and channel banks (see Table 6, B.C. Ministry of Forests and B.C. 
Ministry of Environment 995a). Hardwood retention as per active floodplains = 70% (see Table 6, B.C. Ministry of Forests and B.C. 
Ministry of Environment 995a).

c Non-fish-bearing streams.

FIGURE 5.4  Riparian classification key for lakes under the FPC and FRPA (B.C. Ministry of Forests and B.C. Ministry of Environment 
1995a). Interior BEC zones: BG = Bunchgrass, PP = Ponderosa Pine, IDF = Interior Douglas-fir. Coastal BEC zones: CDF 
= Coastal Douglas-fir, CWH = Coastal Western Hemlock. BEC subzones: xm = very dry (xeric), maritime; xw = very dry, 
warm; dm = dry, mild; ds = dry, submaritime. 
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The specified distances for the reserve zone and 
management zone of each lake riparian class is 
presented in Table 5.2. The outer edge of the lake is 
measured from the high-water mark or the edge of 
an immediately contiguous wetland.

Wetlands include shallow open water, swamps, 
marshes, fens, and bogs (B.C. Ministry of Forests 
and B.C. Ministry of Environment 995a). The FPC 
definition of wetland has been retained under FRPA 

as: “a wetland is a swamp, marsh, or other similar 
area that supports natural vegetation, that is distinct 
from the adjacent upland areas” (Forest Planning 
and Practices Regulation). The Riparian Manage-
ment Area Guidebook (B.C. Ministry of Forests and 
B.C. Ministry of Environment 995a) further de-
scribed wetlands as areas where “the water table is at, 
near, or above the surface or where soils are water-
saturated for a sufficient length of time that excess 
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TABLE 5.2  Riparian management area standards for lakes under the FPC and FRPA. Management zone widths for class L1 lakes  
of less than 1000 ha were established by the district manager (DM) under the FPC, and by the Minister or delegated 
decision maker (DDM) under the FRPA.

 Reserve zone Management Total width
Riparian class width (m) zone width (m)a of RMA (m)

L > 1000 ha (FPC) = L-A (FRPA) 0 0 0
L < 1000 ha (FPC) = L-B (FRPA) 10 Set by DM (FPC) or by 10
  Minister/DDM (FRPA) (+ RMZ set by 
   DM/DDM)
L2 10 20 30
L3 0 30 30
L4 0 30 30

a Maximum overall RMZ retention guideline under the FPC was 25% by tree basal area for all lake and wetland classes combined 
within an area covered by a Forest Development Plan. Limits are not given under the FRPA except for minor tenure holders (≥ 0%).

TABLE 5.3  Riparian management area standards for wetlands under the FPC and FRPA 

 Reserve zone Management Total width
Riparian class width (m) zone width (m)a of RMA (m)

Wb 10 40 50
W2 10 20 30
W3 0 30 30
W4 0 30 30
W5b 10 40 50

a  Maximum overall riparian management zone retention guideline under the FPC was 25% by tree basal area for all lake and wetland 
classes combined within an area covered by a forest development plan. Limits are not given under the FRPA except for minor tenure 
holders (≥ 0%).

b  Under the FPC, no riparian reserve or riparian management zone was required for upland terrain within a bog-dominated or  
muskeg-dominated wetland larger than 000 ha in boreal, sub-boreal, or hypermaritime climates. However, where a reserve or  
management zone was established by the district manager, the RMA was recommended to reflect the landscape-level management 
strategy that was outlined in the Biodiversity Guidebook (B.C. Ministry of Forests and B.C. Ministry of Environment 995b). Under 
FRPA, these considerations are specific to W wetlands, and the reserve and (or) management zone that may be required by the  
Minister or DDM are restricted in width to ≤ 0 m and ≤ 40 m, respectively (see Forest Planning and Practices Regulation).

FIGURE 5.5  Riparian classification key for wetlands under the FPC and FRPA (B.C. Ministry of Forests and B.C. Ministry of  
Environment 1995a).

��������������������������

�����������������

����
����������
�������

��������������������������

���������������������������������
����������������������������

��������������������

�����������������������������������������������������
�������������������������������������������������������

���������������������������������������������

��

��

����

��

���

���

���

���

���

��

��

��

��

��



486

water and resulting low oxygen levels are principal 
determinants of vegetation and soil development.”

The five riparian classes of wetlands (W-W5) are 
based on: 

• whether the wetland is a simple wetland or a  
wetland complex, 

• wetland size, and 
• the biogeoclimatic unit in which the wetland  

occurs. 

A wetland complex exists where the riparian 
management area of one wetland overlaps that of 
one or more other wetlands. Class W-W4 wetlands 
are simple wetlands, whereas class W5 is a wetland 
complex.

Fisheries-sensitive and Marine-sensitive Zones or 
Features

Since the implementation of the FPC, two additional 
areas have been addressed within British Columbia’s 
riparian management systems: () fisheries-sensitive 
zones and (2) marine-sensitive zones (B.C. Ministry 
of Forests and B.C. Ministry of Environment 995a, 
998). Fisheries-sensitive zones were defined in the 
FPC to include “side and back channels, ponds, 
swamps, seasonally flooded depressions, lake littoral 
zones, and estuaries that are seasonally occupied by 
over-wintering fish.” This definition was problematic 
because it included a mix of stream and non-stream 
features. Accordingly, the definition was revised for 
FRPA to manage those sites occupied by fish but not 
covered by the definitions of stream or wetland. Un-
der FRPA, fisheries-sensitive zones are called “fisher-
ies-sensitive features” and include:

• the littoral zone of a lake;
• a freshwater area where the water is less than 0 m 

deep; and
• a flooded depression, pond, or swamp that is not a 

stream, wetland, or lake, but
• either perennially or seasonally contains water, 

or
• is seasonally occupied by a species of fish 

referred to in paragraph (a) of the definition 
of fish-bearing stream (Forest Planning and 
Practices Regulation). 

Marine-sensitive zones were defined under the 
FPC to include herring spawning areas, shellfish 

beds, marsh areas, existing aquaculture sites, juve-
nile salmonid-rearing areas, and adult salmon–hold-
ing areas. All of these locations are retained under 
the current “marine-sensitive features” definition in 
the FRPA, with the addition of the littoral zones of 
marine and estuary systems and marine areas where 
water is less than 0 m deep. For further information 
on the classification of riparian management areas 
for streams, lakes, and wetlands, see the Riparian 
Management Area Guidebook (B.C. Ministry of For-
ests and B.C. Ministry of Environment 995a), the 
Fish-stream Identification Guidebook (B.C. Ministry 
of Forests and B.C. Ministry of Environment 998), 
and the FRPA Forest Planning and Practices Regula-
tion. 

Achieving Riparian Management Area Objectives

In British Columbia, riparian management area ob-
jectives were achieved under the FPC with a mixture 
of prescriptive standards (e.g., streamside reserves 
with specified minimum widths) and planning and 
practices requirements under the Operational Plan-
ning Regulation and Timber Harvesting Regulation, 
as well as non-prescriptive guidance. The Riparian 
Management Area Guidebook (B.C. Ministry of For-
ests and B.C. Ministry of Environment 995a) identi-
fied considerations for practices around the different 
riparian classes of streams. Where a stream had both 
an inner reserve zone and outer management zone 
(fish-bearing classes S–S3), the guidebook recom-
mended practices that: 

• reduced the risk of windthrow into the reserve 
zone (Figure 5.6); and 

• retained important wildlife habitat attributes 
including wildlife trees, large trees, hiding and 
resting cover, nesting sites, structural diversity, 
coarse woody debris, and food sources character-
istic of natural riparian ecosystems. 

Where a riparian management area had only 
a management zone (e.g., fish-bearing class S4 
streams; non-fish-bearing classes S5 and S6 streams), 
practices were recommended to: 

• retain sufficient vegetation along streams to 
provide shade (Figure 5.7), reduce bank microcli-
mate changes, maintain natural channel and bank 
stability and, where specified, maintain important 
attributes for wildlife; and 
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FIGURE 5.6  Riparian management area windthrow on small stream. (Photo: R.G. Pike)

FIGURE 5.7  Provision of shade. (Photo: R.G. Pike)
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• retain key wildlife habitat attributes adjacent to 
wetlands and lakes that were characteristic of 
natural riparian ecosystems.

A set of recommended “best management prac-
tices” was provided for the management zones of 
streams, wetlands, and lakes to help meet riparian 
objectives (B.C. Ministry of Forests and B.C. Minis-
try of Environment 995a); however, a wide range of 
acceptable practices was possible for any site depend-
ing on factors such as windthrow hazard (Chatwin et 
al. 200). This generated considerable debate around 
the adequacy of best management practices for water 
bodies protected solely with riparian management 
zones—that is, for small fish-bearing streams (class 
S4) and those streams without fish (class S6) as well 
as the larger, non-fish-bearing streams (class S5) 
(Chatwin et al. 200). 

One reason for supplanting the prescriptive FPC 
with the results-based FRPA was to increase manage-
ment efficiency by allowing forest licensees more 
latitude to identify and implement practices on the 
ground that are best suited to specific conditions. 
Within the legal framework of the FRPA, licensees 
are provided with the ability and responsibility to 
manage within a regime based on professional reli-
ance and accountability (see subsection, “Site- and 

Watershed-level Approaches under the Forest and 
Range Practices Act,” below). The expected environ-
mental outcomes or “results” of management prac-
tices remain essentially the same between the FPC 
and FRPA. Within the FPC, the methods to achieve 
government objectives were largely prescribed, except 
that more flexibility was permitted within the ripar-
ian management areas of smaller streams (classes 
S4–S6). This prescriptive regime also required gov-
ernment review and approval of all forestry plans, 
from 5-year forest development plans, which covered 
relatively large operating areas, to site-level harvest 
plans. Furthermore, any amendments during the 
life of the plans had to be reviewed and approved by 
government. The cost and administrative encum-
brances of this system were other reasons to estab-
lish a results-based system in which the only step 
involving government review and approval is at the 
initial forest stewardship plan stage (replacing the 
forest development plan) when licensees identify the 
strategies and (or) results that will ensure that their 
operations are consistent with government’s stated 
objectives in the FPPR to: “conserve water quality, 
fish habitat, wildlife habitat and biodiversity in those 
riparian areas” (Forest Planning and Practices Regu-
lation). More details on the contrasts between FRPA 
and FPC are provided in the next section.

RIPARIAN MANAGEMENT SYSTEMS IN BRITISH COLUMBIA

Since 995, three riparian management schemes have 
emerged for wide application in British Columbia. 
Two of these schemes are the legislated management 
systems under the Forest Practices Code of British 
Columbia Act and its successor, the current Forest 
and Range Practices Act. The third scheme was devel-
oped by the Forest Stewardship Council of Canada, a 
non-government body that offers environmental cer-
tification for land-use practices. All of these schemes 
are generally based on the water-body classification 
system developed for the FPC.

The prescriptive FPC and the results-based FRPA 
differ primarily in that FRPA provides more explicit 
latitude to vary riparian management standards 
from legislated defaults. Departure from default 
standards would be based on site-level and water-
shed-level characteristics. The Forest Stewardship 
Council system is generally a more conservative ap-
proach that requires higher levels of riparian reten-
tion for all water-body classes, in particular for small 

streams (classes S4–S6). This system is voluntary, 
and can be one of the alternative approaches approved 
by government under a FRPA forest stewardship plan.

In British Columbia, small streams included 
within the S4–S6 categories have been the focus 
of attention and debate because these streams are 
particularly challenging to manage. Within each 
class, these streams exhibit a diverse array of chan-
nel sizes, channel types, drainage-system linkages, 
and ecological functions. Collectively, S4–S6 streams 
may make up 80% or more of the total length of the 
drainage network within a given watershed. Because 
of this abundance and diversity, riparian manage-
ment strategies for small streams ideally need to be 
flexible, adaptable, and tailored to the operating area 
and specific environments. 

A “landscape-level” approach has also received 
some conceptual attention in British Columbia in re-
cent years. In this section, we summarize all of these 
approaches and concepts. 



489

Forest Practices Code Approach to Riparian 
Management

In various forms, the site-level, rules-based ap-
proach for riparian management is common to all 
jurisdictions in northwestern North America. These 
schemes are the easiest to implement and administer 
and have been presumed to provide consistent and 
reasonable levels of protection for aquatic resources, 
although few jurisdictions have implemented sys-
tematic and widespread post-harvest effectiveness 
assessments (see “Riparian Assessments in British 
Columbia,” below). The FPC’s prescriptive approach, 
based on riparian classification, legislatively speci-
fied the minimum widths for riparian management 
areas and the associated reserve and management 
zones. For streams, these widths varied on the basis 
of channel width, stream gradient, community 
watershed use, and fish presence. These limited at-
tributes were meant to identify appropriate levels of 
vegetation retention and management activities that 
minimized the introduction of sediment (especially 
fine sediments) and woody debris into water bodies, 
which included a wide array of stream types within 
many different environmental settings. The intention 
was to provide protection for a broad range of ripar-
ian values, including wildlife, biodiversity, channel 
and aquatic habitat integrity, and water quality.

In reality, the FPC approach for riparian man-
agement was a mixture of rules and results-based 
elements. The rules-based system of riparian reserves 
and management zones of prescribed minimum 
widths was established as a surrogate for desired 
riparian management outcomes (results) because the 
exact thresholds for riparian, channel, and aquatic 
ecosystem responses to streamside management ac-
tivity, site disturbance, and vegetation retention were 
(and remain) unknown. Rules were also contained 
within practices regulations (e.g., Timber Harvesting 
Practices Regulation) to govern activities in riparian 
management zones. The objective was to maintain 
the integrity of the reserves, and for those streams 
where no reserves were prescribed, to maintain the 
integrity of channels and aquatic habitats (e.g., ma-
chine-free zones within 5 m of the channel bank).

For water bodies without mandatory riparian re-
serves, the FPC scheme embodied more of a results-
based approach. Forest licensees were permitted 
wide latitude around riparian retention and man-
agement practices to achieve riparian management 
objectives within the zone (e.g., Table 5.). Streams 

managed by these criteria included the smallest 
inhabited by fish (class S4 streams less than .5 m 
wide), and those without fish (classes S5 and S6). 
The riparian management area around class S4–S6 
streams consisted solely of a management zone in 
which forestry practices were guided by objectives 
listed within the Riparian Management Area Guide-
book, including recommendations for best manage-
ment practices (B.C. Ministry of Forests and B.C. 
Ministry of Environment 995a).

The widths of riparian reserve and manage-
ment zones under the FPC were established so that 
streams, lakes, and wetlands of different types and 
sizes would receive sufficient protection to preserve 
key functions during and after forestry operations. 
However, the FPC riparian standards also reflected 
an attempt to balance riparian tree retention for 
environmental protection with the economic and 
social values around access to timber. To manage 
the impact on timber supply, mandatory no-har-
vest riparian reserves were provided for streams 
containing the highest aquatic resource values (i.e., 
fish-bearing streams greater than .5 m but less than 
00 m wide) and included within riparian classes 
S–S3. One management trade-off with this deci-
sion was that no legally mandatory riparian reserves 
were required for the smallest fish-bearing streams, 
streams without fish, or large rivers. This also al-
lowed for site-specific flexibility in managing the 
highly diverse population of small streams. Rivers 
with reaches more than 00 m wide for more than  
km were not provided with mandatory reserves be-
cause riparian areas have minimal influence on the 
ecological and hydrological functions of very large 
watercourses. 

The two most commonly voiced criticisms of the 
FPC’s forest management approach focussed on: 

. the use of timber supply impact considerations 
in establishing the standards for environmental 
protection, including riparian reserves and the 
recommended levels of tree retention in riparian 
management zones; and

2. the lack of mandatory riparian reserves for small 
fish-bearing streams and the directly associated 
non-fish-bearing tributaries. 

Critics generally advocated more conservative and 
risk-adverse approaches such as mandatory riparian 
reserves for class S4 and S6 streams. In response to 
similar criticisms in the late 990s, other jurisdic-
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tions such as Washington State amended forest 
practice rules to provide greater protection to these 
small streams.

The FPC riparian management regime was based 
on a strategy of acceptable risk and had the goal of 
achieving effective levels of riparian protection while 
also allowing for some timber-harvesting opportuni-
ties. An area-based analysis1 of potential impacts on 
timber harvesting opportunities suggests that ripar-
ian reserves and best management practices for tree 
retention in riparian management zones under the 
FPC would have reduced the area available for timber 
harvest by about % in coastal British Columbia, by 
more than 2% in the Interior, and by more than 6% 
overall (see retention targets in Table 5.). Using the 
same analysis method, and to illustrate the factors 
FPC developers considered in the mid-990s, esti-
mates from maps of stream channel networks show 
that implementing no-harvest riparian reserves 30 m 
wide on all S4 and S5 streams, and 20 m wide on all 
S6 streams—with no management flexibility regard-
less of the circumstances—would reduce the amount 
of land available for harvest by 22% in coastal British 
Columbia, by nearly 6% in the Interior, and by nearly 
4% overall. 

Notwithstanding the criticisms of the FPC ripar-
ian management standards or any shortcomings of 

its prescriptive approach, the Forest Practices Board 
(998) concluded from its evaluation of FPC and 
licensee performance in coastal areas that the FPC 
had significantly improved the protection and main-
tenance of riparian and stream values over pre-FPC 
conditions, particularly for the larger fish-bearing 
streams that received no-harvest riparian reserves. 
Any problems detected were associated mainly with 
missed and incorrectly classified small streams, and 
changes were made to improve stream identification 
and classification outcomes. In 2000, an interagency 
survey of classified S4 streams on the central Interior 
plateau (former Kamloops and Cariboo Forest Re-
gions) concluded that these streams were managed 
to FPC standards (Chatwin et al. 200) and were gen-
erally meeting the objectives laid out in the Ripar-
ian Management Area Guidebook (B.C. Ministry of 
Forests and B.C. Ministry of Environment 995a). 
Overall, the study observed a low degree of short-
term impacts to stream channels; however, these 
results were achieved in management regimes where 
the overall level of riparian tree retention (49%) was 
substantially higher than the maximum level (25% by 
basal area) recommended in the guidebook. Full-re-
tention (30 m wide) reserves or similar high-reten-
tion riparian treatments were common (Chatwin et 
al. 200; Figure 5.8).

 Wildstone Resources. 996. Riparian impact assessment. Unpubl. report.

FIGURE 5.8 Smaller stream with full riparian area management retention. (Photo: R.G. Pike)
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The same central Interior study looked at whether 
common management practices were adversely 
affecting S4 streams. Questions were immediately 
raised about whether the management strategies 
and outcomes in the central Interior were typical of 
the rest of the province. Under the British Columbia 
Forest and Range Evaluation Program (FREP), as-
sessments have focussed on addressing this question 
and others related to the effectiveness of regulations 
and practices in maintaining forest values including 
water, fish, biodiversity, and soils (for more details, 
see www.for.gov.bc.ca/hfp/frep/). Results from prov-
ince-wide field assessments between 2005 and 2008 
(44 streams managed under the FPC) revealed that 
about % of S4 streams and 9% of S6 streams were 
not in properly functioning condition because of 
various factors including roads, road crossings, and 
low levels of riparian retention (for more details, see 
“Riparian Assessments in British Columbia” below ).

Site- and Watershed-level Approaches under the 
Forest and Range Practices Act

Results-based approaches are designed to provide for 
increased management flexibility, and are informed 
by existing watershed-scale information and (or) 
new data from integrated riparian assessments. By 
taking into account linkages between low-order 
headwater streams and high-order, valley-bottom 
channels, the goal is to implement riparian manage-
ment on a more ecologically efficient and relevant 
basis than is possible when using rigid prescriptive 
regimes. Under the current FRPA, two options are 
available for riparian management: 

. the default prescriptive approach that mirrors  
the FPC (see “Forest Practices Code Approach  
to Riparian Management” above), and 

2. an alternative approach set out in a forest stew-
ardship plan, approved by government, which 
contains the results or strategies that show that 
a forest licensee is being consistent with govern-
ment’s objectives for riparian areas.

The first option is similar to the FPC approach in 
that it retains all FPC riparian classification systems 
for water bodies and a mixture of rules-based/re-
sults-based elements around riparian management 
zones. Tree retention requirements by basal area for 
these zones are not specified in regulation except 
for minor tenure holders (Table 5.4). The Ripar-
ian Management Area Guidebook (B.C. Ministry of 

Forests and B.C. Ministry of Environment 995a) is 
available for guidance regarding best management 
practices for retention in riparian management 
areas; however, this guidebook has no legal status 
under the current FRPA.

The second option provides freedom to manage. A 
proponent who wishes to vary from the prescriptive 
defaults must include results or strategies in a for-
est stewardship plan to address the objective set by 
government for water, fish, wildlife, and biodiversity 
within riparian areas, which is: “without unduly re-
ducing the supply of timber from British Columbia’s 
forests, to conserve, at the landscape level, the water 
quality, fish habitat, wildlife habitat and biodiver-
sity associated with those riparian areas” (Forest 
Planning and Practices Regulation). Specifically, 
the plan must contain a result or strategy that ad-
dresses retention of trees in a riparian management 
area (Forest Planning and Practices Regulation). By 
giving licensees the option to implement the default 
prescriptive approach with fixed riparian reserve and 
management zones, the Act accommodates licensees 
who do not have the necessary expertise or resources 
to undertake and implement strategies for alterna-
tive riparian management schemes (e.g., complete 
assessments in support of these strategies), or who 
are otherwise unwilling to assume the costs and 
responsibilities of the results-based regime. 

Regardless of the riparian management op-
tion chosen, other considerations may apply. For 
example, licensees may need to provide results or 
strategies to meet the requirements for government-
designated, fisheries-sensitive watersheds where the 
intent is to prevent “the cumulative hydrological 

TABLE 5.4  Riparian management zone tree retention  
requirements by percent basal area for minor  
tenure holders under the Forest and Range  
Practices Act (Forest Planning and Practices  
Regulation) 

  Percent basal area to be 
 Riparian class retained within RMZ

 S (A and B) streams ≥ 20
 S2 streams ≥ 20
 S3 streams ≥ 20
 S4 streams ≥ 10
 S5 streams ≥ 10
 S6 streams Not applicable
 All classes of wetlands 
 and lakes ≥ 10

http://www.for.gov.bc.ca/hfp/frep/
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effects of primary forest activities in the fisheries 
sensitive watershed from resulting in a material 
adverse impact on the habitat of the fish species for 
which the fisheries sensitive watershed was estab-
lished” (Forest Planning and Practices Regulation). 
Similarly, licensees are required to meet the objec-
tives for water quality in community watersheds, 
and must not conduct activities in coastal areas that 
would cause the destabilization of alluvial fans (For-
est Planning and Practices Regulation).

No guidance is explicitly provided within the Act 
to assist licensees with alternative riparian man-
agement approaches. The vision of this regime is 
that these approaches are proponent-implemented, 
inventory-based, and flexible. Plans and practices 
would be informed by existing knowledge for an 
area and (or) information collected at a watershed 
level that optimally would include the results of 
integrated riparian assessments. The intent is for al-
ternative riparian retention schemes to be rationally 
informed from relevant knowledge, which integrates 
hillslope-stream channel linkages with stand-level 
requirements for riparian function. This information 
or process does not necessarily appear in a forest 
stewardship plan, but forms part of a licensee’s non-
legal background information as the rationale for the 
plan.

The Act depends extensively on “professional 
reliance” to deliver expected management outcomes. 
Generally, a team of qualified specialists on behalf 
of the proponent conducts planning and pre-harvest 
assessments. This team may consist of a geomorphol-
ogist and (or) hydrologist, forester, wildlife biologist, 
and fish-habitat biologist. The widths of riparian 
management areas and reserve zones are intended to 
be flexible to maintain riparian function, rather than 
be based on any arbitrary, fixed, and predetermined 
minima. Logically, this flexible approach is not nec-
essarily anchored to stream classes, but rather to the 
riparian stand requirements of the stream, sediment 
and LWD transport potential, and hillslope-channel 
connections (i.e., to suit local watershed charac-
teristics). When alternative riparian management 
approaches are implemented in this way, they are 
consistent with the current riparian management 
schemes associated with environmental certification 
(e.g., Forest Stewardship Council of Canada).

Post-harvest effectiveness evaluations are also 
a part of the FRPA management structure. Forest 
licensees may implement their own monitoring 
initiatives; however, the provincial government will 
monitor the effectiveness of its legislation, regula-

tions, and licensee-implemented management 
practices province-wide for the purposes of adaptive 
management and continuous improvement. 

A comprehensive watershed-based approach has 
the following advantages.

• Riparian protection is delivered on a more eco-
logically sound basis: retention (e.g., riparian re-
serves) is applied when and where it will provide 
maximum ecological benefits.

• A licensee-driven system of planning and imple-
mentation is within an adaptive management, 
results-based framework.

• Consistency is achieved with schemes currently 
proposed by environmental certification initia-
tives (e.g., the Forest Stewardship Council).

Forest Stewardship Council

 The Forest Stewardship Council’s main riparian stan-
dards for British Columbia reflect a more conserva-
tive management approach by using both riparian 
reserves and high-retention riparian management 
zones (Table 5.5). This scheme is somewhat similar 
to FRPA because it permits a prescriptive-like option 
with fixed-width reserve and management zones and 
an assessment-based, variable-width alternative. In 
addition, both management models incorporate the 
principles of post-harvest effectiveness monitoring 
within an adaptive management framework; how-
ever, the Council’s alternative scheme is explicitly 
based on the requirement to conduct comprehensive 
riparian assessments and apply a minimum riparian 
retention budget as a part of the planning process 
at the watershed level or for other landscape-level 
ecological units of 5,000–50,000 ha. 

 The Council’s riparian standards are generally 
based on the FPC/FRPA riparian classification frame-
work. Therefore, direct comparisons to the FPC and 
default FRPA standards are possible if the Council’s 
mandatory riparian retention budget is achieved 
with fixed-width reserve and management zones 
(Tables 5.5, 5.6, and 5.7). Such comparisons reveal 
substantial differences. For example, the Council 
subdivides class S5 and S6 non-fish-bearing streams 
to provide additional reserve-zone protection (20 m 
wide) for community watersheds, and for fish habitat 
that might be affected by operations occurring 
around the direct tributaries to fish-bearing streams 
(classes S5a and S6a).

 By comparison, the Council’s  standards also 
provide: 
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TABLE 5.5 Comparison of Forest Stewardship Council (FSC) riparian standards for streams with those of the FPC and FRPA 

  Average Reserve Management Total RMZ
 Riparian channel zone zone RMA retention
 class width (m) width  (m) width (m) width (m) (%)
FSC FPC/ FSC FPC/ FSC FPC/ FSC FPC/ FSC FPC/ FSC FPC
 FRPA  FRPA  FRPA  FRPA  FRPA   only

Sa S large/S-A  > 100 ≥ 100 30 0 40 100 70 100 65 ≤ 70
Sb S / S-B > 20 > 20 30 50 40 20 70 70 65 50
S2 S2 > 5 to ≤ 20 > 5 to ≤ 20 30 30 40 20 70 50 65 50
S3 S3 1.5 to ≤ 5 1.5 to ≤ 5  30 20 20 20 50 40 65 50
S4 S4 < 1.5 < 1.5 30 0 20 30 50 30 65 25
S5aa S5 > 3 > 3 20 0 20 30 40 30 65 25
S5bb S5 > 3 > 3 0 0 15 30 15 30 30/10 25
S6ac S6 0.5 to 3  ≤ 3 20 0 20 20 40 20 65 5
S6bd S6 ≤ 3 ≤ 3 0 0 15 20 15 20 30/10 5

a S5a: No fish, not in a community watershed, >3 m wide, and () in a domestic watershed, and (or) (2) ≤ 500 m upstream from a fish-
bearing stream, and (or) (3) >0 m wide. 

b S5b: No fish, not in a community watershed, 3–0 m wide, not in a domestic watershed, and > 500 m upstream from a fish-bearing 
stream. RMZ retention is 30% except in Natural Disturbance Type 3 (NDT3 ecosystems with frequent stand-initiating events) where 
it is 0%.

c S6a: No fish, not in a community watershed, 0.5–3 m wide in the interior region (–3 m in the coast) and () in a domestic watershed, 
and (or) (2) ≤ 250 m upstream from a fish-bearing stream.

d S6b: No fish, not in a community watershed, and () 0.5–3 m wide and not in a domestic watershed, and > 250 m upstream from a 
fish-bearing stream, or (2) < 0.5 m wide in the interior region (< m in the coast). RMZ retention is 30% except in NDT3 where it is 0%.

TABLE 5.6 Comparison of Forest Stewardship Council (FSC) riparian standards for wetlands with those of the FPC and FRPA

   Reserve Management Total Retention
 Riparian Wetland zone zone RMA in RMZ
 class  size (ha) width  (m) width (m) width (m) (%)
FSC FPC/ FSC FPC/ FSC FPC/ FSC FPC/ FSC FPC/ FSC FPC
 FRPA  FRPA  FRPA  FRPA  FRPA   onlya

W W > 5 to < 1000   > 5 to < 1000 20 10 15 40 35 50 30 25
     
W2b W2 1 to 5 1 to 5  20 10 15 20 35 30 30 25
W3b W3 1 to 5 1 to 5  20 0 15 30 35 30 30 25
W4c W4 0.25/0.5 to 1 0.25/0.5 to 1   20 0 15 30 35 30 30 25
   
W5 W5 < 1000  < 1000 20 10 15 40 35 50 30 25
UNCfish UNC < W4 minima < W4 minima 20 0 15 0e 35 0 30 0
UNCd UNC < W4 minima < W4 minima 0 0 15 0e 15 0 30 0 

a Recommended maximum and averaged among cutblocks. 
b Class W2 and W3 wetlands are distinguished by location in different biogeoclimatic zones.
c Minimum size of Class W4 wetlands depends on biogeoclimatic zone.
d UNCfish = unclassified wetland with fish. UNC = unclassified wetland without fish.
e Machine-free zone 5 m wide usually implemented for FPC. 

• reserves for more streams including 30 m wide 
riparian reserve zones for all fish-bearing classes 
including S4 streams and  Sa large rivers;

• wider reserves, and more classes requiring re-
serves, for both wetlands and lakes;

• reserves that are narrower than or equal in width 
to FPC/FRPA stream classes S and S2, but have 

tree retention by basal area increased to 65% in 
riparian management zones; 

• 65% tree retention levels by basal area in the 
riparian management zones of all streams except 
classes S5b and S6b; 30% retention in the manage-
ment zones of all lakes and wetlands; 

• wider riparian management zones for some 
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streams including  Sb (FRPA S-B), S2, and S5a 
(FRPA S56):  where management zones are nar-
rower for fish-bearing streams, basal area reten-
tion is higher;

• narrower or equal-width management zones for 
non-fish-bearing streams but with basal area re-
tention increased to 65% when they are in domes-
tic watersheds or within specific distances from 
fish-bearing streams.

The Forest Stewardship Council riparian manage-
ment approach represents a relatively low manage-
ment-related risk to streams, lakes, wetlands, and the 
associated biota. The overall approach recognizes the 
broad principles of aquatic-riparian processes and 
riparian function and, for streams, addresses drain-
age network linkages by providing an elevated level 
of management attention to small headwater streams 
with sufficient hydraulic power to influence other 
parts of the drainage. 

The Council’s assessment-based management 
alternative allocates riparian tree retention on the 
basis of comprehensive, e.g., watershed-level, assess-
ments that must integrate hillslope-stream channel 
linkages with stand-level requirements for hydrori-
parian function and wildlife values. However, the 
scope of management freedom faces some limita-
tions because of the need to retain a minimum pro-
portion of the total riparian area in an unharvested 
state (≥ 80% in reserves) within a defined operating 
area (a minimum-budget approach; Table 5.8).

In spite of implementation costs and other con-

siderations, the assessment-based approach of the 
Forest Stewardship Council is conceivably one that 
a licensee might wish to propose under FRPA as 
an alternative to prescriptive defaults. However, 
regardless of whether this approach uses minimum-
retention budgets or not, a full freedom-to-manage 
scheme has significant challenges. A watershed-
based, flexible approach with integrated aquatic and 
terrestrial ecosystem requirements has not yet been 
implemented broadly in any jurisdiction, probably 
because of its inherent complexity, the need for 
extensive inventory data and technical expertise, and 
the costs associated with inventories, planning, and 
post-harvest monitoring.

A watershed-based, flexible approach is also 
more difficult to apply than default standards, and 
potentially prone to subjectivity in ranking different 
riparian values. Different riparian ecotypes have yet 
to be identified and defined for most parts of British 
Columbia. The appropriate level of riparian reten-
tion for such ecotypes remains a challenging choice  
although post-harvest effectiveness evaluations can 
contribute to learning and management adaptation.

Compliance and enforcement may also be more 
difficult to administer, and results (e.g., water temp-
erature, suspended sediment, channel stability, etc.) 
may be difficult to audit and interpret in terms of the 
natural range of variability (see “Riparian Assess-
ment in British Columbia” below). Co-ordinating 
activities with multiple licensees or tenures within 
a watershed area can also present challenges under 
this system.

TABLE 5.7   Comparison of Forest Stewardship Council (FSC) riparian standards for lakes with those of the FPC and FRPA

   Reserve Management Total Retention
 Riparian Lake zone zone RMA in RMZ
 class  size (ha) width  (m) width (m) width (m) (%)
FSC FPC/ FSC FPC/ FSC FPC/ FSC FPC/ FSC FPC/ FSC FPC
 FRPA  FRPA  FRPA  FRPA  FRPA   onlya

L L/L-B > 5 > 5 to 1000  15 10 15 0b 30 10 30 25
L L large/L-A > 5 > 1000 15 0 15 0b 30 0 30 25
L2c L2 1 to 5 1 to 5c 15 10 15 20 30 30 30 25
L3c L3 1 to 5 1 to 5c 15 0 15 30 30 30 30 25
L4d L4 0.25/0.5 to 1  0.25/0.5 to 1d 15 0 15 30 30 30 30 25
UNCfish UNC < L4 minima < L4 minimae 15 0 15 0 30 0 30 0
UNCe UNC < L4 minima < L4 minimae 0 N/A 15 N/A 15 N/A 30 N/A

a Recommended maximum and averaged among cutblocks.
b  L lakes have an additional lakeshore management zone established by the district manager. In the FPC, this was summarized 

within a regional lakeshore management guidebook, where these were available.
c Class L2 and L3 lakes are distinguished by location in different biogeoclimatic zones. 
d Minimum size of Class L4 lakes depends on biogeoclimatic zone. 
e UNCfish = unclassified lake with fish. UNC = unclassified lakes without fish.



495

Landscape-level Riparian Management Approaches

Riparian management approaches that are solely 
site-based do not address landscape-level issues and 
cumulative effects. The effectiveness of a particu-
lar riparian management area prescription may be 
strongly influenced by what is happening elsewhere 
in the landscape (e.g., landslides from upper water-
shed areas).

Landscape-level approaches for riparian manage-
ment allow: 

• a shift from the rigid buffer-width strategy to a 
more flexible one that is based on the charac-
teristics of the stream and the historic array of 
disturbance conditions at the landscape level;

• the ability to achieve water temperature, sus-
pended sediment, and LWD objectives by control-
ling the proportion of the landscape in various 
forested conditions; and 

• greater flexibility in scheduling the extent and fre-
quency of harvesting; that is, disturbances caused 
by harvesting can be concentrated in different 

sub-basins, which then are provided with long 
periods for watershed recovery.

Implicit within the landscape approach are results 
that include:

• mainstream channels with variable-width ripar-
ian reserves based on channel type and floodplain 
width; 

• portions of the landscape having small streams, 
which are capable of transporting debris, protect-
ed by either reserves or high-retention manage-
ment zones; 

• portions of the landscape with no reserves and 
(or) minimal tree retention for small streams;

• an overall riparian forest condition more similar 
to pre-harvest levels than the most common cur-
rent post-harvest outcome, which leaves relatively 
low levels of retention for small streams and, for 
larger ones, a network of older-age riparian strips 
within a landscape dominated by young, regener-
ating stands; and

• a retained riparian forest that can serve aquatic 

TABLE 5.8  Minimum budgets to be applied for the Forest Stewardship Council’s (FSC) assessment-based riparian management option 
for streams (per length of stream channel) and by average equivalent riparian reserve and management zone widths

 Minimum reserve zone budget Minimum management zone budget
      Management RMZ
 FSC riparian    Reserve zone  zone basal area
 (stream)   By area equivalent By area equivalent retention
 class Application (ha/km) width (m) (ha/km) width (m) (%)

 Sa, Sb, S2 Streams with fish or in a community  6 30 8 40 65 
  watershed and > 5 m wide
 s3, s4 Streams with fish or in a community   6 30 4 20 65
  watershed and < 5 m wide
 S5a, S6a Without fish, not in a community watershed: 4 20 4 20 65
   (1) >3m wide and (a) in a domestic watershed,
   and(or) (b) ≤ 500 m upstream from a fish-
  bearing stream, and(or) (c) >10 m wide; or  
  (2) 0.5–3 m wide in the interior region,  
  1–3 m wide in the coast region, and  
  (a) in a domestic watershed and(or)  
  (b) ≤ 250 m upstream of a fish-bearing stream 
 S5b, S6b Without fish, not in a community watershed:  0 0 3 15 30
  (1) >3 to 10 m wide, not in a domestic      (10 in NDT3)
  watershed, and >500 m upstream of a fish-
  bearing stream, or 
  (2) 0.5–3 m wide, not in a domestic watershed,  
  and >250 m upstream of a fish-bearing stream or 
  (3) <0.5 m wide in the interior region, <1 m wide 
  in the coast region
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protection objectives and integrate biodiversity 
objectives.

A hypothetical example of a landscape approach 
is given in Table 5.9. Alternative models can be 
contemplated, such as those focussed at more local 
scales and based on channel guilds identified on the 
basis of terrain, morphological type (including in-
cised vs. unconstrained), sensitivity to disturbance, 
hillslope-channel connectivity, and channel-to-
channel connectivity. 

Landscape approaches are challenging to imple-
ment, not only technically but also socially. For 
example, an analysis of disturbance regimes and 
channel sensitivity may result in some streams 
actually receiving less protection from reserves or 
management zones than these streams presently 
do. These outcomes are potentially unpopular with 
the public, fisheries resource managers, and others 
concerned with fish stocks and other species already 
at risk because of various causes. For example, the 
Blue River Management Plan in Oregon originally 
envisioned a full landscape approach; however, the 
plan was ultimately modified to incorporate ripar-
ian reserves around all streams and other features 
because of concerns that the public would reject the 
plan (see Cissel et al. 999). Landscape approaches 
remain problematic and may be best suited for 
implementation under a results-based pilot linked 
to a monitoring and evaluation program based on 
adaptive management principles. Despite the current 
challenges, landscape approaches linked to prin-
ciples of ecosystem-based management are under de-
velopment for parts of coastal British Columbia (see 
“Other Riparian Management Approaches,” below).

Other Riparian Management Approaches

Since the late 990s, other riparian management ap-
proaches in the Pacific Northwest have emerged in 
addition to those management regimes enacted by 
government legislation and implemented through-
out a given jurisdiction. The management plan for 
the Plum Tree Timber Commitments in Washing-
ton, Idaho, and Montana employs a channel guild 
concept that groups streams within watersheds for 
specific management attention, identifies “channel- 
migration zones” as important features to buffer, 
and recognizes headwater streams and riparian-
upland interfaces as key management factors. These 
elements are considered to augment existing state 

riparian standards to provide additional “riparian 
habitat area” protection for several resource values, 
but particularly for bull trout (Salvelinus confluen-
tus) and other fish species as part of a native-fish 
habitat-conservation plan.

For streams with bull trout, riparian management 
is specifically targeted to maintain pre-harvest levels 
of stream shade to maintain water temperatures, 
and ensure an adequate LWD supply for the creation 
of fish habitat (Plum Tree Timber Company 999a, 
999b). Depending on local circumstances, including 
sensitivity to disturbance, valley-bottom streams and 
wetlands may be bordered with no-harvest buffers 9 
m wide. Fish-bearing streams may be provided with 
a 30 m wide riparian habitat area, which contains a 
0-m no-harvest streamside buffer. Perennial, non-
fish-bearing streams may receive a riparian habitat 
area 5 m wide, which contains a 9-m machine-free 
zone. Other areas are designated for “riparian leave 
trees,” where trees are retained at a minimum densi-
ty of 44 trees per acre (09 trees per hectare). Where 
streams have channel-migration zones deemed to 
be highly sensitive to disturbance, the entire width 
of the zone is restricted from harvesting. Harvest 
opportunities are permitted in less sensitive channel 
migration zones.

The concept of ecosystem-based management has 
emerged in recent years and in British Columbia 
has reached its most advanced state of develop-
ment in the central and north coastal areas and on 
Haida Gwaii (the Queen Charlotte Islands) (Cortex 
Consultants 995; Coast Information Team 2004). 
Key concepts within ecosystem-based management 
include planning and assessing at various scales 
from the landscape to the site, and considering the 
drainage network as a “hydroriparian ecosystem” 
with complex vertical and lateral linkages within 
watersheds. Within this system, the stream network 
is partitioned into three major zones according to 
dominant fluvial geomorphic processes: () a head-
water “source zone,” (2) an intermediate “transpor-
tation zone,” and (3) a lower-elevation sediment 
“deposition zone.”

The planning process for riparian management is 
based on comprehensive assessments and focussed 
on protecting hydroriparian functions and the 
full spectrum of aquatic and terrestrial ecosystem 
attributes and resource values. The Hydroriparian 
Planning Guide (Coast Information Team 2004) 
outlines the different steps in the planning process, 
which are to:
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• identify hydroriparian ecosystem functions at 
several scales from landscape to site; 

• identify indicators for hydroriparian functions at 
each scale; 

• provide guidance for assessing hydroriparian 
ecosystems in specific locations; 

• define risk to hydroriparian functions that may 
result from forest management activities; 

• identify levels of risk for ecosystem-based man-
agement at each scale; 

• provide a range of management approaches and 
prescriptions consistent with risk so that manag-
ers can implement decisions at different scales to 
maintain hydroriparian ecosystems; and

• provide a framework for adaptive management 
and monitoring. 

The management approach and objectives are 
conservative in this planning guide. Protecting 
riparian biodiversity is included and integrated with 
protecting biodiversity at the watershed level. To 
this end, broad “hydroriparian zones” are delineated 
as the area extending from a given water body to 
the edge of the influence of water on land, which 
is defined by the local plant community (including 

high-bench or dry floodplain communities) and 
(or) landform (e.g., gullies) plus .5 site-specific tree 
heights (horizontal distance) beyond. If landform 
and plant communities delineate different areas, the 
feature extending farthest from water is adopted as 
the limit of the hydroriparian zone. In the trans-
portation and deposition hydroriparian “process” 
zones, the entire valley flat, plus .5 tree heights, is 
considered the hydroriparian zone. These distances 
were chosen because some physical functions within 
the hydroriparian ecosystem were estimated to be 
influenced to some extent within at least  tree height 
(Young 200), and biological functions at much 
greater distances (Price and McLennan 2002). 

Under ecosystem-based management, riparian 
management within the hydroriparian ecosystem of 
a watershed is envisioned to include default linear 
reserves .5 site-potential tree heights around all 
streams (regardless of size) within the transportation 
and deposition process zones. Patches of reserves 
would be established in the headwater source zone 
around unstable terrain (Class IV and Class V; B.C. 
Ministry of Forests 999) and around concentrations 
of small streams. Linear reserves in the source zone 
may also be established where streams are deemed 

TABLE 5.9 Hypothetical example of a landscape-level approach for riparian management based on a landscape unit of 4000 ha

  Historic landscape Prescriptions
 Landscape disturbance Landscape unit
 unit   pattern  objectives Riparian Roads Restoration

1 Frequent fire disturbance Even-aged management 10- to 20-m reserves Normal Not high
 Frequently burned small  Temperature-sensitive on streams for thermal  priority for
 streams streams management  hillslopes or
 No mass wasting    streams  

2 Frequent fire disturbance;  Even-aged management: No reserves on Normal Riparian
 north aspect 70-year rotation streams  restoration
 Frequently burned small  No temperature-   for shading
 streams sensitive streams   No road
 No mass wasting     deactivation

3 No fire disturbance Retain large wood on Equivalent Clearcut No harvest Deactivation
 High mass wasting unstable sites Area limits below 25% or roads on of high-risk
 Rain-on-snow zone Low Equivalent  20- to 30-m reserves class IV and V roads
  Clearcut Area  (based on stream size) slopes
  Reserves on all streams on all streams

4 Avulsing floodplains  Retain large trees in Variable 20- to 150-m No roads on In-stream
 and canyons floodplains reserves based on floodplains LWD restora-
 Low fire disturbance   stream channel type   tion
   and floodplain width   Riparian
     restoration 
     for large trees



498

susceptible to debris flows or contain distinctive 
habitats. Similar reserves are to be applied around 
all wetlands and broader areas designated as “active 
fluvial units.”

A hypothetical hydroriparian ecosystem network 
might also include, for example, reserves around an 
endangered floodplain community, 50% retention 
on stable alluvial fans, and patch reserves for unique 
and (or) representative small, steep streams to main-
tain connectivity. The Hydroriparian Planning Guide 
also expects managers to define and identify high-
value fish habitats in the future, and requires levels 
of riparian protection beyond that normally applied 
under ecosystem-based management. 

Within a given watershed, some reserved areas 
are envisioned to remain as reserves in perpetuity 
(e.g., an area of high natural instability), whereas 
others may become available for harvest in the long 
term when recovery is well advanced in contem-
porary harvest areas (e.g., source zone patches for 
preservation of representative forest). It is expected 
that decisions about the permanence of reserves will 
be made in developing an ecosystem-based regional 
plan that will consider its component landscapes and 
watersheds. 

Comparison of British Columbia’s Riparian 
Management Standards with Other Jurisdictions

Freshwater classification and management systems 
vary greatly among jurisdictions in northwestern 
North America, making direct comparison with 
British Columbia’s riparian standards difficult. 
Many systems do not account for stream size, and 
are based primarily on fish and domestic water use. 
Others use stream size based on discharge, not on 
channel width. In several jurisdictions, all fish-bear-
ing streams, regardless of size, are managed by the 
same riparian prescription for tree retention (see 
Tables 5.0, and 5.).

Regardless of differences in management systems 
and objectives, the fixed-width riparian reserves 
adjacent to larger-sized fish-bearing streams in Brit-
ish Columbia (FRPA classes S-B, S2, and many S3s) 
are wider than those of any other jurisdiction in the 
Pacific Northwest, except for federally managed for-
est lands (e.g., U.S. Department of Agriculture Forest 
Service Region 6) where these reserves exceed 9 m 
wide for fish-bearing streams of any width (Blinn 

and Kilgore 200a, 200b; Cashore 200). On the 
other hand, for the majority of smaller-sized streams 
(i.e., classes S4–S6), all jurisdictions from Alaska to 
California require higher levels of riparian retention 
than British Columbia (Tables 5.0, and 5.).

In general, state riparian tree retention require-
ments in the United States tend to be highest in the 
northwest, intermediate in other northern states, 
and the least prescriptive or restrictive in the south. 
A common riparian prescription across several states 
for fish-bearing streams or streams used for domes-
tic water supply is a 50 ft (5.2 m) wide management 
zone with requirements for 50–75% crown closure 
or 50–75 ft2/acre (approximately .5–7 m2/ha) basal 
area retention after harvesting (Blinn and Kilgore 
200a, 200b). The riparian management zone width 
is sometimes increased when the adjacent hillslope 
gradients increase beyond 30–35% (e.g., in California 
and Montana). Some northwest states also use a no-
harvest riparian reserve from 20 to 00 ft (6.–30.5 
m) wide in addition to a management zone for the 
majority of small fish-bearing streams (Blinn and 
Kilgore 200a, 200b). 

The wide reserves on federally managed for-
est lands in the Pacific Northwest were intended 
to deliver full protection for stream channels and 
aquatic habitats in response to the Endangered Spe-
cies Act and other legislation. The width of riparian 
buffers required for this purpose was estimated from 
analyses that examined the effectiveness of riparian 
processes as a function of distance from the stream 
bank (Forest Ecosystem Management Assessment 
Team 993). The distances where 00% protection 
was assigned for functions such as shade, organic 
litter fall, root strength (bank stability), riparian 
LWD supply, and microclimate were estimated from 
limited empirical data together with professional 
opinion and extrapolation from studies performed 
in non-riparian areas. In spite of criticism around 
the subjectivity and other limitations of the analy-
sis,2 the process undoubtedly satisfied the needs for 
a protectionist management regime for all streams, 
large or small. 

Since the late 990s, there has been increased 
information and awareness that small streams in 
both valley flats and headwaters are important for 
various watershed processes and functions (Gomi 
et al. 2002; Moore and Richardson 2003; Richard-
son 2003). Several jurisdictions already recognize 

2 CH2MHill and Western Watershed Analysts. 999. FEMAT riparian process effectiveness curves: what is science-based and what is 
subjective judgement? Report prepared for the Oregon Forest Industries Council, Salem, Oregon.
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TABLE 5.0  Summary of riparian standards and management practices in northwestern United States for small streams with fish 
and (or) used for domestic water supply (equivalent to FPC/FRPA class S4 streams, and some class S3 streams) (reserve 
and management zone widths are converted from measurements in feet and usually rounded to the nearest metre)

Jurisdiction
Riparian reserve  
width (m)

Management 
zone(s) 
width (m)

Management 
zone(s) retention Comments

U.S. Department 
of Agriculture 
Forest Service 
Region 6  
(Pacific Northwest)

Widest of:
1. 100-year floodplain
2. Streambank to far edge 

of riparian vegetation
3. 2 times stand tree 

height (up to 91 m)

None N/A Example of site-potential 
tree height applies to the 
coast forest

U.S. Department 
of Agriculture For-
est Service Region 
10  
(Alaska)

1. 30.5 m wide for  
anadromous streams

2. Others variable width 
(based on professional 
site assessment and 
judgement)

None N/A Variances to reserves com-
mon; may harvest after a 
Streamcourse Protection 
Plan is developed

Alaska
State lands

1. 30.5 m for anadromous 
streams

2. 30.5 m for some others

1. None for  
anadromous

2. Most other 
streams with fish: 
30.5 m

Non-merchant-
able trees for 
non-anadromous 
streams

Alaska standards vary by 
region; example given for 
Coastal Spruce–Hemlock 
Region

Alaska
Other public lands

1. 30.5 m for anadromous 
streams

2. None for other streams

1. None for  
anadromous

2. Non- 
anadromous-fish 
streams: 30.5 m

1. N/A
2. Non-merchant-

able trees for 
non-anadro-
mous streams

Alaska standards vary by 
region; example given for 
Coastal Spruce–Hemlock 
Region

Alaska
Private lands

1. 20 m for high-value 
(low-gradient) anadro-
mous

2. Other anadromous: 
the lesser of 20 m or 
distance to slope break

3. None for other streams

1. None for  
anadromous

2. None for  
anadromous

3. Other streams: 
greater of  
8 m or to 
limit of riparian 
vegetation (to 
maximum of 15 
or 30 m depend-
ing on  
12% gradient 
break)

Non-merchant-
able trees “where 
prudent” only 
for larger non-
anadromous-fish 
streams
No retention 
specified for non-
anadromous S4 
equivalents

Alaska standards vary by 
region; example given for 
Coastal Spruce–Hemlock 
Region

Oregon 
State and private 
lands

6 m 9 m Retain enough 
conifers for basal 
area of 3.7 m2 per 
approx. 305 m 
of fish stream 
length; modified 
by region-specific 
targets

Retention varies by region; 
retain non-merchantable 
trees (only) for the smallest 
domestic-use streams
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Jurisdiction
Riparian reserve  
width (m)

Management 
zone(s) 
width (m)

Management 
zone(s) retention Comments

Washington –West
State and private 
lands

15 m (core zone) Inner zone: 3–26 m

Outer zone: 9–20 m

Inner zone: varies 
by stand class 
and manage-
ment option, up 
to approx. 70% 
retention 
Outer zone: 49 
dominant and co-
dominant trees 
per hectare

Inner zone may be a re-
serve if stand is below basal 
area target for site class; 
first 9 m of inner zone is 
reserved for management 
option to leave trees near-
est to the water

Washington – East
State and private 
lands

9 m (core zone) Inner zone: 14 m

Outer zone: 5–17 m

Inner zone: varies 
by stand class 
and manage-
ment option, up 
to approx. 70% 
retention 
Outer zone: 
25–49 dominant 
and co-dominant 
trees per hectare 
based on forest 
type

Example inner zone reten-
tion for ponderosa pine 
timber type: leave 124 trees 
per hectare to achieve at 
least 13.8 m2/ha basal area

California 
State and private 
lands

None 23 m, 30 m, or 46 m 
for adjacent hillslope 
gradients of < 30%, 
30–50%, and > 50%, 
respectively

Retain ≥ 50% of 
canopy overstorey 
and understorey;
retain ≥ 25% 
of overstorey 
conifers

Idaho 
State and private 
lands

None 23 m Retain (1) 75% of 
the existing shade 
over the stream, 
(2) all non-mer-
chantable trees, 
and (3) 91 trees 
per hectare for 
streams 
< 3 m wide

These are streams with 
domestic water use or 
important for fish habitat

Entire management zone 
is machine-free

Montana
State and private 
lands

None 1. 15 m where 
adjacent hillslope 
gradient is  
< 35%

2. 30 m in steeper-
sloped areas 

1. Retain 217 trees 
per hectare of  
≥ 20.3 cm dbh

2. Retain 50% of 
trees > 20.3 cm 
dbh

No clearcutting within 
15 m of any stream, lake, 
or wetland

Entire management zone 
is machine-free

Table 5.0 Continued
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TABLE 5.   Summary of riparian standards and management practices in northwestern United States for small streams without 
fish and (or) not used for domestic water supply (FPC/FRPA equivalent class S6 streams, and some class S5 streams) 
(reserve and management zone widths are converted from measurements in feet and usually rounded to the nearest 
metre)

Jurisdiction
Riparian reserve 
width (m) Management zone(s) width (m)

Management zone(s) 
retention Comments

U.S. Depart-
ment of  
Agriculture 
Forest Service 
Region 6 
(Pacific  
Northwest)

Perennial: 45 m up 
to 2 times stand tree 
height 
Non-perennial: 
Greater of 30.5 m 
or 1 times stand tree 
height 

None N/A Perennial: Some harvest-
ing permitted beyond 45 m 
from stream where 2 times 
tree height implemented

U.S. Depart-
ment of 
Agriculture 
Forest Service 
Region 10 
(Alaska)

1. Variable width 
for streams with 
downstream 
impact potential

2. None for streams 
with low down-
stream impact 
potential for fish 
habitat

1. None
2. No specified 

management zone

Unspecified 1. Buffers based on profes-
sional site assessment 
and judgement

2. Applies to perennial and 
non-perennial streams; 
recommendations and 
practice rules similar to 
FPC

Alaska
State lands

None 30.5 m Non-merchantable 
trees

Alaska standards vary by 
region; example given for 
Coastal Spruce–Hemlock 
Region

Alaska
Other public 
lands

None 30.5 m Non-merchantable 
trees

Alaska standards vary by 
region; example given for 
Coastal Spruce–Hemlock 
Region

Alaska
Private lands

None Minimum of 8 m up to riparian 
vegetation limit; maximum of 
15 or 30.5 m depending on 12% 
gradient break

Non-merchant-
able trees for larger 
streams only (uncon-
fined streams > 4 m 
wide; incised streams 
> 2.4 m wide)

Alaska standards vary by 
region; example given for 
Coastal Spruce–Hemlock 
Region

Washington 
– West
State and  
private lands

1. Perennial: 15 m 
for lowermost 
152.4 m (500 ft) 
and at tributary 
junctions

2. 17 m at headwater 
springs

3. 15 m at ground-
water seeps

4. Non-perennial: 
None

No additional management  
zone

N/A 1. No clearcutting > 50% of 
stream length

No harvest on alluvial fans

All streams have a  
machine-free zone  
9.1 m wide

Washington 
– East
State and  
private lands

None 1. Perennial; springs; seeps; tribu-
tary junctions: 15 m

2. Non-perennial: no manage-
ment zone specified 

1. Retain a basal area 
of ≥ 13.8 m2/ha

2. 9.1-m machine-free 
zone only 

No clearcutting alluvial 
fans
Retain a basal area of 
≥ 13.8 m2/ha
All streams have 9.1-m 
machine-free zone
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Jurisdiction
Riparian reserve 
width (m) Management zone(s) width (m)

Management zone(s) 
retention Comments

Oregon  
State and  
private lands

1. 6 m for streams 
> 0.056 m3/s 
discharge

2. None for smaller 
streams 

1. 9 m for streams > 0.056 m3/s 
discharge

2. None for smaller streams 

1. Retain 10 or more 
conifers ≥ 20.3 cm 
dbh plus non-mer-
chantable trees per 
305 m of stream

2. Retain non-mer-
chantable vegeta-
tion within 3.1 m of 
the channel in some 
regions 

1. Relates to FPC class S5 
streams and larger class 
S6 streams

2. Relates to small FPC 
class S6 streams includ-
ing non-perennial 
streams; 
no retention required 
in Coast Range and 
West Cascades regions; 
no RMA or retention 
required for small 
ephemeral channels 
without fish

California 
State and  
private lands

None 1. Within 305 m of fish habitat 
or with other aquatic habitat: 
15–30.5 m 

2. Streams that can transport 
sediment/debris: RPF deter-
mines management zone

3. Other streams: None 

1. Retain ≥ 50% 
total forest cover 
including ≥ 25% of 
overstorey conifers

2. Retain 50% of 
understorey

3. No specified reten-
tion

1. Management zone 
widths based on adja-
cent hillslope gradient

2. Machine-free zones 
 8–15 m wide depend-
ing on adjacent hillslope 
gradients

Idaho 
State and  
private lands

None 1. Connected to domestic-use or 
fish streams: 9 m

2. Locally designated streams of 
concern: 15 m

3. Minor, disconnected streams: 
1.5 m 

Retain all hardwood 
shrubs, non-mer-
chantable conifers, 
grasses
Entire management 
zone is machine-free

These streams may contain 
marginal fish habitats and 
“a few fish”

Montana
State and  
private lands

None 1. Flow more than 6 months per 
year and direct tributaries to 
fish streams: 
15–30 m depending on hill-
slope gradient break of 35%

2. Flow less than 6 months per 
year and connected to other 
waters, or more than 6 months 
and disconnected: 
15–30 m (as above)

3. Flow less than 6 months per 
year and disconnected: 
15 m

1. Retention as for fish 
streams

2. Prescription as for 
fish streams but 
retain one-half the 
number of trees = 
109 per hectare

3. Retain non-mer-
chantable trees and 
shrubs

Entire management zone 
is machine-free for all 
streams

Table 5. Continued
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the significance of some features of the drainage 
network, such as tributary junctions and perennial 
reaches flowing directly into fish-bearing waters. 
For example, Washington has opted to protect such 
sites in the western region of the state with riparian 
reserves, whereas management zones with basal area 
tree retention targets protect perennial streams east 
of the Cascade Mountains (Tables 5.0, and 5.). 
Other jurisdictions, such as Alaska, California, and 
Montana, recognize terrain slope and channel-hill-
slope connectivity as important management factors 
and provide riparian buffers or increase the width of 
management zones accordingly. For example, Mon-
tana doubles the width of its riparian management 
zones from 5 to 30 m when the steepness of adjacent 
side slopes exceeds 35%. California requires manage-
ment zones 23, 30, or 46 m wide where adjacent hill-
slope gradients are less than 30, 30–50, and greater 
than 50%, respectively (Tables 5.0, and 5.). 

California, Montana, and Idaho do not employ 
no-harvest reserves around streams; instead, man-
agement zones with retention requirements are in 
place. These zones include requirements for stream 
shade. For example, Idaho requires that 75% of the 
original shade is retained after harvesting adjacent 
to “important” fish-bearing streams or streams used 
for domestic water supply. California requires 50% 
of streamside canopy retention, including 25% of the 
shade provided by conifers, regardless of fish-bear-
ing status or stream size (Tables 5.0, and 5.).

For non-fish-bearing streams, management zone 
widths and tree retention in California and Mon-
tana also vary according to the ability of streams to 
transport sediment and debris. In California, this is 
determined by a professional forester.

Identifying small streams capable of affecting 
reaches downstream from those with little poten-
tial to do so involves some subjectivity; however, in 
Montana, this potential is decided according to dis-
charge thresholds, whether the streams are perennial 
or seasonal, and whether they are connected directly 
to the drainage network further downslope (Tables 
5.0, and 5.).

Because the management zones and retention 
requirements for California, Montana, and Idaho 
are not specifically tied to stream size, the associated 
riparian tree retention requirements are higher than 
those specified in regulation for class 4–6 streams in 
British Columbia. 

Increased knowledge of the importance of small 
streams, plus efforts to address declining salmon 

populations and restore riparian forest stands, has 
resulted in increasingly complex riparian manage-
ment rules in Washington and Oregon (Cashore 
200). With the introduction of the Forest Practices 
Rules in 200, Washington currently has the most 
conservative riparian tree retention requirements for 
smaller streams among all state jurisdictions. These 
rules require riparian reserves for all fish-bearing 
and domestic-water streams more than 2 ft (approx. 
0.7 m) wide, and require a core, no-harvest reserve 
zone immediately adjacent to the stream irrespective 
of stream size; therefore, regulation requirements in 
Washington well exceed those for the smallest fish-
bearing streams (class S4) and for non-fish-bearing 
streams (classes S5 and S6) in British Columbia; 
however, streams less than 0.7 m wide are not cov-
ered under the Washington rules.

Washington’s complex riparian management 
system has three classes of water bodies. These are: 
() class S or “shorelines of the state,” which includes 
large rivers, lakes, and marine shores; (2) class F, 
which covers fish-bearing streams or domestic-wa-
ter-use streams; and (3) class N, which includes all 
other streams and is subdivided into streams that 
flow perennially (Np) and those that flow seasonally 
(Ns). All classified streams have three separate ripar-
ian zones: () a bank-side core reserve either 9 or 5 
m wide, depending on whether the stream is in the 
eastern or western regions of the state, respectively; 
(2) an inner zone next to the core with tree retention 
targets; and (3) an outer management zone with yet 
different rules.

Each stream class may be further subdivided 
into as many as five site classes depending on the 
makeup of the riparian forest. The widths, tree 
retention requirements, and other practices in the 
inner and outer management zones also vary ac-
cording to site class. Site classes have been defined 
to maintain the structure and species composition 
of natural riparian stands or to rehabilitate affected 
sites to historic conditions. For example, where the 
existing forest of the core zone plus the inner zone 
falls below the target basal area objectives associ-
ated with the site class, the inner zone also becomes 
a no-harvest riparian reserve. This is called the “no 
management option” for the inner zone. Together 
with a 5 m wide core zone, this could add, for forest 
Site Class I in western Washington, an additional 25 
m wide reserve for streams 3 m or less wide, and 30 
m of reserve for streams 3 m or more wide. Where 
existing riparian stands meet target basal area objec-
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tives, other management options exist for the inner 
and outer zones. For example, one option where the 
smaller trees of a stand can be felled is called “thin-
ning from below.”

Although Washington’s riparian management 
rules offer relatively high levels of stream protection, 
the American Fisheries Society (2000) has criticized 
them as being too complicated and difficult to 
implement. In Oregon, riparian management rules 
are not quite as complex, but are still wide-ranging 
and vary according to region of harvest (Tables 5.0 
and 5.).

The wide range of approaches for riparian man-
agement in the Pacific Northwest appears to reflect 
outcomes influenced by local landscapes, the his-
tory of land use management and its effects on the 
current condition of riparian forests and streams, 

varying habitat protection priorities and prerogatives 
in balance with social and economic values, and dif-
ferent solutions to the challenges of administration 
and implementation. Ideally, riparian management 
should be simple to implement, operationally flex-
ible, applied on the basis of local assessments with 
attention to watershed-scale physical and biological 
linkages, and guided by conditions in watersheds 
that are unaffected by forest management. For ripar-
ian management to be ecologically sustainable, some 
reviewers have stressed that it must also be ecologi-
cally precautionary (Young 200); however, what is 
considered precautionary versus too risky is subject 
to interpretation. In spite of this variation, all man-
agement systems attempt to reduce the well-known 
potential effects of forest practices on the condition 
of streams and other water bodies.

FORESTRY-RELATED EFFECTS ON RIPARIAN AREAS

Nearly 50 years of research information is avail-
able on the effects of forest harvesting—particularly 
riparian harvesting—on streams and stream-ripar-
ian functions from both short-term and long-term 
studies (see Chapman 962; Murphy et al. 986; Hall 
et al. 987; Salo and Cundy [editors] 987; Hartman 
and Scrivener 990; Bisson et al. 992; Hogan et al. 
998; Young 200; Broadmeadow and Nisbet 2004; 
Tschaplinski et al. 2004). Collectively, many stud-
ies have generated information on: forestry-related 
alterations to water temperature regimes; introduc-
tion of fine sediments; channel bedload dynamics; 
LWD sources, dynamics, and functions; channel 
bank stability and erosion; inputs of fine organic 
matter, nutrients, and pollutants; primary productiv-
ity; macroinvertebrate abundance and community 
composition; and fish populations and habitats (see 
Gregory et al. 987; Hartman and Scrivener 990; 
Naiman et al. 992, Hartman et al. 996; Hogan et al. 
998; 2000, 2002; Young 200).

Related to this body of research, numerous studies 
and reviews have addressed the issue of riparian buf-
fer width and aquatic ecosystem protection (Forest 
Ecosystem Management Assessment Team 993; 
Castelle et al. 994; Young 200; Broadmeadow and 
Nisbet 2004). No definitive width of riparian reserve 
or buffer will protect streams and other water bodies 
from every possible impact in all situations. Differ-
ent physical and biological attributes of streams and 
other aquatic ecosystems respond differently to ri-

parian forestry according to the influence of climate, 
geology, natural disturbance regimes, channel type, 
aquatic communities, and channel interconnections 
within basins (Vannote et al. 980; Gregory et al. 
987; Poff and Ward 990). 

Forest harvesting, roads, and other related activi-
ties can result in both direct and cumulative effects 
to streams and riparian areas that affect the overall 
integrity of these systems and, ultimately, form and 
function. Because streams and their riparian areas 
integrate much of the upslope impacts that forestry 
operations and natural processes may cause, dis-
cussions about the effects of forestry operations on 
streams and the associated riparian areas are much 
broader than the focus of this chapter. As such, 
many, if not most, other chapters in this compen-
dium provide details of how various watershed-level 
effects influence riparian areas. Specifically, forestry 
effects on LWD supply, landslides, sediment, and 
channel bank strength are detailed in Chapters 8 
(“Hillslope Processes”), 9 (“Forest Management 
Effects on Hillslope Processes”), and 0 (“Channel 
Geomorphology: Fluvial Forms, Processes, and For-
est Management Effects”). Background on sediment 
(turbidity and total suspended solids) and tempera-
ture as water quality parameters is given in Chapter 
2 (“Water Quality and Forest Management”). Mea-
surement techniques for some of these parameters 
are covered in Chapter 7 (“Watershed Measurement 
Methods and Data Limitations”). These chapters and 
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others provide detailed discussion of how forestry af-
fects various watershed elements. 

In this section, we focus on how forest manage-
ment directly affects streams and riparian areas with 
an emphasis on information generated within British 
Columbia. Three broad and interrelated categories 
of forestry-related effects on riparian areas include: 
() physical habitat structure alterations, (2) trophic 
responses, and (3) temperature-related shifts. These 
categories, separately and in combination, can have 
different effects on fish, depending on species, life 
stage, and distribution in freshwater (Hartman and 
Scrivener 990). Population and habitat responses 
to harvest practices are complex. In addition, not all 
outcomes for some fish species, particularly anad-
romous salmon, which spend a part of their life 
cycle in marine environments, can be interpreted 
solely from processes occurring in freshwater and 
the effects of forestry on these processes. Long-term 
trends in fish abundance, especially for anadromous 
salmon, may be confounded by changes in climate, 
ocean conditions, and fisheries management strate-
gies (Tschaplinski et al. 2004) and are therefore often 
difficult to interpret in terms of land use management. 

Physical Habitat Alterations

Riparian forest practices can result in increased 
input of fine sediments (sand and pea-sized gravel) 
into streams through increases in streambank ero-
sion as a consequence of loss of root strength follow-
ing tree harvest. Between 2 and 5 years after harvest, 
streambank erosion increased along nearly 2 km of 
Carnation Creek that was subjected to clearcut ripar-
ian harvesting, compared to erosion observed within 
a variable-width riparian buffer (2–70 m wide) .3 
km long (Hartman and Scrivener 990; Tschaplinski 
2000; Tschaplinski et al. 2004). Within 5 years after 
clearcut riparian harvesting, erodible streambanks 
collapsed as roots from harvested trees decayed 
(Hartman et al. 987). Sediments eroded and were 
transported downstream by floods, with deposition 
occurring in the lowermost stream areas and upper 
estuary used by chum salmon (Oncorhynchus keta) 
(Hartman et al. 987; Scrivener and Hartman 990). 
Accumulation of these fines in the streambed was 
associated with the decline in the survival of chum 

salmon eggs from 20 to % in the depositional areas 
(Scrivener and Brownlee 989).

Problems associated with fine sediments can 
also result from riparian harvesting through ex-
posure of bare soil by machinery operation, from 
roads and stream crossings, and from the mineral 
soil exposed to rain at the base of retained riparian 
trees overturned by windthrow (Chatwin et al. 200; 
Tripp et al. 2009). For example, suspended sediment 
levels downstream of logged areas were 5–0 times 
higher than levels in unharvested reaches during 
peak spring flows in Centennial, Donna, and upper 
Slim Creeks in the Slim-Tumuch study in central 
British Columbia (Brownlee et al. 988).3 Fine sedi-
ments were mobilized from the cut-and-fill slopes of 
forestry roads, and from skidder trails located near 
streams (Brownlee et al. 988).4

Channel disturbances also result from cross-
stream falling and yarding (Hartman et al. 987; 
Brownlee et al. 988; Hartman and Scrivener 990). 
This non-directional falling and near-stream skid-
ding caused the greatest channel disturbances ob-
served in the Slim-Tumuch study. These disturbances 
were progressively reduced by directional falling and 
skidding, selective riparian harvest (partial retention 
buffers), and riparian reserves (Brownlee et al. 988).

Increased amounts of fine sediments in stream-
beds can affect benthic macroinvertebrate abun-
dance (Culp et al. 986). Sediment deposition in 
areas downstream of logged reaches in the Slim-Tu-
much study was strongly associated with reductions 
in benthic invertebrate densities, particularly in 
riffles (Brownlee et al. 988).5 In one stream, inver-
tebrate drift (originating from the benthos) was also 
lower in the logged reach than in control reaches.

Channel bank erosion as a consequence of ripar-
ian harvesting (Figure 5.9) can also destabilize LWD 
and result in streambed mobilization and increased 
rates of channel scour and deposition, which ulti-
mately affect fish populations. In-stream LWD at 
Carnation Creek, primarily of riparian origin, was 
mobilized as a result of streambank erosion and 
collapse, which contributed to changes in chan-
nel configuration within 5 years after harvesting 
was initiated (Toews and Moore 982). Increased 
streambed mobility was associated with a nearly 50% 
post-harvest decline in the survival of coho salmon 

3  Slaney, P.A. 975. Impacts of forest harvesting on streams in the Slim Creek watershed in the central interior of British Columbia. 
B.C. Min. Environ., Fish Wildl. Br., Victoria, B.C. Presented at Forest Soils and Stream Ecology, a program (FP 2453, May 975)  
sponsored by Assoc. B.C. Prof. For. and Univ. British Columbia Fac. For. and Cent. Contin. Ed. Unpubl. report.

4  Ibid.
5  Ibid.



506

(O. kisutch) eggs in the clearcut riparian treatments 
(Holtby and Scrivener 989).

Watershed-level forestry can also affect chan-
nel structure and aquatic habitats irrespective of 
site-level riparian practices. The magnitude of these 
effects may have long-term implications. Debris 
flows originating in steep, logged gullies greater than 
.5 km upstream from anadromous salmon habitats 
at Carnation Creek occurred shortly after forest 
harvesting and caused the most pronounced changes 
to the stream channel and aquatic habitats (Hartman 
and Scrivener 990; Hogan et al. 998).

These storm-triggered debris flows deposited large 
volumes of logging-associated woody debris and 
inorganic sediments into the stream channel where 
the materials were carried rapidly downstream into 
the riparian clearcut treatments inhabited by 
anadromous fish. Large logjams and associated 
sediments deposited by the debris flows moved 
progressively downstream, passed through the 
riparian buffer treatment, and eventually reached  
the stream mouth nearly two decades after the mass 
wasting events occurred (Tschaplinski et al. 2004). 

These processes overwhelmed the effects of the 
riparian management treatments. Major physical 
changes resulted and are continuing to occur, such 
as channel widening by two- to threefold, further 
accelerated scour and deposition processes, loss of 
stable LWD, and in-filled pools (Hogan and Bird 
998; Hogan et al. 998;).

Outcomes associated with mass wasting at Carna-
tion Creek and elsewhere represent longer-term, 
basin-wide processes that point to critical linkages 
between steep hillslopes and the stream channel 
network. These linkages are more important in areas 
of steep terrain where the channel network is closely 
coupled to the hillslopes. Although the volume of 
landslide material increased by 2-fold after logging 
at Carnation Creek (Hartman et al. 996), much of 
this material did not enter the channel network. 
By contrast, in steep and unstable terrain on Haida 
Gwaii, many small streams have narrow floodplains; 
therefore, hillslope processes and the stream channel 
network are closely linked.

Fish-Forestry Interaction Program research on 
Haida Gwaii quantified large increases in hillslope 

FIGURE 5.9 Near-stream practices: harvest of streambank tree. (Photo: R.G. Pike)
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instability and landslide rates caused by forestry 
operations in steep terrain. Mass wasting rates 
increased by 5-fold in areas with forestry operations 
when compared to areas without forestry-related 
activity (Schwab 998). Compared with unharvested 
sites, the area affected by landslides alone increased 
by 43 times because of clearcutting, and by 7 times 
because of problems associated with forestry roads. 
Correspondingly, the volume of mass-wasted materi-
als attributed to clearcuts and roads increased by 46 
and 4 times, respectively (Schwab 998). About 39 
and 47% of the total volume of sediment and woody 
debris generated by landslides on Haida Gwaii 
entered streams in unlogged and logged terrain, re-
spectively (Rood 984). Forestry operations in steep, 
sensitive terrain where annual precipitation is high 
clearly require attention.

Recognition of watershed-scale linkages has re-
sulted in increased research and management atten-
tion regarding natural processes and management 
practices in headwater catchments. For example, a 
multi-agency study of the outcomes of the Prince 
George District Manager policy for riparian man-
agement of class S4 streams was carried out. This 
B.C. Ministry of Forests and Range policy required 
the implementation of a 5 m wide machine-free zone 
adjacent to the stream, retaining all non-merchant-
able vegetation plus 0 merchantable conifers per 
00 m of channel length, and maintaining 50–70% 
of the pre-harvest levels of riparian shade (www.for.
gov.bc.ca/hre/ffip/PGSSP.htm). To achieve manage-
ment objectives, most of the tree retention occurred 
within 0 m of the channel. The streams studied 
were small, first-order watercourses (less than .5 
m wide), with gradients less than 2% and channel 
morphologies consisting primarily of riffle-and-pool 
sequences. A paired, before-versus-after treatment, 
control-versus-impact experimental design was used 
to determine the temporal, geographic, and among-
stream differences across three geographically 
distinct areas.

The biological and physical variables measured 
over time and space included: summer and autumn 
water temperatures, channel substrate textures, mor-
phometrics and in-stream wood, sources of erosion, 
riparian litter fall, stream shade and solar radiation 
exposure, benthic invertebrates, invertebrate drift, 
periphyton accrual, water chemistry, nutrients, 
downstream delivery of organic material, and fish 
community response. 

Short-term findings of the Prince George study 
indicated that fine-sediment generation was ef-

fectively managed by riparian practices, although 
fines from roads and skid trails entered the channel 
network at stream crossings. Concerns were also 
low regarding the future outcomes for inorganic 
nutrients, periphyton, and dissolved organic matter. 
However, moderate-level concerns were noted for 
long-term channel morphology integrity and benthic 
invertebrates, and high concern was noted regarding 
long-term LWD supply, stream shade, and litter fall, 
given the level of riparian retention applied (B.C. 
Ministry of Forests and Range et al. 2007). 

Trophic Changes

Stream communities and the associated food webs 
are driven by primary production (autotrophic pro-
duction by algae) based on the direct incorporation 
of solar energy, and by decomposition of organic 
materials including leaf litter from riparian vegeta-
tion (Cummins 974; see Chapter 3, “Stream and 
Riparian Ecology” and Chapter 4, “Salmonids and 
the Hydrologic and Geomorphic Features of Their 
Spawning Streams in British Columbia” for related 
information). Of these two major trophic pathways, 
the one that predominates depends on the availabil-
ity of direct solar radiation, water chemistry, type 
and availability of organic material of riparian ori-
gin, and several other factors. These variations will 
determine the community composition of aquatic 
invertebrates and the relative abundance of those 
species that feed directly on benthic algae, those that 
depend on leaf litter and other organic materials de-
composed by aquatic microbes, those that use both 
food sources, and the predators of all of these types 
(Hawkins and MacMahon 989; Merritt and Cum-
mins 996). Although fish species in northwestern 
North America are generalist predators on aquatic 
and riparian invertebrates (Hyatt 979; Tschaplin-
ski 987, 988), forestry practices that influence the 
abundance and availability of these prey are impor-
tant for determining fish abundance, distribution, 
growth, and survival.

Riparian harvesting can increase aquatic primary 
productivity and benthic macroinvertebrate biomass 
(Newbold et al. 980; Kiffney and Bull 2000) as well 
as change the composition of the benthic community 
(Richardson et al. 2002, 2005); however, research 
results have varied substantially. For example, Culp 
and Davies (983) concluded that benthic macro-
invertebrate populations were reduced in Carna-
tion Creek in areas where riparian clearcutting had 
recently occurred. The reductions were attributed to 

http://www.for.gov.bc.ca/hre/ffip/PGSSP.htm
http://www.for.gov.bc.ca/hre/ffip/PGSSP.htm
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reduced leaf litter input and retention, and increased 
erosion, transport, and deposition of sand in the 
benthos. Culp and Davies (983) also reported that 
post-harvest changes in periphyton were small be-
cause of phosphorus limitation. In contrast, Rich-
ardson et al. (2002) found up to fourfold increases in 
algal biomass relative to controls (in some seasons) 
at sites subjected to different riparian management 
treatments, some of which included riparian re-
serves 30 m wide. The highest amounts of algae were 
found in streams with reserves only 0 m wide and 
those that were clearcut to the banks. Richardson 
et al. (2002) reported that, when compared with 
unharvested controls, the densities of midge larvae 
(Chironomidae) in their experimental treatments in 
southwestern British Columbia increased in paral-
lel with increased amounts of algae associated with 
riparian clearcuts and 0 m wide reserves. Also, with 
decreasing amounts of streamside protection, shifts 
occurred within the benthic invertebrate community 
toward more generalist taxa, such as the mayflies 
Baetis and Ameletus. Litter input rates were main-
tained from 0 m wide and 30 m wide riparian re-
serves at levels similar to controls. At the same time, 
organic litter input rates declined to about 0% in 
clearcut sites, when compared with streams having 
some forest cover.

The consequences of these changes for fish popu-
lations and riparian management options remain 
unclear. Fish biomass and salmon smolt abundance 
may increase following riparian harvest (Connolly 
and Hall 999; Tschaplinski 2000; Tschaplinski et 
al. 2004); however, the duration of these increases 
has yet to be determined unequivocally. Juvenile 
coho salmon growth and smolt production increased 
immediately after logging at Carnation Creek, but 
these shifts appeared strongly related to increases in 
water temperature rather than the consequences of 
increased food abundance. Elevated temperatures 
caused substantial shifts in the ecology of coho 
salmon at Carnation Creek. Warmer conditions (ap-
proximately °C overwinter) increased coho salmon 
egg incubation rates, resulting in earlier emergence 
in spring, a longer season of summer growth, larger-
sized fry entering the first winter ( mm longer on 
average), and higher overwinter survival attributed 
to larger size. Consequently, higher levels of smolt 
production have been sustained in Carnation Creek 
for nearly three decades (Tschaplinski et al. 2004). 
The ecological implications for fish of even modest 
forestry-related temperature changes remain unclear. 
The same water temperature increases at Carnation 

Creek have allowed more juvenile coho to transform 
into smolts after just  year of growth in freshwater 
compared with the pre-harvest situation, where 
about 50% of the population required an additional 
year to grow to smolt size. The shift to a majority of 
-year-olds may have implications for poor cohort 
survival in marine environments in years when 
ocean conditions are unfavourable (Tschaplinski 
2000). Furthermore, any short-term or medium-
term responses by fish to trophic regime shifts in 
Carnation Creek must be viewed in the context of 
other factors influencing ecosystem features and 
functions; for example, physical habitat alterations 
associated with forest practices in riparian areas 
and on hillslopes. For further information on the 
cumulative effects of these factors among a number 
of fish-forestry interactions studies, see www.for.gov.
bc.ca/hre/ffip/index.htm. 

Riparian Management and Stream Temperature

Water temperature controls chemical and biological 
processes that importantly influence aquatic eco-
systems. Several authors have reviewed how stream 
temperature varies in both space and time and they 
should be consulted for a more detailed description 
of the environmental variables that control water 
temperatures (e.g., see Chapter 2, “Water Quality 
and Forest Management,” Chapter 7, “Watershed 
Measurement Methods and Data Limitations,” and 
Chapter 9, “Climate Change Effects on Watershed 
Processes in British Columbia”; Beschta et al. 987; 
Moore et al. 2005). In brief, stream temperature 
varies daily, monthly, and seasonally because of 
changes in the sources of energy available to heat 
water. These energy sources include: longwave and 
shortwave radiation; sensible and latent heat from 
the atmosphere; conduction from the streambed; 
and advective inputs from groundwater, hyporheic, 
and tributary inflows (see Figure  in Moore et al. 
2005). Channel size and shape influence the sen-
sitivity of streams to these heat fluxes, with wide, 
shallow streams being more sensitive to heating than 
deep, narrow streams of a similar discharge. Gener-
ally, stream temperatures increase with decreasing 
elevation (i.e., further distance from headwaters), 
although there are exceptions in systems with lakes 
and wetlands where cooling can occur downstream 
of these tributary water sources.

Forest management affects stream temperature 
directly through the removal of shading vegeta-
tion and alteration of riparian microclimate (Figure 

http://www.for.gov.bc.ca/hre/ffip/index.htm
http://www.for.gov.bc.ca/hre/ffip/index.htm
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5.0), and indirectly through channel widening as 
a consequence of channel destabilization caused 
by altered streamflow, LWD, and sediment regimes. 
Riparian harvesting increases solar radiation expo-
sure, wind speed, and exposure to air advected from 
openings, causing increased air, soil, and water tem-
peratures (Moore et al. 2005). The overall effect of 
riparian harvesting is increased stream temperatures 
in all seasons, with the greatest increases occur-
ring in the summer (Table 5.2). Removing shading 
canopy cover, or a proportion of it, may also decrease 
nighttime minimum temperatures by allowing 
greater radiation heat loss. In the northern hemi-
sphere, changes in stream temperature are likely 
larger in the summer, as the intensity and duration 
of solar radiation is greatest at this time of year. 

Direct comparisons between studies in the lit-
erature are difficult because of differing treatments 
(clearcut, partial cut, prescribed burning, buffers), 

varying watershed characteristics, and most impor-
tantly, differing measures of temperature increases 
in time (e.g., daily maximum, average monthly max-
imum, annual maximum). In general, the absolute 
magnitude of stream temperature increase (Figure 
5.) is directly related to the proportion of surface 
area newly exposed (Gibbons and Salo 973) or to the 
amount of shade reduction (Beschta et al. 987).

The duration of elevated stream temperatures 
after timber harvesting depends on local watershed 
factors and rate of riparian revegetation. Elevated 
temperatures are reported to persist anywhere from 
2–30 years. In the Bull Run Watershed in Oregon, 
Harr and Fredriksen (988) observed that elevated 
annual maximum stream temperatures returned to 
pre-logged values within 3 years. At the University 
of British Columbia Research Forest, Feller (98) 
observed increases in stream temperature in sum-
mer that lasted 7 years as a result of clearcutting, 
whereas streams subjected to clearcutting and slash 
burning showed no signs of returning to pre-treat-
ment temperatures during the same period of time. 
At the H.J. Andrews Experimental Forest in Oregon, 
Johnson and Jones (2000) found that stream temper-
atures gradually returned to normal levels 5 years 
after harvest.

In some streams, recovery may be slowed or 
unattainable if the channel has widened to the point 
where shade is no longer the primary determinant of 
recovering processes (Tschaplinski et al. 2004). Trees 
of the recovering riparian forest may need to be taller 
than the original stands to provide effective shade for 
channels that have widened because of natural and 
human-caused disturbances.

Riparian management focussed on maintaining 
water temperature regimes may become ever more 
important in the future for British Columbia and 
elsewhere, given the expected global increases in 
atmospheric temperatures and associated changes 
in precipitation regimes (Tyedmers and Ward 200; 
Pike et al. 2008a, 2008b, 2008c; Spittlehouse 2008; 
see Chapter 9, “Climate Change Effects on Water-
shed Processes in British Columbia”). Current pre-
dictions indicate that the province may experience 
substantial increases in mean annual air tempera-
tures (Spittlehouse 2008; see Chapter 9). Mitigating 
the extent of water temperature increases resulting 
from forestry operations in riparian areas will likely 
become an increasing priority, especially in areas 
where fish and other aquatic species are already near 
the limits of thermal tolerance and preference.

FIGURE 5.0  Class S4 stream with clearcut riparian  
management area; virtually all trees removed 
(Chatwin et al. 2001).
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FIGURE 5.  The absolute magnitude of change in stream temperature is related to the amount of 
shade reduction. Shown is a class S4 stream with “clearcut” riparian prescription;  
non-merchantable and deciduous trees were retained within 5 m of the stream  
(Chatwin et al. 2001).

TABLE 5.2 Effect of timber harvesting on water temperature increases

 Temperature    
Location  increase Measure Treatmenta Reference

H.J. Andrews, Oregon 7°C, summer  Max. CC/BB/PC (25% Johnson and Jones 
 2–8°C  Diurnal fluctuation  with debris flow) (2000)

West Olympic Peninsula 3.5°C, summer Avg. max. Two partially harvested  Murray et al. (2000)
   watersheds (7%, 33%)

Coyote Creek, Cascades 8°C Max. CC Adams and Stack 
    (1989)

Salmon Creek Watershed 6°C Avg. daily max.  Beschta and Taylor
 2°C Avg. daily min.   (1988)

Bull Run Watershed 2–3°C Annual max. CC/BB  Harr and  
    Fredriksen (1988)

Alsea, Newport, Oregon  14°F (7.9°C) Avg. month max. CC/BB Brown and Krygier
 28°F (15.5°C) Annual max.   (1970)

Slim Creek 2–3°C Mean temp. CC Brownlee et al. 
 Doubling Diurnal fluctuation  (1988)
 4–9°C Summer max.

Carnation Creek 0.7°C, winter Mean monthly CC (41%) with Holtby (1988), 
 0.75°C, spring  1.8 km riparian Hartman and 
 3.2°C, summer  CC Scrivener (1990),
    Hartman et al. (1996)

Carnation Creek 0.7°C, summer Mean daily Herbicide Holtby (1989)
 2.7°C, 1st summer Daily max.
 1.4°C, 2nd summer Daily max.

a CC=Clearcut, BB=Burned, PC=Partially cut
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RIPARIAN ASSESSMENTS IN BRITISH COLUMBIA

The wide variation in riparian management regimes 
in the Pacific Northwest and throughout North 
America has resulted in several summary papers 
that compare systems among jurisdictions (Blinn 
and Kilgore 200a, 200b; Cashore 200; Decker 
2003; Lee at al. 2004).6 Comments are often made 
about which regimes are more environmentally con-
servative; that is, which ones offer the best levels of 
streamside protection for aquatic ecosystems. How-
ever, the relative effectiveness of the different man-
agement systems is difficult to assess because data 
are not available on the post-harvest environmental 
outcomes of the standards and practices applied in 
the different jurisdictions. Similarly, much discus-
sion has occurred on the design of riparian buffers 
for the protection of different riparian, stream, and 
aquatic ecosystem components and functions (e.g., 
Forest Ecosystem Management Assessment Team 
993; Belt and O’Laughlin 994),7 but this discussion 
similarly lacks supporting empirical evidence from 
field assessments of buffer effectiveness. The Prov-
ince of British Columbia established the Forest and 
Range Evaluation Program (FREP) in 2003 to obtain 
this type of information on post-harvest manage-
ment outcomes.

Evaluating the effectiveness of forestry practices 
in British Columbia has become a priority with the 
implementation of the results-based FRPA, under 
which a wide spectrum of forestry management 
practices may be applied, including those pertaining 
to riparian and watershed management. Since 2005, 
province-wide assessments of riparian management 
effectiveness have been conducted on streams man-
aged under the FPC (www.for.gov.bc.ca/hfp/frep/
values/fish.htm). These assessments are annual and 
ongoing. They now incorporate streams managed 
under the FRPA.

The key questions asked around riparian manage-
ment and linked management systems are:

• Are riparian forestry and range practices effec-
tive in maintaining the structural integrity and 
functions of stream ecosystems and other aquatic 
resource features over both short and long terms?

• Are forest road stream crossings or other forestry 
practices maintaining connectivity of fish habi-
tats?

• Are forestry practices, including those for road 
systems, preserving aquatic habitats by maintain-
ing hillslope sediment supply and the sediment 
regimes of streams and other aquatic ecosystems? 

Riparian management assessments are focussed 
on the first two questions and related effectiveness 
monitoring programs (for soils and water qual-
ity) address the third. Effectiveness evaluations are 
conducted annually in the field on a large sample of 
streams selected randomly in each British Columbia 
Ministry of Forests and Range district. Streams must 
have experienced at least 2 years (winters) post-har-
vest to allow for climatic and other disturbances to 
potentially occur. Each site is surveyed by employ-
ing an assessment protocol that includes a set of 
5 principal riparian, stream channel, and aquatic 
habitat indicators (Tripp et al. 2009; Table 5.3). This 
assessment system, called a “Routine Effectiveness 
Evaluation,” is a simplified version of a relatively 
intensive sampling protocol developed by an inter-
agency/university FREP technical team. It is based 
on information from the scientific literature, a large 
base of empirical data that included details about 
88 harvested and control streams in 0 forested 
biogeoclimatic zones, and expert opinion to cover 
gaps (Tripp and Bird 2006).8 The indicators have 
built-in thresholds to assess departure from expected 
conditions in undisturbed, mature forest stands. 
This approach was adopted for the provincial-scale 
monitoring program because of practical problems 
(e.g., logistics, cost, stream inventory limitations) 

6  Zielke, K. and B. Bancroft. 200. A comparison of riparian protection approaches in the Pacific N.W. and British Columbia.  
Symmetree Consulting Group, Victoria, B.C. Unpubl. report.

7  CH2MHill and Western Watershed Analysts, 999. 
8  Tripp, D. 2005. On testing the repeatability of a routine riparian effectiveness evaluation methodology. B.C. Min. For. Range, Res. 

Br., Fish-Forestry Interact. and Watershed Res. Program, Victoria, B.C. Unpubl. report.
 Tripp, D. 2007. Development and testing of extensive-level indicators and methods for determining if current forestry practices are 

sustainably managing riparian, aquatic ecosystem, and fish-habitat values. B.C. Min. For. Range, Res. Br., Fish-Forestry Interact. and 
Watershed Res. Program, Victoria, B.C. Unpubl. report.

 Tripp, D. and S. Bird. 2004. Riparian effectiveness evaluations. B.C. Min. For. Range, Res. Br., Fish-Forestry Interact. and Watershed 
Res. Program, Victoria, B.C. Unpubl. report. www.for.gov.bc.ca/hfd/library/FIA/2004/FSP_R04-036a.pdf (Accessed May 200).

http://www.for.gov.bc.ca/hfp/frep/values/fish.htm
http://www.for.gov.bc.ca/hfp/frep/values/fish.htm
http://www.for.gov.bc.ca/hfd/library/FIA/2004/FSP_R04-036a.pdf
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in identifying suitable control sites for reference 
purposes across all of the administrative classes and 
geomorphic stream types within each watershed or 
other defined area (e.g., physiographic region, speci-
fied landscape, biogeoclimatic zone, or portion of a 
defined watershed).

The routine-level assessment was required to 
cover a large sample of streams economically each 
year. Before implementation, the assessment was 
tested experimentally and operationally to ensure 
that the results were repeatable and consistent with 
the more quantitative method from which it was de-
rived (Tripp 2007).9 The evaluation approach assesses 
biological and physical attributes of stream reaches 
and the adjacent riparian areas by using a checklist 
of 5 questions covering the 5 primary indicators 
(Tripp et al. 2009; Table 5.4). 

Each question is answered either “yes” or “no” 
to represent a pass or fail for the indicator. Before 
each question can be answered, several additional 
questions (“sub-indicators”) must be addressed. For 
example, to answer indicator question five (“Are all 
aspects of the aquatic habitat sufficiently connected 
to allow for normal, unimpeded movements of fish, 
organic debris, and sediments?”), observations must 
determine whether: 

. there are temporary blockages to fish, debris, or 
sediment movement caused by instream accumu-
lations of debris or sediment;

2. fluvial downcutting in the main channel isolates 
the floodplain from normal flooding or blocks 
access to tributary streams or “off-channel” areas;

3. sediment or debris accumulations occur within or 
immediately upstream of any crossing structure;

4. downcutting below any crossing structure blocks 
fish movements upstream by any size fish at any 
time of year; 

5. all crossing structures on fish-bearing streams 
are open-bottomed ones (versus closed-bottom 
culverts);

6. dewatering over the entire channel width has oc-
curred because of excessive new accumulations of 
sediment;

7. off-channel or overland flow areas have been 
isolated or cut off by roads or levees; and

8. water in the stream has not been withdrawn of 
diverted elsewhere (Tripp et al. 2009). 

For indicator question 5, if a problem is identified 
with any one of these eight sub-indicators, then the 
main question is answered “no.” For other indica-
tors, a “yes” answer may still occur if one or more of 
the sub-indicators fail (see Tripp et al. 2009). 

A total of 53 different observations and measure-
ments must be made before the 5 main questions 
can be completed. Each site is classified into one 
of four possible outcomes by the roll-up score of 
answers out of 5:

. Properly functioning condition (PFC): 0–2 “No” 
answers

2. Properly functioning condition, limited impacts 
(PFC-L): 3–4 “No” answers

3. Properly functioning condition with impacts 
(PFC-I): 5–6 “No” answers 

4. Not properly functioning (NPF): more than 6 
“No” answers

Some main questions may not apply (NA) to some 

9  Tripp, D., 2007. 

TABLE 5.3  Riparian, stream, and aquatic habitat indicators used for the routine-level assessment of riparian management  
effectiveness evaluations in British Columbia (see Tripp et al. 2009) 

 Riparian, stream, and aquatic habitat indicators

Channel bed disturbance Aquatic invertebrate diversity
Channel bank disturbance Windthrow frequency 
LWD characteristics Riparian soil disturbance/bare ground
Channel morphology LWD supply/root network
Aquatic connectivity Shade and microclimate
Fish cover diversity Disturbance increaser plants/noxious weeds/invasive plants
Moss abundance and condition Vegetation form, vigour, and structure
Fine sediments
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streams. For example, question 4 on channel mor-
phology does not apply to a stream whose form is not 
created by water (non-alluvial streams). Similarly, 
fish cover attributes (question 6) are not assessed in 
non-fish-bearing streams. 

Research from the Malcolm Knapp Research 
Forest has shown measurable, forestry-associated 
alterations to some of the biological and physical 
attributes of streams and riparian areas, even when 
riparian reserves 30 m wide are used (Richardson 
et al. 2002). Therefore, assessments under FREP are 
not focussed on whether managed streams are left in 
pristine condition. Instead, assessments of ecosystem 
function are employed where “properly function-
ing condition” is defined as the ability of a stream 
(Figure 5.2) and its riparian area to:

• withstand normal peak flood events without 
experiencing accelerated soil loss, channel move-
ment, or bank movement;

• filter runoff;
• store and safely release water;
• maintain the connectivity of fish habitats in 

streams and riparian areas so that these habitats 
are not lost or isolated as a result of management 
activity;

• maintain an adequate riparian root network or 
LWD supply; and 

• provide shade and reduce bank microclimate 
change. 

Therefore, it is assumed that natural ecologi-
cal functions of the habitat will be maintained if 
changes that are attributable to forestry practices are 
within an identified range of natural variability over 
most of the habitat.

By the end of 2008, a total of 44 streams from 
randomly selected cutblocks was assessed province-
wide, including 690 class S6 (48% of the total), 93 
class S5 (6%), 269 class S4 (9%), 300 class S3 (2%), 84 
class S2 (6%), and 5 class S (< %) streams. Although 
the sample does not include equal representation 
across the six riparian stream classes, it is consid-
ered to well represent the distribution of the differ-
ent classes of streams on the landscape, as well as 
the distribution encountered in forestry operations. 

TABLE 5.4  Fifteen main assessment questions that correspond to the 15 indicators of stream riparian function as given in Table 
15.13. These questions, ordered in a checklist, are answered “Yes” or “No” or “Not Applicable” (NA). Before each of 
these questions can be answered, assessors must answer several additional questions (“sub-indicators”) that are  
associated with the main questions (see Tripp et al. 2009 for full checklist and assessment protocol). 

 Indicator main question Yes No NA

Question 1 Is the channel bed undisturbed?   
Question 2 Are the channel banks intact?   
Question 3 Are channel LWD processes intact?   
Question 4 Is the channel morphology intact?   
Question 5 Are all aspects of the aquatic habitat sufficiently connected to allow for normal,  
 unimpeded movements of fish, organic debris, and sediments?   
Question 6 Does the stream support a good diversity of fish cover attributes?   
Question 7 Does the amount of moss on the substrates indicate a stable and productive system?    
Question 8 Has the introduction of fine sediments been minimized?   
Question 9 Does the stream support a diversity of aquatic invertebrates?   
Question 10 Has the vegetation retained in the RMA been sufficiently protected from windthrow?   
Question 11 Has the amount of bare, erodible ground or soil disturbance in the riparian area    
 been minimized? 
Question 12 Has sufficient vegetation been retained to maintain an adequate root network or LWD    
 supply? 
Question 13 Has sufficient vegetation been retained to provide shade and reduce bank microclimate    
 change? 
Question 14 Have the number of disturbance-increaser plants, noxious weeds, and (or) invasive    
 plant species been limited to a satisfactory level?  
Question 15 Is the riparian vegetation within the first 10 m from the edge of the stream generally    
 characteristic of what the healthy, unmanaged riparian plant community would  
 normally be along the reach?  



54

Most harvesting since 995 in British Columbia has 
occurred in areas upslope from large, valley-bot-
tom S streams. Sixty-seven percent of the sample 
consists of class S4 and S6 streams. These stream 
classes have been the focus of most of the debate and 
discussion on whether British Columbia’s riparian 
management standards provide sufficient stream-
side protection to small watercourses, which do not 
receive riparian reserves in regulation.

Results overall showed that 87% of all streams 
assessed were in one of the three properly function-
ing condition (PFC) categories, whereas less than 3% 
were in the not PFC (NPF) category (Figure 5.3). 
Thirty-eight percent of all streams were found to 
be properly functioning without caveats, 29% were 
in PFC with limited impacts, and 20% were in PFC 
with impacts (Figure 5.4). Most of the 82 NPF 
streams were in the non-fish-bearing class S6 (3 
streams), whereas most of the remainder were in the 
small, fish-bearing class S4 (Figures 5.4, and 5.5); 
however, a small number of NPF streams were class 
S3, and the impacts were frequently associated with 
catastrophic windthrow in the riparian reserve.

Results summarized by individual indicators 
show that most indicators passed (“yes” answers) by 
a substantial margin with the one exception being 
fine sediments (Figure 5.6). Fine sediments at levels 
above the identified assessment thresholds affected 
more than 63% of all streams that could be assessed 
for this indicator, including all riparian classes, and 
regardless of the presence of riparian reserves. Fine 
sediments affected all stream classes partly because 
a major source of these materials was from roads 
and stream crossings. These sediments, and those 
from riparian management-related sources (e.g., 
windthrow, exposed soil) affected the performance 
of some of the other indicators such as benthic 
invertebrates. However, for other indicators (e.g., 
vegetation form, vigour, and structure) with rela-
tively high frequencies of “no” answers for the small 
S4 and S6 streams, responses were attributed to low 
levels of riparian tree retention and high levels of 
near-stream harvesting activity within the manage-
ment area (e.g., cross-stream felling and yarding for 
S6 streams). For streams that scored NPF or were in 
one of the two intermediate categories, low riparian 

FIGURE 5.2 Stream in properly functioning condition with all riparian vegetation intact. (Photo: R.G. Pike)
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FIGURE 5.3  Overall outcomes of riparian management effectiveness evaluations under the 
Forest and Range Evaluation Program for 1441 streams assessed between 2005 
and 2008.

FIGURE 5.4  Overall outcomes of riparian management effectiveness evaluations by riparian stream 
class for the 1441 streams assessed under the Forest and Range Evaluation Program 
between 2005 and 2008.
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FIGURE 5.5  Class S4 stream with full retention from the streambank up to the top of the gorge 
(Chatwin et al. 2001).
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FIGURE 5.6  Overall outcomes of riparian management effectiveness evaluations by individual indicator for all 
streams assessed under the Forest and Range Evaluation Program between 2005 and 2008 combined. 
Yes = indicator pass; No (shaded black) = indicator failure attributed to site-level forestry causes; No 
(shaded gray) = indicator failure attributed to other causes; White bars are where either an indicator 
was not applicable (e.g., fish habitat diversity in non-fish-bearing streams), or where the indicator 
could not be scored.
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tree retention was identified as a main or contrib-
uting causal factor for indicator failure 48% of the 
time, whereas road-related factors affected 35% of 
the indicator failures as the main agent, and 68% of 
all failures as either the main or contributing factor. 
Other important impact causes included windthrow 
(32% main plus contributing), cross-stream felling 
and yarding (30% main plus contributing), and live-
stock-related activities (9% of the main causes). 

Not all of the indicator failures were attributed to 
site-level, forestry-related causes. Impacts delivered 
from sources upstream contributed to about 2% of 
the indicator failures. Other indicator failures were 
related to antecedent conditions outside the range 
of variation built into the indicators, or to non-for-
estry-related activities. For example, fine sediments 
appeared to be naturally abundant in some small, 
low-gradient S6 streams, particularly in central In-
terior locations where glaciolacustrine sediments are 
widespread. Nearly 40% of all “no” answers for the 
fine sediments indicator were attributed to causes 
other than site-level forestry (Figure 5.6); however, 
averaged over all sites provincially, the mean number 
of indicator failures due to non-forestry-related fac-
tors was only . per stream (Table 5.5). 

On average, when forestry-related factors are 
included, the mean number of indicator failures 
(“no” answers) was 3.6 per stream, leaving a mean 
forestry-related increment of 2.5 per stream. The 
largest increments attributed to forestry occurred in 
class S4 and S6 headwater streams where 2.5 and 3.4 
“no” answers were added for the two classes, respec-
tively. The predominant broad causal factors of low 
riparian tree retention, road-delivered fine sedi-
ments, and cross-stream falling and yarding (S6s) 
appear to explain the outcomes for these smallest 
streams, whereas road-delivered fine sediments and 
windthrow-related impacts were common sources of 

problems for larger fish-bearing streams with ripar-
ian reserves (classes S–S3) and for the large non-
fish-bearing class S5 streams (Table 5.5). Larger 
streams appear to be relatively well managed. On 
average, forestry added only 0.9–.0 “no” answers for 
the largest streams (classes S and S2), and .4 and .6 
“no” answers for classes S3 and S5, respectively.

These results, together with the identified causal 
factors, have initiated discussions on how the 
environmental outcomes of riparian management 
in British Columbia might be further improved. 
Anticipated problems with some class S6 and S4 
streams and the associated frequencies of occurrence 
have been systematically identified and statistically 
assessed. However, the FREP assessments also dem-
onstrate that many S6 and S4 streams scored well 
when certain practices were applied. Preliminary ob-
servations indicate that the number of “no” answers 
related to riparian management can be substantially 
reduced if the following three practices are followed, 
particularly within the riparian management zones 
of small streams. 

. Limit introduction of logging debris and riparian 
management area–related sediments into chan-
nels.

2. Limit physical contact with streambanks and 
streambeds when falling and yarding around 
class S6 streams; fall and yard trees away from the 
channel wherever possible.

3. Retain more vegetation more frequently around 
class S4 streams and important S6 streams. 

For example, problems were frequently encoun-
tered when non-merchantable trees and understorey 
vegetation (at a minimum) had not been retained 
in riparian areas. Fine sediment generation from 
roads and crossings was also frequently encountered. 

TABLE 5.5  Mean number of indicator failures (“no” answers) per riparian class of stream attributable to forestry-related and  
non-forestry-related causes

Stream 
class

No. 
streams

Total “no” 
answers

No. non- 
forestry 
“no”  
answers

Unhealthy 
(NPF)  
without  
forestry (%)

Unhealthy 
(NPF) with 
forestry
(%)

Mean non-
forestry 
condition 
(no. “no”)

Mean condition 
with forestry 
added (no. 
“no”)

Mean impact 
increment 
with forestry 
(no. “no”)

S 5 14 9 0 0 1.8 2.8 1.0
S2 84 217 142 0 1.2 1.7 2.6 0.9
S3 300 803 397 0 5.3 1.3 2.7 1.4
S4 269 1011 352 0 10.8 1.3 3.8 2.5
S5 93 228 81 0 5.4 0.9 2.5 1.6
S6 690 2904 555 0 19.0 0.8 4.2 3.4

  All 1441 5177 1536 0 12.6 1.1 3.6 2.5
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However, these problems can be addressed using 
well-known streamside retention and sediment 
management practices. The more frequent imple-
mentation of these techniques will likely improve 
outcomes for small streams.

The discussion of best management practices ver-
sus those associated with problems should continue 
and expand beyond the broadly identified issues of 
riparian retention, road-related sediment, and har-
vesting or range activities within riparian manage-
ment areas. To identify which practices are the most 
suitable for specific situations, several site-specific 
options need to be discussed with forestry and range 
practitioners.

Among the many challenges is adapting manage-
ment to the diversity of streams within the numeri-
cally dominant class S6. These streams dominate the 
lengths of drainage networks and can be relatively 
large (2.5–3 m wide), perennially flowing water-

courses with sufficient hydraulic energy to influence 
streams, aquatic habitats, and fish downslope. At the 
other end of the spectrum are the narrow, ephemeral 
class S6 streams, which may scarcely be 00 m long 
with barely discernable channel beds, and may not 
be connected to the rest of the drainage network 
by surface flow. Identifying appropriate riparian 
management activities across this broad spectrum 
of channels will continue to be one of the most chal-
lenging aspects of land use management.

Riparian assessments in British Columbia under 
the FREP are still at a relatively early stage despite the 
large sample of sites already evaluated. The 44 sites 
assessed between 2005 and 2008 form a substantial 
sample representative of the outcomes achieved 
under the prescriptive FPC regime, and provide a 
performance baseline for comparison with streams 
managed under the results-based FRPA regime.

SUMMARY

Monitoring the responses of streams and riparian 
areas under FREP will continue and will contribute 
to incremental improvements to riparian manage-
ment outcomes in British Columbia. In the immedi-
ate future, the effectiveness of riparian management 
implemented under the FRPA will be the main 
subject of post-harvest assessments of stream and 
riparian conditions. Existing riparian and stream 
channel monitoring in British Columbia provides 
information in the form of one-time “snapshots” 
of functional condition 2–2 years after harvesting. 
These data represent relatively short-term forest 
harvest effects (Figure 5.7). Research has shown 
that forestry-related impacts on streams and aquatic 
habitats may not be fully developed until two de-
cades or more have elapsed, especially in cases where 
impacts are related to mass wasting in headwater 
areas and are propagated over time down the stream 
channel network (Tschaplinski et al. 2004). There-
fore, continuous monitoring will have to be conduct-
ed over the long term to allow adequate adjudication 
of the potential long-term effects of forestry activities 
and thus inform strategies proposed for riparian and 
watershed management in British Columbia. This 
long-term perspective is particularly important in a 
results-based forest management regime where sev-
eral strategies may be proposed for these purposes.

The debate on how to best manage streams, partic-
ularly small streams, will likely continue. Although 
the implementation of ecologically sound riparian 
management practices is desirable, actually accom-
plishing this will pose significant challenges. Several 
questions will have to be addressed. For example, if 
some small streams are managed more conservative-
ly by increasing the levels of streamside tree reten-
tion to maintain attributes and functions on-site 
and to provide for aquatic habitats downslope, can 
this be done on an ecologically sound basis at the 
watershed level, while also providing some forestry 
opportunities? Can some forestry opportunities be 
achieved by re-allocating riparian retention from the 
riparian reserve zones of some larger streams? Will 
doing so have undesirable consequences for stream 
reaches where fish actually live? 

Many sound reasons exist for managing within 
a watershed context. However, we are still learning 
about how physical processes operate, how these 
processes are interrelated at larger spatial scales, and 
how these physical processes interact with biological 
processes at the watershed level. On the other side of 
this issue, one notion is that good practices exercised 
at the site level will likely go a long way towards pro-
viding functions at the watershed level. For example, 
if we provide for shade and sources of instream 



59

wood, limit ground disturbance in and near riparian 
management areas, manage roads to minimize sedi-
ment introductions to streams, and maintain fish 
passage, will these site-level actions be sufficient to 
maintain the integrity of the channel network and its 
aquatic ecosystems from the rim of the basin to the 
outlet of the principal stream? Is our knowledge of 
watershed functions sufficient to provide us with the 
confidence to achieve desirable outcomes?

Significant research gaps persist about the 
interactions of forestry practices in regard to LWD 
dynamics, sediment budgets and routing, water 
temperature impacts, groundwater–channel inter-

FIGURE 5.7  Clearcut riparian management area with second-growth vegetation. (Photo: R.G. Pike)

actions, and riparian reserve and management zone 
design to maintain these functions effectively at the 
site level. These and other research needs will be ac-
centuated in the future given the mid- and long-term 
effects of global climate change and its implications 
for precipitation and temperature regimes, forests, 
aquatic ecosystems, and watershed management. At 
the same time as post-harvest effectiveness monitor-
ing continues to provide the important data neces-
sary for adaptive management, additional research 
information in key gap areas can only benefit opera-
tional designs for riparian and watershed steward-
ship. 
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INTRODUCTION

Hydrologists and geomorphologists are often con-
sulted to predict or detect the potential effects of 
forest management activities on watershed pro-
cesses and streamflow. The resulting evaluations are 
frequently used to improve forest practices, and in 
planning-policy adjustments, certification, and risk 
management. Ultimately, the information provided 
helps to ensure the appropriate management of wa-
tershed processes, which in turn directly influences 
key values such as drinking water, timber resources, 
fish, and ecological functioning.  

It is challenging to predict change in watersheds 
that have few or no hydrologic or geomorphic 
data. Even in areas where suitable data exist, it is 
often difficult to transfer results beyond watershed 
boundaries because of scaling issues, the unique 
characteristics of individual watersheds, and the 
complexity of the processes involved. The interac-
tions between disturbance and climate variability 
greatly affect hydrologic response (water quantity 
and quality) and make prediction of end-states dif-
ficult. As a result, a distinct gap can exist between 
the level of certainty of information that hydrologists 

and geomorphologists can provide and the certainty 
of predictions that forest managers seek.

Many approaches are used to detect and predict 
changes in forested watersheds. These approaches 
fall within general categories of change detection 
(i.e., research, monitoring, and modelling) and 
change prediction (i.e., modelling, watershed as-
sessment). Change can be quantified in terms of the 
magnitude of change (relative to a given baseline 
condition) and the direction of change (positive 
or negative relative to a resource value of interest). 
These approaches can be grouped into four distinct 
categories: () research, (2) monitoring, (3) model-
ling, and (4) watershed assessment. 

This chapter provides a basic overview of the four 
overlapping approaches for detecting and predict-
ing changes in forested watersheds. This chapter will 
provide background for the reader and references 
to further information. The objective is to provide 
the reader with sufficient information to allow the 
selection of the most appropriate method(s) to assess 
forest management effects.

Detecting and Predicting Changes in 
Watersheds

Chapter 6

Robin G. Pike, Todd E. Redding,  
David J. Wilford, R.D. (Dan) Moore, George Ice, 
Maryanne L. Reiter, and David A.A. Toews
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GENERAL ISSUES AND CHALLENGES

The hydrologic and geomorphic effects of forestry 
activities (i.e., timber extraction, site preparation 
causing soil disturbance, stream crossings, road 
construction, and road maintenance) and natural 
disturbances (i.e., insect infestations, landslides, 
windthrow, and wildfire) are frequently the main 
concerns regarding watershed management. To a 
lesser degree (but not necessarily of lesser impor-
tance) is the use of off-road vehicles and recreational 
activities that can affect water quality and directly 
affect fish/aquatic habitat. A key issue is to determine 
when and how these activities are detrimental or 
require further watershed-scale or site-level analyses 
before initiating additional forest development. 

Several issues are common to the four approaches 
outlined in this chapter. In quantifying the poten-
tial effects of forest management activities, different 
approaches are required, depending on the temporal 
and spatial scale of the question, and the resource of 
concern. Variability within and among watersheds 
and watershed response to forest disturbance are 
common challenges. Fundamental to some meth-
ods is the delineation of a reference state, which can 
be difficult, given continual change in factors (e.g., 
climate) that drive hydrologic and geomorphic proc-
esses. Sometimes, answers are needed at temporal 
and spatial scales for which data are unavailable. 
This frequently entails the transfer of results or mod-

els developed at a particular temporal or spatial scale 
to largely different scales (e.g., a different watershed, 
different region). These factors generally preclude the 
creation of generic management “rules of thumb” 
that can be universally applied to watersheds in Brit-
ish Columbia.

Compounding these issues are cumulative 
watershed effects and difficulties separating forest 
management effects on watershed hydrology and 
function from natural disturbance, climate vari-
ability, and other anthropogenic effects of land use 
and development (e.g., recreation, range, agriculture, 
mining). A cumulative watershed effect (CWE) is the 
overall impact on a resource, where either a water-
related resource is affected or a change in watershed 
processes generates the impact (Reid 200). Cumula-
tive effects result from the combined effect of multi-
ple activities over space or time (MacDonald 2000). 
These effects can manifest if existing adverse condi-
tions increase in magnitude, duration, or frequency, 
if the sensitivity of the resource is altered, if a new 
adverse condition is created, or if mechanisms that 
once moderated impact severity become inoperative 
(Reid 200). For CWEs, the evaluation of the cause of 
change can be difficult to determine, as individual 
influences often cascade, resulting in impacts that 
are decoupled in space and time from the event or 
management activity of interest (Reid 200). 

RESEARCH 

Research confirms and builds on our knowledge 
base of watershed processes and, most importantly, 
provides an opportunity to serendipitously acquire 
new knowledge. Research allows for the detection 
of changes in watersheds and provides background 
knowledge necessary to predict the potential occur-
rence and effects of these changes.

In experimental research, the focus is usually on 
quantifying the effects of a given treatment (e.g., 
clearcut harvesting) on a hydrologic process (e.g., 
interception) or quantity of water (e.g., annual water 
yield, peak flows, low flows). This often involves 
quantifying the magnitude, direction, and duration 
of the response. Study designs commonly include a 
comparison of treated and untreated control units 

to facilitate the detection of change (i.e., treatment 
effects). In experimental research, control and treat-
ment units are identical, with the exception of the 
applied treatment; pre-treatment measurements es-
tablish the initial relationship between the treatment 
and control units. Experimental control provides the 
basis to determine whether changes in the treat-
ment units have also been observed in the controls, 
or whether changes are due only to the treatments. 
As the scale of an experiment increases, it becomes 
much more difficult to establish treated and control 
units and to control other factors that can confound 
an experiment (Schindler 998). 

Replication is the use of repeated treatments to as-
sess the variability of a process and treatment effect 
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outside of a single control-treatment pair (Eberhardt 
and Thomas 99). “Replication is used to estimate 
the variation in response to treatment due to differ-
ences in the sites or treatment applications” (Ford 
2000:60) and ensure that confidence intervals can 
be estimated around the treatment response mean 
(Powers and Van Cleve 99). “Replication provides 
an estimate of the experimental error, which is any 
variation that cannot be explained by the experi-
mental factors (i.e., sampling or measurement error, 
and natural variation among the experimental 
units)” (Nemec 998:2). Without replication, one 
cannot characterize the variability within an experi-
mental group, and subsequently cannot conduct any 
statistical analysis of the differences between experi-
mental units. This reduces the research to a simple 
case study. The other important benefit of replication 
is that it allows extrapolation from the sample to the 
other members of the same population. In hydro-
logic research, the ability to replicate is often limited, 
particularly at large spatial and temporal scales, and 
this lack of replication weakens the inferences and 
generalizations that can be drawn from the results of 
an experiment (Ward 97). A common mistake in 
conducting research is that of confusing the con-
trol of events (treatments) with the control of the 
observational process (Eberhardt and Thomas 99). 
“Circumstances in which replication denotes the 
ability to repeat a treatment should be distinguished 
from those in which it means taking repeated obser-
vations” (Eberhardt and Thomas 99:54). This leads 

to the dichotomy between conducting controlled 
experiments and observing uncontrolled events. (See 
Schwarz 998 for further description of studies of 
uncontrolled events including Impact Surveys and 
Before/After Control Impact Design.) 

Researchers frequently need to determine whether 
changes are statistically or hydrologically significant. 
Generally, this line of inquiry employs strategies that 
will allow testing for differences using a null hy-
pothesis approach. Statistical significance, however, 
may not be the most relevant method with which to 
determine the impacts of forestry activities on hy-
drology. The misuse of tests of statistical significance 
can confuse interpretation of research data (Johnson 
999). 

Forest managers are more likely interested in the 
magnitude (how large an effect), direction (increase 
or decrease), and duration (length of time that the 
effect lasts) of system response, rather than test-
ing for difference using a null hypothesis approach 
(Carpenter et al. 998). Recently, the selection and 
application of appropriate statistical methods has 
generated considerable controversy in forest hydrol-
ogy (e.g., Jones and Grant 996, 200; Thomas and 
Megahan 998, 200). This controversy has led some 
researchers to avoid complex parametric statistics, 
in favour of simpler graphical analysis that shows 
mean and standard deviation as indicators of change 
(Jones and Post 2004). Basic statistical methods re-
lating to water resources are well covered by numer-
ous texts. See examples in Table 6..

TABLE 6. Selected statistical reference material for further review 

Title Description/Notes Reference 

Monitoring Guidelines to  Statistical considerations in monitoring MacDonald et al. 1991
Evaluate Effects of Forest  water quality and stream channel 
Activities on Streams in the  conditions
Pacific Northwest and Alaska    

Statistical Methods for Adaptive  Many examples in a water resources context Sit and Taylor (editors) 1998
Management Studies including experimental design, studies of
 uncontrolled events, retrospective studies, 
 and selection of appropriate statistical methods  

Biometrics information:  Seven handbooks and 60 pamphlets Various authors; see B.C.
pamphlets and handbooks   Ministry of Forests and Range
  website: www.for.gov.
  bc.ca/hfd/pubs/Bio.htm

Statistical Methods in Water  Statistics textbook for hydrologic data analysis, Helsel and Hirsch 1991
Resources emphasis on non-parametric methods  

http://www.for.gov.bc.ca/hfd/pubs/Bio.htm
http://www.for.gov.bc.ca/hfd/pubs/Bio.htm
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processes. Plot-scale studies are also used to evaluate 
spatial variability of hydrologic processes.

Although replication increases the power of plot-
scale research, it may be impossible to locate accept-
able replicates because of landscape heterogeneity. 
The plot-scale approach for watershed-scale research 
often assumes that results can be scaled up to the 
watershed level. 

Watershed-scale Studies

Watershed-scale studies frequently examine the 
effects of forest management on streamflow, which 
provides an integrated response of watershed hydrol-
ogy to disturbance. Because watersheds provide a 
convenient unit within which multiple, and some-
times conflicting, values are managed, research 
ideally would occur at the same spatial scale as 
management. Watershed-scale studies are generally 
divided into single- or paired-watershed (also called 
single- and paired-basin) approaches. 

In a single-watershed study design, a watershed is 
monitored before and after a treatment to determine 
the effects on watershed function (Whitehead and 
Robinson 993). Although this approach requires the 
monitoring of only a single watershed, the design 
still does not easily account for changes in climate or 
other confounding factors that might influence wa-
tershed function or response over time. For instance, 
if climate changes (e.g., Pacific Decadal Oscillation 
shift) between the pre- and post-treatment monitor-
ing periods, no control is available to help determine 
which effect is a response to the treatment and which 
effect is a response to climate variability (Brechtel 
and Fuhrer 994). In some cases, however, controls 
are developed within the watershed of study (e.g., a 
tributary). An example of a single-watershed study 
with a nested control design is the Carnation Creek 
Watershed Experiment (see Hogan et al. [editors] 
998). 

The paired-watershed approach is often the 
preferred method for assessing watershed-scale re-
sponse to forestry activities (Whitehead and Robin-
son 993). The paired-watershed approach involves 
the use of control and treatment watersheds where 
both basins are monitored during the pre-treatment 
phase and a regression relationship is developed to 
predict a given variable (generally streamflow) in the 
watershed to be treated. The paired-watershed design 
can be planned where the watersheds are specifically 
selected and instrumented for experimental pur-
poses (paired-basin experiment), or existing instru-

Experimental research approaches used in forest 
hydrology can be organized along a spatial hierar-
chy, from smallest research unit to largest (i.e., sam-
ple-, plot-, and watershed-scale studies). The spatial 
scale of the research approach has many implications 
for research design and subsequently the ability 
to generalize and make inferences to the broader 
landscape or conversely to identify key site-level 
processes. In some instances, it may be advantageous 
to employ manipulative experiments that allow 
the examination of system behaviour when pushed 
outside normal boundaries. This approach can help 
to isolate important processes or mechanisms that 
drive system response (Kirchner 2006). Ultimately, 
the research method selected will depend on the 
question being addressed (Pennock 2004). 

Sample-scale Studies

The smallest scale of hydrologic research occurs on 
sample-sized experimental units such as soil cores or 
streambed (benthos) samples. Sample-scale stud-
ies are used to overcome the difficulty in measuring 
processes on larger scales (e.g., evapotranspiration 
losses from forest stands vs. individual leaves or 
branches for short time periods). Sample-scale re-
search can be replicated and is amenable to standard 
statistical analysis. These studies generally provide 
detailed process information, and are frequently 
used for model parameterization. Examples of sam-
ple-scale research may include the analysis of water 
repellency in soil samples subjected to different 
temperatures, or transpiration from small branches 
under different climatic conditions. The major chal-
lenge with the use of sample-scale research results 
is the extrapolation to the plot and (or) watershed 
scales (Kirchner 2006; Sidle 2006).

Plot-scale Studies

A plot- or stand-scale study seeks to investigate 
hydrologic processes at a spatial scale larger than the 
sample, but where control and replication are still 
possible. Examples of plot-scale studies include re-
search on hillslope runoff processes (e.g., Buttle and 
McDonald 2002), where hillslopes are monitored for 
runoff and soil moisture fluxes in response to pre-
cipitation, or the analysis of snow accumulation and 
melt under tree canopies relative to clearcut open-
ings (e.g., Winkler et al. 2005). Sometimes the results 
of sample-scale measurements can be integrated 
into the measurement and modelling of plot-scale 
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mented watersheds can be used if the watersheds 
are similar enough (paired-basin study) (Moore and 
Scott 2005). 

After treatment, the magnitude of the treatment 
effect is assumed to be the difference between the 
predicted streamflow, using the pre-treatment rela-
tionship with the control watershed, and the meas-
ured streamflow (Ward 97). The Upper Penticton 
Creek Watershed experiment (see Winkler et al. 
2003) is an example of a paired-basin experimental 
approach.

Significant challenges are inherent in the paired-
watershed approach. Large watersheds can be more 
difficult to pair than smaller ones because of the 
inherent spatial variability in watershed morphol-
ogy and climate gradients. The differences introduce 
scatter around the pre-treatment regression line 
and thus reduce the statistical power of the analysis 
compared with smaller paired-watershed experi-
ments. An important question for these studies is 
how long should the watersheds undergo monitoring 
in the pre-treatment phase. If the period is too short, 
the experiment can lack satisfactory precision and 
may not be able to demonstrate a treatment effect 
(Wilm 949). If the period is too long, the proposed 
pre- and post-treatment sampling can make these 
experiments unnecessarily expensive. Most tradi-
tional paired-watershed studies have used annual 
response variables (e.g., water yield, peak flows) to 
avoid problems with autocorrelation within the data. 
The use of annual data, however, reduces the sample 
size, resulting in a loss of information at the shorter 
time scales. Its use also necessitates longer pre- and 
post-treatment measurement periods, which may not 
answer management questions in a timely manner. 
Several researchers, such as Troendle et al. (200), 
Watson et al. (200), and Gomi et al. (2006), have 
therefore explored many strategies to use shorter 
time step (i.e., sub-annual quantities) data. 

Because of the scale of the experiment and the 
difficulty in isolating the effects of two simultane-
ous impacts (e.g., harvesting vs. climate cycles), the 
paired-watershed approach is limited to examining 
the cumulative effects of change of a single per-
turbation (Moore and Scott 2005). The traditional 
paired-watershed approach can be a “black box” 
unless plot- and sample-scale studies are included 
to understand treatment effects on hydrologic proc-
esses (Sidle 2006). Other research designs (discussed 
in this chapter) are therefore generally more appro-
priate for larger watersheds.

Conducting research at the watershed scale can 
be challenging. One of the greatest concerns is the 
inability to replicate, which can inhibit the ability 
to transfer results beyond the research watershed 
(Alila and Beckers 200). Additionally, the size of a 
watershed may also influence the research results, 
as smaller watersheds generally have greater vari-
ability in streamflow characteristics and show a 
relatively larger impact of land use change than 
larger watersheds (Pilgrim et al. 982). Because 
conducting research at this spatial scale can also be 
costly, watershed-scale experiments are not rou-
tinely initiated in British Columbia. Nevertheless, 
data from watershed-scale experiments can provide 
hydrologists and managers with vital information 
about watershed-scale hydrologic response to forest 
management practices (Moore 2005; Moore and 
Scott 2005). Research at this scale is also important 
for other approaches (e.g., modelling) and to gener-
ate data for verifying scaled-up results from sample- 
and plot-scale studies. In some cases, meta-analyses 
of multiple paired-watershed experiments (see Bosch 
and Hewlett 982; Jones and Grant 996; Stednick 
996; Jones 2000; Jones and Post 2004) can be very 
helpful to extrapolate to other conditions and evalu-
ate the variability in response. 

Time-series and Spatial-comparison Approaches

Research approaches can also be categorized by tem-
poral and spatial scales. There are two fundamental-
ly different approaches: () the time series examines 
hydrologic variations for a set of units having differ-
ent management histories, and attempts to use sta-
tistical methods to separate climatic variability from 
a signal associated with changes in forest condition; 
and (2) the spatial comparison uses a space-for-time 
substitution to examine the effects of different forest 
conditions on hydrologic response variables.

Time-series approaches provide a snapshot 
through time of system behaviour (Powers and Van 
Cleve 99) and may be used at the sample, plot, and, 
less frequently, watershed scales. Studies using the 
time-series approach select sites along a temporal 
continuum from the time of (or even before) a given 
perturbation through different phases of system 
response (Powers and Van Cleve 99; Moore 2005). 
The major assumption of this method is that differ-
ences between sites are caused by differences in time 
since disturbance. This assumption is often weak, as 
climatic variability through time (e.g., Pacific Dec-
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spatial pattern of treatments and controls is not ran-
dom. For planned experiments, variability among 
experimental units contributes to “experimental 
error,” and can be dealt with via randomization and 
replication. Randomization controls for the possibil-
ity of bias caused by systematic differences among 
the treatment and control plots, and replication re-
duces the error term. For example, Gomi et al. (200) 
used a spatial-comparison approach to examine the 
effect of disturbance on woody debris and sediment 
in headwater streams in Alaska, and used statistical 
methods appropriate for designed experiments with 
treatments randomly assigned. However, the spatial 
clustering of treatments (see Figure  in Gomi et al. 
200) means that the effects of disturbance history 
could be confounded with inherent gradients in 
catchment morphology, forest and soil characteris-
tics, and climatic conditions across the study region.

Research Approach Summary

The design and analysis of forest hydrology research 
requires clearly defined goals and objectives for the 
research project. To this end, clearly defined hypoth-
eses or questions are key to developing an efficient 
measurement and analysis strategy (Pennock 2004). 
Predicting a watershed disturbance effect depends 
on process knowledge (Kirchner 2006; Sidle 2006). 
Transferring process knowledge (understanding) be-
tween spatial or temporal scales is a major challenge 
for research. This difficulty should be recognized 
at the outset of a research project, as the available 
measurement techniques will, in part, determine 
the ability to move data between scales of interest 
(Kirchner 2006; Sidle 2006).

adal Oscillation shift) can mask the signal associated 
with management (treatment). As well, changes in 
management practices generally occur through time 
(Powers and Van Cleve 99). There are, however, 
review articles that outline methods for analyzing 
change in streamflow time series (e.g., Kundzewicz 
and Robson 2005 and references therein). 

The benefit of time-scale approaches over long-
term continuous monitoring of watersheds is the 
ability to replicate treatments across the landscape 
in a short period of time; however, this benefit comes 
at the cost of well-designed controls and pre-treat-
ment sampling. As a result, time-scale approaches 
are not widely used in forest hydrology studies. 
Nevertheless, time-scale approaches are useful 
for broader-scale assessments and can be used in 
developing regionalization and scaling schemes to 
transfer data from smaller experimental watersheds 
to larger landscapes. Although these studies have 
been criticized for weaknesses in design, time-scale 
approaches try to understand forest management 
effects at larger spatial scales not addressed by small 
watershed experiments, and do so in a time frame 
that supports adaptive management.

Spatial-comparison approaches select treatment 
units and associated (often adjacent) untreated 
control sites to examine potential treatment effects. 
In spatial-comparison studies, careful site selection 
is essential for controlling as many properties as pos-
sible (Swanson and Hillman 977; Powers and Van 
Cleve 99). The assumption is that the treatment 
and control sites were initially very similar, and that 
treatment effects caused the differences between 
them. As no pre-treatment information is available 
for the treated unit, this assumption may be tenuous 
(Powers and Van Cleve 99). In forest hydrology, the 

MONITORING 

Monitoring is the second approach commonly 
used to detect changes in watersheds. This section 
introduces the concept of monitoring and refers the 
reader to additional sources of information on the 
subject (see Table 6.2). The development of indica-
tors and measures to gauge forest management ef-
fects on watershed function are beyond the scope of 
this short discussion. Methods specifically related to 
riparian areas are covered in Chapter 5 (“Riparian 
Management and Effects on Function”) and water-

shed measurement methods and data limitations are 
covered in Chapter 7 (“Watershed Measurement 
Methods and Data Limitations”).

Monitoring usually means “to describe a vari-
able or variables and track changes over a period of 
time” (MacDonald et al. 99). Generally, monitor-
ing is differentiated from research by the lack of 
controls that research approaches use to distinguish 
cause and effect. The distinction between the two 
approaches, however, can be fuzzy, as each involves 
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sequential measurements. At first glance, the con-
cept of monitoring is easy to understand, yet can be 
difficult to implement if ill-planned and delivered. 
Defining clear project objectives, selecting appropri-
ate variables and sampling scheme to achieve stated 
objectives, and establishing a baseline or reference 
state for the variables of interest are essential for suc-
cessful monitoring.

Monitoring is typically designed to: () inform 
when the system is departing from the desired state; 
(2) evaluate the success of management activities; 
and (3) detect the effects of system disturbances 
(Legg and Nagy 2006). Although many variables 
and a broad spectrum of instruments are available to 
collect quantitative data, monitoring is also based on 
qualitative measurements (e.g., descriptive assess-
ments or use of repeat photographs). 

When statistical analyses will be used to quantify 
detectable changes, it is important to consider sam-
ple size (and the associated statistical power) at the 
outset of monitoring study design (Loftis et al. 200). 
Monitoring projects can be divided into the follow-
ing categories (adapted from MacDonald et al. 99):

. Trend: Measurements at regular intervals to 
determine the long-term trend in a particular 
variable.

2. Baseline: Description of conditions to establish 
baseline data for planning or future comparisons.

3. Implementation: Assessment of activities to 
determine whether they were carried out accord-
ing to plans. Generally this entails few, if any, 
measurements. An example would be determin-
ing whether riparian-zone widths comply with 
regulations.

4. Effectiveness: Evaluation of the degree to which a 
specified prescription had the desired effect. For 
example, determining whether a riparian zone 
maintained water temperatures during mid-sum-
mer.

5. Project: Assessment of the impact of a particular 
project on a given variable. For example, the im-
pact of road construction and (or) harvesting of 
a cutblock on water quality, involving upstream/
downstream data collection.

6. Validation: Quantitative evaluation of a model 
designed to predict a particular variable. The 

Table 6.2 Monitoring reference resources

Title Description/Notes Reference

Monitoring Guidelines to Evaluate  Design considerations and monitoring MacDonald et al. 1991
Effects of Forest Activities on  techniques
Streams in the Pacific Northwest 
and Alaska    

Guide to Effective Monitoring of  Parts II and III of this document contain the Kershner et al. 2004
Aquatic and Riparian Resources protocols for measuring specific aquatic and  
 riparian attributes that describe habitat 
 conditions

Testing Common Stream Sampling  Evaluation of variability in stream habitat Archer et al. 2004
Methods for Broad-scale, Long-term  sampling methods used by the U.S. Department
Monitoring of Agriculture Forest Service and the Bureau of 
 Land Management monitoring program for the 
 upper Columbia River Basin  

The British Columbia Watershed  Synthesis of recommendations for experimental Keeley and Walters 1994
Restoration Program: Summary   design, monitoring, and restoration techniques
of the Experimental Design, 
Monitoring, and Restoration 
Techniques Workshop   

A Review of Protocols for Monitoring  Reviews existing and proposed protocols used to Stolnack et al. 2005
Streams and Juvenile Fish in Forested  monitor stream ecosystem conditions and 
Regions of the Pacific Northwest responses to land management activities in the 
 Pacific Northwest
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monitoring data would be used to test the model.
7. Compliance: Determination of the extent to 

which specified variables are within appropriate 
limits, usually in relation to government regula-
tions; for example, fecal coliform numbers in 
community drinking water supplies. 

Regardless of monitoring category (or other 
methods for determining changes in watersheds for 
that matter), a monitoring project should address the 
following important steps: 

. define clear objectives; 
2. develop a plan that includes a strategy for data 

collection and management;
3. define personnel and budgetary constraints;
4. initiate pilot monitoring and documentation;
5. ensure full and consistent implementation of 

monitoring project; and 
6. analyze, interpret, and report on information to 

ensure implementation of results.

As mentioned, the most important step is the 
definition of monitoring objectives and a plan (de-
termination of variables, required sample size, etc.) 
before monitoring begins. Pilot monitoring is critical 
before the initiation of large-scale monitoring, as any 
changes needed to the monitoring site or methodol-
ogy may preclude comparisons with earlier collected 
data (MacDonald et al. 99). Once monitoring 
begins, regular reports are needed to clearly articu-
late methods, rationales, and decisions made in the 
monitoring program. Such information is critical 
in the event of staff turnover and (or) re-analysis of 
data/problem-solving. Documentation of whether 
and how a baseline was established and why certain 
variables were selected for monitoring is important 
for those interpreting results who were not part of 
the monitoring program.

Establishing a Baseline

Depending on the objectives of a monitoring project 
(i.e., type of monitoring noted above), the delinea-
tion of a baseline or reference state from which 
change can be quantified can be an important 
element of monitoring. In many cases, a baseline 
is not a single value, but rather a range of natural 
(background) variability. For example, a common 
misperception is that undeveloped watersheds never 

have turbid water; however, such streams can convey 
periodic high loads of fine sediment. To understand 
watershed variability and establish a baseline that 
will provide valuable insight into natural function 
may take many years of observation. During this 
data collection, most monitoring programs collect 
data under a reasonable amount of climatic varia-
tion, including some extremes. Hence, the baseline 
collection period need not be long if it contains 
informative data. Designing baseline monitoring 
projects needs to recognize the variability across the 
landscape. For example, some watersheds may have 
significant natural sediment sources, wider valley 
flats, and other features that make them regionally 
unique. Using these watersheds as baseline informa-
tion sources, or extrapolating baseline data to them, 
is often inappropriate.

Many monitoring projects do not have the luxury 
of a long-term determination of baseline conditions. 
In some projects, this may not be critical, depending 
on the spatial and temporal scale of study and where 
estimates of baseline conditions can be derived from 
other variables or reasonably assumed (e.g., esti-
mates of surface erosion from roads). If knowledge 
of the baseline condition is critical to a monitoring 
study, absence of such knowledge can result in the 
subjective interpretation of post-treatment respons-
es, thereby limiting the confidence of the monitoring 
results in detecting change. Critically important are 
the selection of appropriate informative variables.

Selection of Variables 

Because watershed processes are interconnected, 
those who make management interpretations based 
on monitoring results must avoid treating a process 
in isolation or making assumptions about link-
ages. For example, natural sediment production in 
a watershed is generally related to precipitation and 
snowmelt events. So although forestry practices may 
increase sediment production, precipitation will still 
be a key factor. As an example, Beak International 
and Aquafor Beech examined sediment accumula-
tion in several lakes in west-central British Columbia 
and determined that sediment production in the wa-
tersheds was higher in the pre-logging period than 
during or after logging.1 Based solely on the monitor-
ing results, one could have concluded that log-
ging reduced sediment production; however, these 
counterintuitive findings were determined to be the 

 Beak International Inc. and Aquafor Beech Ltd. 2000. Skeena Lakes operational inventory and development of sediment loading 
sensitivity models. B.C. Min. Environ., Lands and Parks, Smithers, B.C. Unpubl. report.
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result of drier conditions during and after logging 
and than before logging. It is therefore essential to 
analyze monitoring results in the context of factors 
such as the amount and intensity of precipitation, 
timing of snowmelt, snow-water equivalent, and 
water yield. 

Before defining and selecting monitoring vari-
ables, several questions should be considered.

• What will the variable be compared with / mea-
sured against? For example, does a standard cur-
rently exist for that variable?

• Is the variable likely to change as a result of for-
estry activities? 

• Is there a scientific/process basis for this expecta-
tion? 

• Will the change be solely associated with the dis-
turbance, or is the expected change dependent on 
other factors (e.g., sediment production as related 
to annual precipitation)?

• How similar is the watershed in question to wa-
tersheds reported in the literature?

• What degree of sampling will be required to 
detect a change (e.g., sample size, sample location, 
and sampling frequency)?

• How and where will the variable be measured and 
what are the limitations to the sampling tech-
nique?

• Does the variable being measured depend on 
other factors and how will these factors be mea-
sured?

• How will the data (monitoring results) be used?
• Do you understand the limitations of the moni-

toring results?

Characteristically, monitoring is done over 
months to years and generally requires continued 
management support for resourcing. If this support 
is lacking, the monitoring project should be rede-
signed or never started (Wilford 2003).

General Limitations of Monitoring

Many challenges can be encountered when designing 
and implementing a monitoring program. MacDon-
ald et al. (99) identified the following challenges:

• a lack of information at the onset of monitoring 
that has implications for project design; 

• difficulty in distinguishing between natural dis-
turbance and management activities;

• difficulty in distinguishing between multiple 
management activities in a watershed;

• the possible time lag between an action and its 
effect; and

• the random nature of climatic events.

Monitoring results often depend on scale and can 
be altered depending on where sampling is con-
ducted in a watershed. For example, as sampling is 
conducted farther away from the site of disturbance 
(downstream), the effects of a single disturbance will 
be diluted (by dilution, attenuation, and storage) and 
likely confounded by cumulative watershed effects. 
If, however, the objective is to evaluate cumulative 
effects, then locating sampling sites at the smallest 
scale may limit observations to the effect of a single 
activity (see Figure 4 in MacDonald 2000). Thus, the 
selection of sampling sites can also strongly influ-
ence the ability of a monitoring program to detect 
change in a watershed. 

The ability to detect changes is also determined 
by the size of the effect (i.e., what are the limits of 
acceptable change), the variability in the data, the 
sample size, and the statistical test applied (Legg 
and Nagy 2006). Failure to consider these factors 
can limit the ability of the monitoring program to 
provide a conclusive answer to the question of inter-
est. The reader is referred to Loftis et al. (200) for 
further discussion on the use of statistical power in 
detecting changes, with and without pairing (i.e., use 
of an explanatory variable), and MacDonald (2000) 
for more information on managing and evaluating 
cumulative effects. 
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MODELLING

Mathematical modelling is the third method that 
can be used to help with both detection and predic-
tion of change in watersheds. The purpose of many 
hydrologic models is to represent or simulate water-
shed processes (e.g., evaporation, and snow accumu-
lation and melt, streamflow, water yield,) to predict 
(e.g., flood forecasting) or generate scenarios (e.g., 
impact analysis). In research, modelling provides the 
ability to study hydrologic response to disturbances 
on time scales that far exceed traditional field-based 
measurement approaches (e.g., climate change 
modelling). Mathematical (hydrologic) models can 
generate various scenarios to assess the hydrologic 
impacts of many different treatments before those 
activities are initiated. Application of hydrologic 
models to assist forest managers in making water-
shed-level decisions has been the focus of many 
research initiatives (e.g., Alila and Beckers 200). 
Changes in water quantity, and less frequently in wa-
ter quality, can also be explored. Often, results and 
methods can be integrated with other models (e.g., 
climate change models) or geographic information 
systems. Models can be used to investigate complex 
watershed management problems. Although the 
discussion in this section focusses on hydrologic 
models typically used for flow prediction, the same 
principles are valid for models examining other 
response variables (e.g., sediment, water chemistry, 
aquatic ecology). 

Structure of Hydrologic Models

Hydrologic models represent simplifications of real-
ity and are based on our understanding of the hydro-
logic processes they represent. Hydrologic models 
simulate the movement and storage of water within 
a watershed. Hydrologic models generally comprise 
both theoretical and empirical mathematical equa-
tions and, therefore, almost always contain param-
eters and variables. A variable is a characteristic of 
a hydrologic system that varies in space and time. 
Examples of variables include temperature, precipi-
tation, and streamflow (Singh 988). In contrast, a 
parameter is a value characterizing a watershed, or 
portion thereof, that usually remains constant over 
time (Singh 988). Examples of parameters include 
soil and vegetation characteristics. To produce 
satisfactory results, model parameters must be cali-
brated for the watershed to which they are applied. 

Calibration involves adjusting model parameters 
so that the difference between the observed values 
and predicted values (model output) is minimized. 
Once calibrated, the model is then “validated” by 
evaluating its performance on a portion of data that 
was not used in the calibration process. The calibra-
tion and validation processes applied depend on the 
available data and the goals of the modelling exercise 
(Klemes 986).The amount and quality of data re-
quired for calibration and validation vary with each 
model application. Generally, the quality of data is 
more important than the absolute quantity (record 
length). Specifically, data sets with more hydrologic 
variability (i.e., wet, normal, and dry years) contain 
more information and lead to better calibrations and 
predictions irrespective of record length. The selec-
tion of an appropriate model can be difficult, given 
the wide range in available models and the option of 
developing a specific model for a given watershed or 
question (Barnes and Bonell 2005).

Types of Models 

Simulation models range from simple, regression 
equations to highly complex computer models 
that simulate the movement of water through the 
landscape. Models can be implemented at a range 
of spatial (e.g., flow dynamics through a soil col-
umn to linked global hydrology-climate models) 
and temporal scales (hourly vs. daily vs. annual) 
(Barnes and Bonell 2005). The range of available 
models can be organized according to two main 
characteristics: () physico-mathematical basis for 
hydrologic process representation, and (2) spatial 
discretization (see Figure 6.). In British Columbia, 
several watershed-scale hydrologic models have been 
applied: the Distributed Hydrology Soils Vegetation 
Model (DHSVM), the University of British Columbia 
Watershed Model (UBCWM), and the HBV-EC. See 
Pike (2003) and Beckers et al. (2009) for reviews of 
watershed-scale hydrologic models suitable for ap-
plication in British Columbia. 

For watershed-level hydrologic models, a popu-
lar distinction is whether the model is lumped or 
distributed. Lumped models typically use average 
values to represent various processes over an entire 
watershed (lumped) to obtain an overall output 
at the basin outlet (Rosso 992). A lumped model 
does not account for the spatial variability of model 
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parameters, variables, hydrologic processes, or 
physical characteristics within a watershed (Singh 
[editor] 995). Distributed models account for the 
spatial variation of model parameters, variables, 
hydrologic processes, and geometric characteristics 
over the modelled watershed (Rosso 992; Singh [edi-
tor] 995). Distributed models typically require more 
information and usually contain more parameters 
than lumped models (Singh [editor] 995). Distribut-
ed models usually divide a drainage basin into units 
or pixels of a defined size. For each of these units, a 
unique set of variables and parameters is assigned 
and maintained throughout the simulation. Data 
limitations, however, often prevent the realization 
of fully distributed models because certain system 
characteristics may have to be lumped within many 
of these models. As with the selection of appropriate 
research and monitoring strategies, the selection of 
any hydrologic model depends on objectives and the 
availability of data to drive the model (Barnes and 
Bonell 2005; Beckers et al. 2009).

Hydrologic Modelling Limitations

With the advances in computer technology, hydro-
logic modelling has become a popular approach to 
determining watershed changes. Nevertheless, more 
advanced models have not necessarily improved 
predictions of the effects of forest management 
on hydrologic processes or watershed response to 
disturbance (Beven 200). Numerous summaries of 
physically based models and (or) their usefulness in 
predicting the potential impacts of proposed forest 
development have been completed (Singh [editor] 
995; Brooks et al. 997; Pike 998; Beckers et al. 
2009). To date, few physically based models have 
been used in practice (forest operations) in British 
Columbia and are primarily research based, taking 
advantage of extensive data sets compiled from ex-
perimental watersheds. In addition, the models have 
not been tested for their ability to accurately predict 
the effects of forest management. (See the excellent 
discussion by Klemes 986 on how models should be 
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FIGURE 6.  Classification of common watershed models based on level of 
process representation and spatial discretization. DHSVM =  
Distributed Hydrology Soil Vegetation Model; UBCWM = University 
of British Columbia Watershed Model; IHACRES = Identification  
of Unit Hydrographs and Component Flows from Rainfall,  
Evaporation, and Streamflow Data; TAC D = Tracer Aided Catch-
ment model – distributed; InHM = Integrated Hydrology Model.
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tested for operational application.) The most rigor-
ous approach would be to evaluate whether a model 
can reproduce the treatment effect estimated from a 
paired-catchment experiment. Waichler et al. (2005) 
is one of the few examples of this approach; they 
compared DHSVM predictions of logging effects at 
the H.J. Andrews Forest in the Oregon Cascades to 
those estimated by pre-harvest regression.

Traditionally, hydrologic simulation models have 
not been widely used in forest management for 
reasons that include model complexity, lack of suit-
able data, user unfriendliness, and considerable time 
consumption and (or) cost. This lack of use (or trust) 
may partly stem from a misunderstanding of the dif-
ference between models that predict and models that 
generate scenarios, and the important difference in 
confidence in the information these models provide. 

Making inferences from models can depend on 
the calibration and validation process used (Beven 
200). Model calibration can present a significant 
barrier to operational model applications when few 
or no watershed-specific data are available. An im-
portant limitation to some model applications is the 
sparse network of climate and hydrometric stations 
in British Columbia, particularly at high elevations. 
Klemes (986) provides a series of protocols for mod-
el calibration and validation that are a function of 
the desired model application. Unfortunately, most 
models are calibrated using only precipitation and 
streamflow data. Although good fits between meas-
ured and predicted streamflow are possible, the need 
to adjust model parameters to obtain these results 
may produce parameter values that do not represent 
physical reality (Beven 200; Seibert and McDonnell 
2002). Complex models with many parameters can 
reach the same result with different combinations of 
parameter values, leading to the problem of equi-
finality, where a number of paths lead to the same 
result (Beven 200).

Regardless of these limitations, hydrologic models 
are valuable in assisting our ability to transfer data 
between basins and predict the potential effects of 
disturbance on forest watershed function (Newson 
and Calder 989; Alila and Beckers 200; Dunne 
200); however, current models will continue to 
require a steady supply of high-quality field data 
(Beven 200). Recent initiatives, such as PUB (Predic-

tions in Ungauged Basins), are attempting to shift 
the prediction of streamflow, sediment, and water-
quality variables from calibration-based to new, un-
derstanding-based methods (Sivapalan et al. 2003). 
This international initiative has two goals: () to 
improve the predictive ability of hydrologic models 
in ungauged basins through appropriate measures 
of predictive uncertainty; and (2) to develop new 
models and approaches that capture the space–time 
variability of hydrologic processes for making pre-
dictions in ungauged basins, with a major reduction 
in predictive uncertainty. 

Until such models are developed, problems 
inherent in the common approach of calibrating a 
model solely on streamflow outputs from a basin 
will remain a significant barrier to improved predic-
tion ability (Seibert and McDonnell 2002; Kirchner 
2006). Depending on the parameterization and cali-
bration process, the model may give a good fit to the 
calibration data with parameters that do not make 
physical sense (Beven 200; Seibert and McDon-
nell 2002). This makes it difficult to apply the model 
outside the calibrated watershed or under changing 
conditions such as harvesting disturbance. Newer 
techniques espoused by Seibert and McDonnell 
(2002) provide a method of using data and experi-
ence to develop multi-criteria calibrations beyond 
simply streamflow. This approach may lead to model 
fits that are potentially poorer than single-criteria 
calibrations, but with more physical meaning and an 
improved ability to be used between basins (Seibert 
and McDonnell 2002). In many hydrologic model-
ling applications, data and process understanding 
should drive model structures—to get the right 
answers for the right reasons (Kirchner 2006). 

The improved ability of models to predict the 
effects of forest management on watershed func-
tion lies in the ability of conceptualizations ap-
plied across the landscape to accurately represent 
key processes, and that spatially distributed data 
(especially precipitation and soil moisture) will 
be available to parameterize and calibrate models 
(Beven 200). Ultimately, the objectives of the study 
or research question should drive the selection of an 
appropriate hydrologic model for a given application 
(Jakeman et al. 2006).



539

WATERSHED ASSESSMENT APPROACHES

A key role of forest hydrologists and geomorpholo-
gists in British Columbia is to conduct watershed 
assessments identifying the total effect of past land 
use and natural disturbance events (e.g., mass move-
ments, windthrow, fire, insects, disease) and project-
ing the potential effects of future forest development 
and natural disturbance. At the watershed level, rate 
of harvest, percent roaded area, number of stream 
crossings, and proportion of a watershed previously 
harvested can define important thresholds to indi-
cate where further analysis may be needed before 
additional forest development proceeds. Watershed 
assessment is the evaluation of a watershed’s (or wa-
tershed components’) current functioning condition 
and likely future state. 

Over the last 20 years, numerous assessment 
procedures have been developed. Key issues that 
have driven the development of these procedures 
include changes in the frequency and magnitude of 
peak flows, changes in erosion and sediment yield, 
changes in channel morphology and aquatic ecosys-
tems, existing and potential cumulative watershed 
effects, environmental impact assessments, and 
the requirement for scientific input in evaluating 
proposed forest development. The intent of many 
assessment methods is to use an integrated approach 
that puts the individual pieces together to under-
stand the overall interactions between “…forest 
practices, landscapes, natural disturbance regimes 
and resultant effects” (Reiter and Beschta 995:60). 
Several authors have summarized cumulative effects 
approaches used in the United States (e.g., Reid 993; 
Reiter and Beschta 995; Berg et al. 996) and in 
British Columbia (e.g., Chatwin 200). The follow-
ing section summarizes some watershed assessment 
approaches used in the Pacific Northwest. The fol-
lowing descriptions are neither comprehensive nor 
exhaustive, but serve as background and highlight 
references where further information can be sought. 

Although watershed assessment approaches 
vary greatly, many have the following similar steps 
(Montgomery et al. 995; MacDonald 2000; Ice and 
Reiter 2003): 

. Scoping: determine the issues, define the water-
shed area and sub-units, identify the stakeholders 
and beneficial uses, identify available data.

2. Watershed assessment: apply technical modules. 
This will usually involve GIS analysis, fieldwork, 
and professional judgement.

3. Synthesis: summarize and integrate the key find-
ings from the modules.

4. Management solutions: recommend alternative 
and mitigation strategies that natural-resource 
managers can apply. 

5. Adaptive management: a continuous process of 
monitoring watershed conditions, evaluating the 
performance of the plan, and advising natural- 
resource managers.

Watershed Assessment in British Columbia

Before the mid-970s in British Columbia, no pub-
lished watershed assessment methodology was avail-
able to hydrologists. Typically, hydrologists would 
discuss watershed issues with their clients, examine 
maps and aerial photographs, drive as many roads as 
possible, and explain the state of the “health of a wa-
tershed” in a brief report. The issues that prompted 
the assessment would vary by watershed, but typical-
ly would include effects of forest harvesting on water 
quality, peak flows (floods), stability of inhabited 
alluvial fans, and fish habitat. Within any watershed, 
the assessment would document sediment sources, 
landslides, channel alterations by logging equipment, 
extent of past and proposed harvesting, status of re-
generation on logged areas, channel diversions, and 
the effects of streamside logging. These effects might 
be further projected to downstream areas of interest. 
Over the years, watershed assessment procedures 
applied in British Columbia evolved from threshold 
methods, to expert systems, to indicators, to pro-
fessional judgement approaches (Chatwin 200). 
This evolution follows the increase in the number 
of professionals available to undertake watershed 
assessments, the increased development and use of 
terrain stability mapping throughout the province, 
the increased use of GIS technology, and the further 
development of assessment procedures.

Threshold methods
A threshold approach to watershed assessment is 
based on the notion that watershed function will 
be affected if management activities such as forest 
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harvesting exceed a prescribed threshold (usually 
expressed as a percentage of the watershed’s total 
area) over a specified time period. In the threshold 
approach, the risk of affecting watershed function 
(through initiating adverse cumulative watershed 
effects) greatly increases as the threshold is ap-
proached or exceeded (see Cobourn 989). If a 
watershed is close to its threshold, the potential for 
initiating adverse cumulative watershed effects can 
be reduced by limiting the size, shape, and location 
of land-disturbing activities and limiting manage-
ment activities on sensitive areas (Cobourn 989). 
An early example of a threshold approach used in 
British Columbia was to establish a harvest threshold 
of 33% within 25 years (see Toews and Wilford 978). 
This method was presented as a planning guide that 
could be increased or decreased based on the specific 
features in a watershed. 

Over a decade later, the critical threshold ap-
proach was refined with the introduction of the 
Equivalent Clearcut Area (ECA) concept in British 
Columbia. This concept was originally developed in 
the United States to predict the effects of roads and 
forest harvesting on water yield (U.S. Department of 
Agriculture Forest Service 974). The ECA concept, as 
applied in British Columbia, established a percent-
age of the amount of harvesting that could occur in 
a watershed over a defined period of time, but gave 
credit for re-growth/regeneration occurring in the 
watershed. Although ECA was desirable to many 
managers because of its simplicity, many hydrolo-
gists expressed concern that the threshold approach-
es did not adequately recognize the variability in 
watershed response to forest harvesting. Also, the 
primary focus seemed to be on effecting changes in 
peak flows instead of examining the potential for 
riparian, fish/aquatic habitat, sediment/landslide, 
and channel stability impacts (Chatwin 200).

Expert systems
Expert systems are designed to mimic the way spe-
cialists arrive at decisions, and can be considered a 
branch of artificial intelligence that can function as 
“experts” to make decisions (Hushon 990). Charac-
teristically, answers to questions lead users through 
a decision tree. The result is more than the simple 
addition of answer scores, because certain questions 
can be given greater weight and other questions 
(parts of the decision tree) can be minimized or even 
discounted. The Watershed Workbook: Forest Hydrol-
ogy Sensitivity Analysis for Coastal British Columbia 

Watersheds (Wilford 987) is an example of an expert 
system designed for use by forest practitioners to 
identify watersheds requiring further professional 
assessment. In the workbook, ECA thresholds are 
part of the basic assessment procedure, but the 
potential for cumulative effects is based on a broader 
assessment that also includes landslides, roads, and 
proposed harvesting.

CWAP and IWAP—995 indicator approaches 
The Forest Practices Code of British Columbia Act 
in 995 required watershed assessments in commu-
nity watersheds, watersheds with high/sensitive fish 
values, and other watersheds as directed by the local 
District Manager of the B.C. Ministry of Forests. 

Two Forest Practices Code guidebooks provide 
guidance for watershed assessment (B.C. Ministry 
of Forests and B.C. Ministry of Environment 995a, 
995b) and detail the watershed assessment pro-
cedure for the Coast (CWAP) and Interior (IWAP) 
of British Columbia. The first versions of these 
procedures (995) were examples “of an indicator 
approach, which used point scores of measured 
watershed characteristics or land-use patterns to 
score the overall health or impacts of harvesting on 
watersheds” (Chatwin 200:20). The selected indica-
tors were meant to be proxies for watershed health. 
The 995 procedures outlined three successive levels 
of analysis. 

. Level : A GIS-based screening procedure based 
on indicators of watershed impact (health).

2. Level 2: A channel stability assessment, triggered 
by a moderate or high level- score. 

3. Level 3: A detailed field assessment of mass wast-
ing, erosion, riparian condition, and stream chan-
nel stability, triggered by a moderate or high score 
in level 2. 

The completion of a level  assessment produced 
scores for categories related to: () peak flow, (2) 
sediment, (3) landslides, and (4) riparian condition. 
A level-2 field assessment would be triggered if the 
scores for the level- analysis exceeded a threshold. 
Similarly, the level-3 assessment would be triggered 
by moderate to high scores in the level 2 analysis.

The indicator approach provides a consistent 
method for screening and identifying watersheds 
with and without potential forest management is-
sues. The use of an office-based, GIS procedure in 
level  facilitated the analysis of many more water-
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sheds than if these were investigated in the field and 
allowed for the focussed use of professional resour-
ces on problem watersheds (Chatwin 200). 

The approach was criticized for taking too long to 
complete and for misuse by those applying the pro-
cedure (i.e., interpreting indicators as goals vs. flags 
for further investigation, or not initiating level-2 
analysis and basing management recommendations 
only on level- results) (Chatwin 200). As a result of 
these issues and research summarized in Toews and 
Chatwin (editors, 200), the procedure was revised 
in 999 and shifted to a professional judgement ap-
proach.

CWAP and IWAP—999 professional assessment 
approaches
In 999, the British Columbia watershed assessment 
procedure was redefined as “…an analytical proce-
dure to help forest managers understand the type 
and extent of current water-related problems that 
may exist in a watershed, and to recognize the pos-
sible hydrologic implications of proposed forestry- 
related development or restoration in that water-
shed” (B.C. Ministry of Forests 200). 

The 999 version of the watershed assessment 
procedure differed from its predecessor in many 
ways. The iterative 995 assessment procedure was 
replaced with a single field assessment conducted 
by a qualified professional with experience in forest 
hydrology, geomorphology, terrain stability, and 
forest management. The professional was required to 
complete a watershed report card, which paralleled 
the data inputs in the previous (995) level- analysis 
(Chatwin 200). Also different, watershed advisory 
committees were established to provide specific wa-
tershed information and develop recommendations 
for proposed forest development based on the profes-
sional’s report. Committee representatives typically 
included forest licensees, government agencies, and 
the water licensee (if applicable). Additional mem-
bers were added if warranted (i.e., local government 
and other non-government representatives). 

The information collected under the 999 pro-
cedure was viewed as more reliable because it was 
gathered and analyzed by a professional and it spe-
cifically pertained to the watershed under analysis 
(Chatwin 200). The one-stage process was also 

viewed as an improvement over the iterative indica-
tor approach; however, because of fewer controls 
and the considerable latitude given to professionals, 
a potential for bias existed in the analysis. In addi-
tion, the newer procedure was more costly than the 
former level- analysis, particularly in watersheds 
with no problems (Chatwin 200).

Since 2004, the legislation requiring watershed 
assessments has been superseded by the Forest and 
Range Practices Act, where the decision to conduct 
watershed assessments is left to the discretion of the 
forest licensee. In most cases, watershed assessments 
conducted under the new legislation continue to use 
the 999 procedure as a general guide, modified to 
suit local conditions.

United States Watershed Assessment Approaches

Several approaches to watershed assessment and 
analysis have been developed and applied in the 
United States.2 Watershed assessments were original-
ly developed to estimate cumulative effects and were 
widely applied to forest watersheds in the northern 
Rocky Mountains and northwestern United States. 
These assessment methods were created for a wide 
range of land uses and stakeholders, yet most have 
similar steps including issue scoping, watershed 
condition analysis, and synthesis of information. 
Although the steps are often similar, how the as-
sessments are used varies. For example, assessment 
information was used to develop specific manage-
ment practices as well as provide a broad screening 
tool to prioritize restoration projects and develop 
monitoring plans.

A complete description of these different ap-
proaches is beyond the scope of this chapter. Table 
6.3 and the following discussions briefly summa-
rize the methods and provide references for further 
reading. Methods discussed include Washington 
Watershed Analysis, Oregon Watershed Assess-
ment Manual, Idaho Cumulative Watershed Effects 
Procedure, Forest Ecosystem Management Assess-
ment Team (FEMAT) Watershed Analysis, Equivalent 
Clearcut or Road Area Models, WATSED, and North 
Coast Watershed Assessment Program Method. Ad-
ditional details on many of these can be found in Ice 
and Reiter (2003).

2 A comprehensive list can be found at: http://cwam.ucdavis.edu/manuals_approaches.htm.

http://cwam.ucdavis.edu/manuals_approaches.htm
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Washington Watershed Analysis
The Washington Watershed Analysis (WWA), 
adopted in 992, was the first watershed assess-
ment method in the Pacific Northwest region of the 
United States. Based on biological and physical in-
ventories of watershed conditions (Washington For-
est Practices Board 997), it is a collaborative process 
involving resource scientists and managers. Through 
field surveys, aerial photographs, data collection, 
and analysis, the effects of past management activi-
ties are used to predict watershed responses to future 
changes in wood, water, and sediment delivery.

The WWA method is designed to provide wa-
tershed-specific forest practice rules to protect 
beneficial uses of water. Key elements include: an 
extensive technical manual; training and credential 
requirements for analysts; the use of situation syntax 
to route impacts to specific resources of concern; 
development of solutions by managers; and rewards 
for conducting an analysis (e.g., faster approval for 
forest practice applications). The strengths of the 
method include a fairly repeatable and objective 
assessment process and spatially explicit watershed 
information. The main limitation of the procedure is 
the lengthy prescription-writing process, which pro-
duces prescriptions similar to standard rules (Col-
lins and Pess 997). In addition, landowners became 
reluctant to invest in this analysis method when 
federal agencies were unwilling to accept results 

for Total Maximum Daily Load (TMDL; see below) 
assessments or endangered species plans. The use of 
this method has greatly diminished in Washington 
State since the development of the Forest and Fish 
Agreement in 999, which incorporated many of the 
management prescriptions into the rules.

Oregon Watershed Assessment Process
In contrast to the Washington method, which relied 
on experts, the Oregon Watershed Assessment Pro-
cess (OWAP) was designed to be conducted by Wa-
tershed Council volunteers with limited help from 
technical experts. The OWAP provides a broad-scale 
assessment of watershed condition including all land 
uses. This assessment is used to prioritize restoration 
activities and to develop monitoring plans. Steps in-
clude: start-up and identification of watershed issues; 
determination of historic conditions; classification 
of channel habitat; assessments of hydrology, water 
use, riparian/wetland condition, sediment sources, 
channel modifications, water quality, fish, and fish 
habitat; and an assessment of overall watershed 
condition. Critical questions in each of the water-
shed assessment modules help the user identify how 
natural processes and various human activities affect 
fish habitat and water quality. This method offers a 
useful screening tool for watershed condition, but its 
general nature does not allow it to specifically link 
land use conditions to aquatic impacts.

TABLE 6.3 Watershed assessment approaches in the United States

Watershed assessment method Type of assessment Reference(s)

Washington Watershed Analysis Inventory and assessment leading to  Washington Forest Practices
 watershed-specific rules Board 1997

Oregon Watershed Assessment  Screening tool to help prioritize Watershed Professionals Network 
Manual  restoration activities 1999

Idaho Cumulative Watershed  Quick but limited version of the Washington Idaho Department of Lands 2000
Effects Procedure Watershed Analysis method 

FEMAT Watershed Analysis  Broad assessment tool for federal forest lands Federal Ecosystem Management
Approach  Assessment Team 1994; Regional 
  Ecosystem Office 1995

Equivalent Clearcut Area,  One-dimensional, easy to apply using Reid 1993; Ager and Clifton 2005
Equivalent Roaded Area, R-1  thresholds of concern 

North Coast Watershed  Broad assessment tool focussed on  Bleier et al. 2003
Assessment Program  anadromous fish habitat 

WATSED Erosion and sediment delivery model U.S. Department of Agriculture 
  Forest Service 1990



543

Idaho Cumulative Watershed Effects Procedure
The Idaho Cumulative Watershed Effects Procedure 
(ICWEP) is intended to detect the presence of adverse 
watershed or stream conditions, to identify the 
causes of those conditions, and to identify actions 
that will correct and prevent existing and poten-
tial future problems. The procedure was designed 
to be a streamlined version of the WWA to allow 
more assessments throughout the state. Modules 
are provided for erosion and mass wasting, canopy 
closure/stream temperature, hydrology, sediment 
delivery, channel stability, beneficial use assessment, 
nutrients, and adverse condition assessment. A mod-
ule to determine when more detailed assessments 
are required is also included. Although it looks at 
several watershed parameters, this procedure is 
most informative for sediment and temperature. The 
process also includes a re-assessment every 5 years to 
allow for state-wide monitoring. Because the ICWEP 
includes findings from a state-wide beneficial use as-
sessment,3 forestry is tied into other land use activi-
ties and their impacts. If data indicate that beneficial 
uses are not supported in the streams of an assessed 
watershed, then other human activities in the water-
shed will require evaluation. The ICWEP specifically 
mentions mining, grazing, overfishing, fish migra-
tion barriers, and even natural conditions.

Federal Watershed Analysis
The Federal Watershed Analysis (FWA) approach was 
developed for the Forest Ecosystem Management As-
sessment Team (FEMAT) for use on federal lands to 
address issues related to the Northwest Forest Plan 
and to design management recommendations to ad-
dress those issues. The FWA is similar to the OWAP in 
that it was designed to “…provide a systematic way 
to understand and organize ecosystem information” 
but not to develop specific management prescrip-
tions (although these should follow logically from 
the analysis). Like the WWA, experts focus on the 
core issues of hydrology, erosion, vegetation, stream 
channels, water quality, species and habitat (both 
terrestrial and aquatic), and human uses. Key steps 
include: characterization of the watershed, identifi-
cation of key questions, description of current condi-
tions, description of reference conditions, synthesis 
and interpretation of information, and development 
of recommendations. 

The main strength of this approach is its coverage 
of terrestrial and socio-economic issues not gener-
ally addressed by other assessments (Oregon Depart-
ment of Forestry 2004). One criticism of the FWA 
approach was that although designed to fine-tune 
regional watershed management prescriptions, this 
has not occurred regularly. The approach can also 
be expensive, and harvest levels on federal lands are 
low. Reeves et al. (2006), citing Baker et al. (2006), 
reported that the FWA has been applied to about 
500 watersheds, though the quality and effectiveness 
of these assessments varied widely. They found that 
“the watershed analysis process should be re-ex-
amined so that it is conducted more efficiently and 
considers the appropriate spatial scales, including 
the watershed of interest, and its context within the 
larger basin.”

Equivalent Clearcut Area and Equivalent Roaded 
Area methods
Several methods developed by the U.S. Department 
of Agriculture Forest Service are designed to assess 
how different forest conditions can be equated to 
either a clearcut (ECA) (King 989) or a road (ERA) 
(Menning et al. 997). MacDonald (2000) noted 
that “the idea is that all management activities can 
be converted to the amount of disturbance repre-
sented by a unit clearcut or unit road area…”. To 
guide management, both methods use a threshold of 
concern beyond which impacts are considered unac-
ceptable. Recovery from disturbance occurs with 
time. These methods are relatively simple to apply 
and have even been computerized (Ager and Clifton 
2005); however, ECA and ERA tend to be one-dimen-
sional, primarily addressing changes in flow or sedi-
ment, although it is usually not clear which specific 
water quality or resource issues are being addressed. 
The methods may not be capable of addressing site-
specific conditions (such as position of harvest or 
road) or the best management practices and miti-
gation measures that could reduce impacts. This 
is especially true when the water quality concerns 
involve temperature, sediment, nutrients, or other 
water quality or aquatic habitat issues rather than 
flow. Although widely used in interior western and 
California national forests, these methods are highly 
lumped and empirical in treatment of impacts and 
are generally not considered validated. See MacDon-

3 Beneficial Use Reconnaissance Project; www.deq.idaho.gov/water/data_reports/surface_water/monitoring/overview.cfmbeneficial

http://www.deq.state.id.us/water/data_reports/surface_water/monitoring/overview.cfm#beneficial
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ald (2000) for a detailed discussion of the ECA and 
ERA methods and a list of further references.

North Coast Watershed Assessment Program method
The North Coast Watershed Assessment Program 
(NCWAP) method was designed to develop baseline 
information about watershed conditions, guide 
watershed restoration programs and other incentive 
programs, and improve implementation of laws re-
quiring watershed assessments such as the California 
Forest Practices Act and the federal Clean Water Act. 
It provided an inventory of watershed conditions and 
assessments of current and historic condition of the 
stream and watershed, with a focus on anadromous 
fish habitat. Stream condition was assessed using 
mostly professional judgements about essential habi-
tat requirements. Road and upland conditions were 
assessed relative to the hazards created for watershed 
impacts.

The NCWAP4 process included a range of methods 
to collect and analyze information. Advantages of 
this method included the flexibility of the approach 
as well as its framework for peer review; however, the 
method included numerous theoretical relationships 
whose usefulness and predictive capabilities were 
not field tested. This comprehensive watershed con-
dition assessment procedure has been abandoned, 
probably because it could not clearly link the numer-
ous component parts into a cogent conclusion. 

WATSED
The U.S. Department of Agriculture Forest Service 
Region  and Region 4 sediment yield prediction 
model (WATSED) is commonly applied to water-
shed assessments in those regions (Ryan and Elliot 
2005). WATSED is based on locally derived empirical 
streamflow and sediment yield data, and uses stand 
properties and landscape units defined by landform, 
lithology, and soil characteristics. Onsite surface and 
mass erosion estimates are adjusted for slope deliv-
ery based on topographic conditions; downstream 
sediment delivery is adjusted on the basis of a water-
shed sediment delivery ratio. The model is sensitive 
to alternative forest cutting and soil disturbance 
activities, including silvicultural practices, alterna-
tive road construction practices, and wildfire. This 
basic model has been modified for local applications 

(e.g., NEZSED and BOISED) using consensus findings 
from agency experts (Elliot et al. 998). The WATSED 
is also a basis for surface erosion procedures in the 
WWA (Ryan and Elliot 2005). Although this family 
of models is well calibrated for the national forests 
where it has been applied, its reliance on local empir-
ical results restricts transferability to other regions 
without careful treatment (Ryan and Elliot 2005).

Total Maximum Daily Loads
In the United States, the federal Clean Water Act is 
driving many more focussed watershed assessment 
methods. Under this Act, streams identified as not 
achieving appropriate beneficial uses and meeting 
water quality standards are subject to Total Maxi-
mum Daily Load (TMDL)5 assessments. 

These assessments are designed to identify the 
pollution loads in a watershed for a specific water 
quality parameter so that load allocations and other 
controls can be developed to achieve beneficial uses. 
For forest lands, this has included assessments of 
water quality issues such as stream temperature 
(Oregon Department of Environmental Quality 
2002), nutrient loads (Degenhardt and Ice 996), and 
sediment. Since nearly 35 000 waterbodies are im-
paired in the United States, significant developments 
in modelling are required, as well as research, to 
better understand which water quality standards are 
achievable and biologically relevant (Ice et al. 2004). 

The U.S. Environmental Protection Agency (EPA) 
has promoted Better Assessment Science Integrat-
ing Point and Non-point Sources (BASINS)6 to assist 
in TMDL assessments. This tool is “a multi-purpose 
environmental analysis system that integrates a 
geographical information system, national watershed 
data, and state-of-the-art environmental assessment 
and modelling tools into one convenient package.” 
BASINs offers some very useful assessment com-
ponents, but has limitations when applied to forest 
conditions. Another information source is the EPA 
Handbook for Developing Watershed Plans to Restore 
and Protect Our Waters (U.S. Environmental Protec-
tion Agency 2008). Additional guidance for con-
ducting TMDL assessments for specific water quality 
issues is provided by the EPA7 for sediment, nutri-
ents, and pathogens, as well as pollution trading8 and 
other considerations.

4 See www.ncwap.ca.gov/
5 See www.epa.gov/owow/tmdl/
6 See www.epa.gov/OST/BASINS/
7 See www.epa.gov/owow/tmdl/techsupp.html
8 Controlling water pollution from one source to offset impacts from another source in a manner that achieves equal or greater water 

quality improvements in a less costly manner.

http://www.ncwap.ca.gov/
http://www.epa.gov/owow/tmdl/
http://www.epa.gov/OST/BASINS/
http://www.epa.gov/owow/tmdl/techsupp.html
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Challenges of Watershed Assessment

In all jurisdictions where watershed assessments 
have been used, a common challenge is to strike a 
balance between addressing complex processes and 
conducting assessments in a timely and cost-effec-
tive manner. This challenge is particularly relevant 
in British Columbia, since two-thirds of the prov-
ince is publicly owned forest (i.e., 60 million ha). 
The varied assessment methods developed over the 
past 20–30 years indicate that no approaches can 

be easily applied to assess or predict the cumulative 
effects of forest management (MacDonald 2000). 
Many of these approaches apply a rule-of-thumb or 
thresholds to evaluate the risk of forest management 
activities. Most assessments rely heavily on empirical 
relationships and (or) professional judgements. This 
is almost inevitable, given the complexity of forest 
management effects, watershed heterogeneity, the 
difficulty of routing and interacting effects, and the 
general lack of watershed-specific data.

SUMMARY

The ability of hydrologists and geomorphologists 
to make broad inferences and draw conclusions is a 
function of the questions asked and the approaches 
used to find answers. Although understanding 
physical processes and watershed functions in a local 
environment is useful, planning and management 
take place over the landscape. Professionals there-
fore need the ability to extend local data to wider 
spatial and longer temporal scales to answer the 
types of questions that managers ask (Pearce 998). 
Primary constraints on the applicability of current 
data to answer these questions include an inability 
to transfer knowledge between basins and regions 

(Dunne 200) and to translate data between scales 
(Blöschl and Sivapalan 995). Our limitations in 
making inferences are also related to our ability to 
predict the effects of harvesting (Bosch and Hewlett 
982; Swanson 982). If general approximations are 
sufficient, then we may already possess the necessary 
knowledge. Fundamental to detecting and predicting 
changes in watersheds is an understanding of how 
disturbances affect individual watershed processes 
and characteristics over time. A key consideration in 
detecting and predicting changes is the definition of 
questions of interest that will lead to the selection of 
the appropriate method(s) to find the answer.
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Introduction – Measurement Methods 
and Limitations

Markus Weiler, David L. Spittlehouse and 
Robin G. Pike

This chapter provides an overview of commonly 
used forest hydrology measurements, focussing on 
the limitations of both the variables measured and 
the measurement methods. The various section au-
thors provide an overview of different measurement 
methods and common limitations and cautions for 
the application/interpretation of collected data (e.g., 
statistical, common mistakes). For each variable, a 
short introduction is provided but related physical 
processes and hydrological linkages are detailed in 
other chapters. The objective is to increase the read-
er’s knowledge of the different measures available 
and potential issues with each measure that might 
lead to application errors. Each section also high-
lights several key publications for further informa-
tion. 

Watershed Measurement Methods and 
Data Limitations

Chapter 7

Section authors (in order of appearance):
Markus Weiler, David L. Spittlehouse,  
Robin G. Pike, Rita D. Winkler,  
Darryl E. Carlyle-Moses, Georg Jost,  
David Hutchinson, Stuart Hamilton,  
Paul Marquis, Ed Quilty, R.D. (Dan) Moore, 
John Richardson, Peter Jordan, Dan Hogan, 
Pat Teti, and Nicholas Coops

MEASUREMENT METHODS AND LIMITATIONS

Knowledge of watershed measurement methods and 
the respective data limitations are an important part 
of accurately determining changes in watersheds 
(Chapter 6, “Detecting and Predicting Changes in 
Watersheds”). Measurements provide a means to 
investigate important management questions and 
often are the only way to develop information at 
a local level. A common objective in the use of all 
watershed measurement methods is to minimize 
the level of error by selecting and using the most ap-
propriate measure. Hence, a review of the required 
accuracy, available resources (costs), and the spatial 
and temporal scales of interest before embarking 
on sampling program is necessary. Supporting the 
knowledgeable use of all watershed measures is a 
well-planned data management system that ensures 
the collected data are reliable, traceable, accessible, 
and secure.
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MEASUREMENT SCALE AND ACCURACY

Measurement Scale

Common to all measurements is an acknowledge-
ment of scale and issues related to the accuracy and 
error of measurement. A well-established literature 
exists on sampling theory (e.g., Thompson 2002), 
particularly in regard to statistically sound sam-
pling schemes. In forest hydrology, however, an even 
greater concern is to match the temporal and spatial 
scales of measurements with those of the phenom-
enon of interest. Mismatches are often unavoid-
able. For example, precipitation input into a several 
square-kilometre watershed is often measured with a 
single precipitation gauge covering an area of square 
centimetres. In general, the spatial variability of 
certain phenomenon is either integrated (streamflow 
measurements of a watershed) or not adequately 
resolved since only some point data are available. 
Blöschl and Sivapalan (995) provided some basic 
considerations on the spatial and temporal dimen-
sions of measurements using three scales—the spac-
ing (distance between measurements), extent (total 
area or volume sampled), and support (spatial repre-
sentativeness of individual measurements)—termed 
the “scale triplet.” Ideally, the scale of measurement 
should resolve all the variability that influences the 
features in which we are interested; however, logisti-
cal constraints generally impede measurements so 
that the full natural variability is rarely captured. For 
example, if the spacing of the data is too large, the 
small-scale variability is not captured. If the extent 
of the data is too small, the large-scale variability is 
not captured and will translate into a trend in the 
data. If the support is too large, most of the variabil-
ity is smoothed out (Blöschl and Sivapalan 995).

Data Recording and Accuracy of Measurements

In addition to introducing error and uncertainty 
through poor sampling design, measurement ac-
curacy itself can introduce measurement error. The 
most common way of recording data is to deploy a 
data logger that electronically stores output from 
one or several sensors. Data loggers can collect large 
quantities of data with high resolution; however, 
the accuracy of these data may be much less than 
the resolution at which measurement took place. 
This section briefly reviews sources of error, assesses 

sensors typically used in monitoring programs, and 
recommends reporting increments for the measure-
ments (for more details, see Spittlehouse 986). It is 
based on material in Gill and Hexter (972) and  
Fritschen and Gay (979), as well as various data-
logger manuals and sensor specification sheets. 
Measurements can be described in terms of four 
conditions: () error, (2) resolution, (3) repeatability, 
and (4) accuracy. These conditions affect the report-
ing increment, or significant digits, for the measure-
ment. Within the current publication, the term 
“precision” is equated with repeatability. 

. Error of an instrument is the difference between 
the indicated value and the true value of the 
signal. It is composed of systematic and random 
components. A systematic error (or bias) does 
not change between repeated measurements. It is 
equal to the difference between the true value and 
the mean of many measurements. An example 
would be a constant voltage offset. Random errors 
vary between measurements. These errors result 
from electrical noise, fluctuations in temperature, 
and operator error. 

2. Resolution of an instrument is the smallest 
change in the environment that causes a detect-
able change in the instrument. For example, if the 
data logger has a resolution of  microvolt (μV), 
the resolution for a thermocouple with a resolu-
tion of 40 μV/° C is /40 = 0.025° C. 

3. Repeatability is the closeness of agreement among 
a number of consecutive measurements for the 
same value of the input under the same operating 
conditions. High repeatability does not necessar-
ily imply high accuracy. 

4. Accuracy of an instrument is the degree to which 
it will measure a variable at an accepted standard 
or true value. (The term “accuracy” is usually 
measured in terms of inaccuracy but expressed as 
accuracy.) In the above example, the data logger 
may resolve  μV, but the stability of its reference 
voltage may be accurate to only ±2 μV. Thus, 
the thermocouple measurement is only good to 
±0.05° C. The accuracy of the thermocouple cali-
bration is considered below. 

Reporting increment or significant figures are the 
smallest unit of measurement that should be used in 
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reporting the data. It is a summation of the accu-
racy of all parts of the sampling and measurement 
process. 

Many factors can result in measurement error. 
The following factors must be considered when de-
termining the reporting increment.

• Data logger measurement circuitry: quality of 
components, stability of reference voltage. 

• Programming of the data logger: using the correct 
program and measurement range. 

• Sampling interval: averaging over an hour, rather 
than spot-reading at the end of the hour (depends 
on the variability and integration of a variable). 

• Sensor and cables: accuracy of calibration and 
maintenance of the calibration, condition, and 
quality of the wiring between the sensor and the 
logger. 

• Exposure of sensor: avoiding shade on a py-
ranometer, shielding temperature and humidity 
sensors, and placing the sensors at the appropriate 
location. 

• Replication: accounting for variation within the 
monitored area. 

Some of the above sources of error are larger 
than others and their importance will depend on 
the measurement. For example, sensor accuracy is 
usually less than that of the data logger. The ther-
mocouple noted above can be used as a hypothetical 
example to illustrate the various errors. The analysis 
is somewhat simplified. The error depends on the 
electronic, mechanical, and mathematical transfor-
mations in the measurement system. Differences, 
ratios, and non-linear transformations are all treated 
differently. Refer to Fritschen and Gay (979) for 
more detail. 

A measurement accuracy of ±2 μV (±2.5 V range) 
will be assumed for the logger, equivalent to ±0.05° C 

for the thermocouple. If the ±2.5 V range had been 
programmed, then accuracy would have been ±2 μV 
and ±0.05° C for the data logger and thermocouple, 
respectively. The thermocouple resolution has an 
uncertainty of ±5% (i.e., an accuracy of ±0.05° C), 
and it is connected to a reference temperature that is 
also accurate to ±0.° C. Consequently, the reading 
on the panel of the data logger or on the computer 
screen has an absolute error that is the sum of the 
three errors: 0.05 + 0.05 + 0. = ±0.2° C. (In this case 
a linear model can be assumed.) This is a worst-case 
situation. The probable error assumes that errors in 
the different parts of the measurement system will 
tend to compensate for each other. It is approximate-
ly two-thirds the size of the absolute error. We will 
continue to be conservative and use the absolute er-
ror of ±0.2° C. Thus, the reporting increment for the 
thermocouple based on instrument errors is 0ths of 
a degree, and temperature should be rounded to the 
nearest 0.2° C. Non-instrument errors are more dif-
ficult to determine. Past experience is the best guide, 
such as knowing the variability in space and in time. 
For example, a shorter scanning interval is required 
to obtain a reliable half-hourly average of surface 
temperature as opposed to that required for the 
0 cm soil temperature ( s and  min, respectively). 
Similarly, more spatial replication is required for the 
surface temperature. 

Table 7. presents data on sensors typically used 
in climate stations and hydrological studies. Sensor 
accuracy will vary with age and amount of use the 
sensor has had since the last time it was serviced and 
calibrated. Accuracy is often expressed as a percent-
age of the reading rather than as an absolute value, 
and this may vary with the measurement range. 
The accuracies quoted in the table assume that the 
measurement system is well maintained and sensors 
correctly calibrated. If this is not the case, accuracy 
can degrade by a factor of two or more. 
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TABLE 7.  Accuracy and reporting increment (significant figures) of typical environmental sensors monitored with data loggers 
(e.g., Campbell Scientific Inc.). Values are for well-maintained sensors and adequate power for the data logger.

Variable
Significant 
figures Units Accuracy (±) Comments

Solar radiation 
       hourly
       daily

 xxx

 xx.x

W/m2

MJ/m2 per day

5% or 10 W/m2 ; whichever is 
greater
5% or 0.5 MJ/m2 per day; which-
ever is greater

Sensitivity of silicon cell can drift

Photosynthetically  
active radiation (PAR)
       hourly

 xxxx μmol/m2 per 
second

5% or 20 μmol/m2 per second; 
whichever is greater

Opacity of filter over silicon cell 
changes over time

       daily  xx.x mol/m2 per day 5% or 1 mol/m2 per day; which-
ever is greater

 

Air temperature  xx.x °C 0.2°C Stable
Relative humidity  xx % 3% Polymer-based elements give 

increased RH over time
Vapour pressure  x.xx kPa 0.05 kPa  
Wind speed  xx.x m/s < 2 m/s = 0.5 m/s

> 2 m/s = 0.2 m/s
Stall speed increases with wear 
and age of bearings

Wind direction  xxx ° 5°  
Rainfall  xx mm Tipping volume (1 mm,  

0.25 mm, or 0.1 mm)
Pollen, debris, and insects block 
inlet

Soil temperature  xx.x °C 0.2°C  
Soil moisture block  x.xx MPa > –0.2 MPa = 0.05

< –0.2 MPa = 0.2
Contact poor in coarse soil,  
dissolve in acid soil

Soil water content  xx.x % 2.5% Very good contact required
Water level  x.xxx m 0.001–0.01 m Sediment can cover instrument
Water temperature  xx.x °C 0.2°C
Specific conductivity  xx.x μS/cm 1 % or 1 μS/cm; whichever is 

greater
Non-linear dependence on water 
temperature

Turbidity  xxx NTU 2–4% NTU Very sensitive to fouling of sensor
Snow depth  xxx cm 0.4% or 1 cm; whichever is 

greater
Sonic ranging sensor,  
temperature dependent
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Weather – Temperature, Humidity, 
Wind, Radiation, and Precipitation 
Measurement

David L. Spittlehouse

Watershed hydrology is driven by the interaction of 
weather conditions, surface cover, and geomorpholo-
gy. The weather provides the energy and water inputs 
to the watershed. In turn, these control the delivery 
of water to the surface, loss of water by evaporation, 
and soil heating or cooling, and influence the type 
of vegetation cover through plant survival, growth, 
and disturbance. The water input of precipitation is a 
well-recognized variable; however, the energy input 
is often not as well understood. It is a result of the 
solar and longwave radiation balances and convec-
tive transport of sensible and latent heat (Male and 

Gray 98; Monteith and Unsworth 990). These 
terms, along with snowmelt and evaporative loss, 
can be quantified through measurements of incident 
and reflected solar radiation, longwave radiation 
emitted by the sky and the surface cover, air tem-
perature, humidity, and wind speed. The following 
subsection describes methods (instruments and their 
application) for accurately measuring these variables. 
Subsequent subsections describe how to measure 
the effects of the weather on snow accumulation and 
melt, precipitation interception, evaporation, and 
soil thermal conditions.

AIR TEMPERATURE

Air temperature is the temperature indicated by a 
thermometer exposed to the air in a place sheltered 
from direct radiation (Glickman [editor] 2000). It 
is useful for indicating whether precipitation fell as 
rain, snow, or a mixture; it also influences snowmelt 
rate, stream temperature, and plant phenology and 
growth. Typical reported values are daily maximum, 
minimum, and mean air temperature. Temperature 
is often integrated over time as degree-days. There 
is one degree-day for each degree the mean daily 
temperature is above or below a base temperature. 
For example, growing degree-days are accumulated 
above a 5° C base, and heating degree-days are accu-
mulated for temperatures below an 8° C base.

Air temperature is measured with mercury or 
alcohol in glass thermometers, thermocouples, 
thermistors, platinum resistance thermometers, 
and sound-based instruments. For all instruments, 
it is important to ensure that the sensor (thermom-
eter, thermocouple, etc.) is at air temperature (see 
also subsection on Soil Thermal Regime in “Soils” 
section). This means that for most instruments, the 
sensing element must be shaded from heating by 
solar radiation and from precipitation while allowing 
ventilation. Shading is required because the temper-
ature measurement of an exposed thermometer will 

depend on the colour, size, and heat capacity of the 
thermometer and intensity of solar radiation. Typical 
radiation shields include the standard Stevenson’s 
Screen and the Gill multi-plate radiation shield. A 
single layer of shielding is not usually sufficient to 
minimize heating and many shields are double-
hulled. High-accuracy monitoring systems often use 
artificial ventilation to keep the thermometer at air 
temperature. Fine wire thermocouples (< 0.2 mm 
diameter) and sonic anemometers do not require 
shielding, although these are not sensors used in 
routine measurements.

The standard thermometers used in the Mete-
orological Service of Canada network are mercury 
or alcohol in glass. These instruments are located 
in a Stevenson’s Screen .5 m above the ground and 
record the maximum and minimum temperature 
since last read and the current temperature (Mete-
orological Office 982; World Meteorological Or-
ganization 2008). A well-watered grass surface is the 
reference surface for weather networks around the 
world (World Meteorological Organization 2008). 
Electronic monitoring systems use thermocouple, 
thermistor, or platinum resistance thermometers 
and are often mounted in Gill multi-plate or home-
made shield. These thermometers are of a differ-
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ing of the temperature sensor and location are very 
important for a representative temperature measure-
ment. The shield should be well ventilated and in an 
area that does not have a microclimate substantially 
different from the conditions of interest. For ex-
ample, it should not be located close to buildings 
because convective and radiative heat from these 
structures may bias the reading. A shielded ther-
mometer over a bare area will be warmer than one 
over an adjacent well-watered grass surface. Even 
with shields, the potential exists for the thermometer 
to be warmer than air temperature. The specification 
sheet for the widely used Gill multi-plate radiation 
shield indicates that a wind speed of 2 m/s is re-
quired to reduce overheating to less than 0.5ºC under 
high solar intensity (Young 994; Erell et al. 2006). 
Homemade shields, such as tubes and inverted 
Styrofoam cups, can significantly overheat under low 
wind speeds (Erell et al. 2006). In addition, the sur-
face albedo (e.g., snow cover) can lead to increased 
overheating from reflected radiation, particularly 
when the shields are not designed for shielding from 
the bottom.

Temperature Data Availability

Daily Canadian temperature data from the Me-
teorological Service of Canada (MSC) network are 
available for free through the MSC website (www.
climate.weatheroffice.gc.ca/prods_servs/index_
e.htmlcdcd). Some stations are up-to-date; others 
are about 2 years behind. Historical monthly data 
for Canada that have been checked for homogene-
ity are also available; however, these data are not 
the official MSC in situ station record and therefore 
should not be used for legal purposes. Hourly and 
daily temperatures are available from the B.C. Forest 
Service Fire Weather Network (http://bcwildfire.
ca/Weather/stations.htm), though not all stations are 
maintained during the winter. Interpolated 30-year 
normals of monthly maximum, minimum, and 
average temperature adjusted for elevation are avail-
able for British Columbia and adjacent areas. These 
data, variables such as degree-days and frost-free 
period, and climate change scenarios are available 
through stand-alone MS Windows and Web-based 
applications (ClimateBC; www.genetics.forestry.ubc.
ca/cfcg/climate-models.html) (Spittlehouse 2006; 
Wang et al. 2006). Interpolations of monthly data for 
individual years back to 900 are available at 0-km 
resolution (McKenney et al. 2006) and at 400-m 
resolution with ClimateBC (Mbogga et al. 2009).

ent size and heat capacity than the standard glass 
thermometer and will give slightly different values of 
temperature under the same conditions. The typical 
measurement resolution is 0.0–0.2ºC depending on 
thermometer and monitoring system (e.g., human 
eye, data logger); however, accuracy is at best 0.ºC 
and more likely 0.2ºC with most electronic devices. 
Polynomial formulae are used to convert the signal 
from thermocouples and thermistors to tempera-
ture. It is assumed that different sensors of the same 
composition have the same calibration (Campbell 
Scientific Inc. 2002).

Manual measurements at standard weather sta-
tions are usually made at 8:00 a.m. The 8:00 a.m. 
reading on the maximum thermometer is assigned 
to the previous day and the minimum of the current 
day is assumed to occur just after sunrise. The daily 
average is calculated as the mean of the minimum 
and maximum temperatures for the day, and is a 
good approximation of the true mean obtained by 
integrating temperature through the day. Automatic 
systems usually have a daily output at midnight. 
Under certain weather patterns, the values for the 
maximum and minimum may disagree with the 
data from the standard weather station. Automatic 
systems can give a true daily average temperature by 
integrating the temperature over a 24-hour period. 

Environmental lapse rates calculated from a 
network of stations are often used to interpolate or 
extrapolate to other elevations. These lapse rates will 
vary during the day, from day to day, and by season 
and are different for the maximum, minimum, and 
average temperatures. A typical value for the month-
ly average temperature is 0.6ºC/00 m of elevation. 
Over a few hundred metres, vertically minimum 
temperature lapse rates may be negative (i.e., an 
inversion). Plots of daily and monthly temperature 
for one station versus another or group of stations in 
the same area can be used to check for consistency 
among point measurements. The relationship should 
be a straight line with an offset usually caused by 
elevation or site-specific effects. Changes in the offset 
usually indicate some change in the station measure-
ment. The change should persist for 5 or more years 
to be considered significant because anomalous 
periods can occur at one station (Thom 966).

Air Temperature Measurement Errors

The accuracy of the sensor will depend on the resol-
ution of the measuring device, mode of operation, 
location errors, and observer errors. Proper shield-
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HUMIDITY

Humidity refers to the water content of the air in 
absolute terms or relative to the saturated water con-
tent. The humidity of the air is an important weather 
variable controlling the rate of evaporation from 
vegetation, soil, and water bodies. Typical recorded 
values are daily maximum, minimum, and average 
humidity. Humidity is commonly reported as: () 
vapour pressure, (2) relative humidity, (3) dew point 
temperature, (4) absolute humidity, (5) mixing ratio, 
and (6) vapour pressure deficit. Vapour pressure (Pa, 
mb) is the partial pressure of water vapour in the air. 
The relative humidity (%) of the air is the ratio of the 
vapour pressure to the saturated vapour pressure at 
that temperature multiplied by 00; thus, the same 
vapour pressure produces a different relative humid-
ity as the temperature changes. Dew point tempera-
ture (ºC) is the temperature to which the air must be 
cooled for condensation to occur. The absolute hu-
midity is the ratio of the mass of water vapour to the 
volume of air (g/m3). The mixing ratio is the weight 
of water vapour in a volume of air to the weight of 
the air (g/g). The vapour pressure deficit (Pa, mb) is 
the difference between the saturated vapour pressure 
and the vapour pressure of the air. Saturated vapour 
pressure increases exponentially with temperature 
(List 985; Glickman [editor] 2000). 

The saturated vapour pressure is frequently 
described as the maximum amount of water the air 
can hold at the air temperature. Although conven-
ient, this analogy is incorrect. The saturated vapour 
pressure at a temperature is that for which the water 
vapour is in equilibrium with a plane surface of 
water in a pure liquid or solid phase (Glickman 
[editor] 2000). It is a function of the kinetic energy 
(temperature) of the molecules of water and their 
evaporation from the plane surface. The saturated 
vapour pressure is therefore the same in air as in a 
vacuum, where you might expect more space for the 
water molecules and thus a large saturated vapour 
pressure. It is lower over a salt solution because of 
the attraction of the water molecules to the salt, and 
consequently increases the energy required for the 
molecules to evaporate (Bohren 987). It is also lower 
over ice than water because the latent heat of subli-
mation is greater than the latent heat of evaporation. 

Instruments to measure humidity include hair 
hygrometers, wet bulbs, polymer-based (resistive 

and capacitive) sensors, chilled mirror dew point 
hygrometers, and infrared hygrometers (Campbell 
Scientific Inc. 2002; World Meteorological Organiza-
tion 2008). Wet-bulb and polymer-based sensors are 
the most common sensors used in weather station 
networks. The former require regular maintenance 
and artificial ventilation. Wet-bulb and polymer-
based sensors are usually combined in the same 
housing as the temperature sensor and require the 
same shielding, ventilation, and proper location as 
described above for air temperature. These sen-
sors are found in instruments for manual humid-
ity measurement and electronic monitoring with 
the polymer-based sensors most commonly used 
in automated monitoring systems. Assmann and 
sling psychrometers are typical examples of instru-
ments based on wet bulbs that have air and wet-bulb 
temperatures measured using glass thermometers 
and are read manually. These instruments are venti-
lated with a wind-up motor or by manually rotating 
them. Cotton wicks on the wet bulbs are wetted with 
distilled water; and after waiting a minute to reach 
equilibrium, the temperature of each thermometer 
is read. A table or an equation is used to convert the 
readings to humidity. 

Humidity Measurement Errors 

Polymer-based sensors drift over time. This is notice-
able in the maximum humidity, which will indicate 
values above 00% and this increases over time; the 
minimum humidity will have drifted by a similar 
amount. Recalibration is therefore recommended 
every 2–3 years (Campbell Scientific Inc. 2002). 
Although measurement resolution on these sensors 
is frequently 0.%, their accuracy as specified by the 
manufacturer is at best ±2%. The accuracy measures 
of humidity that depend on air temperature are sub-
ject to the errors of the temperature measurement.

Wet-bulb sensors are prone to errors if not regu- 
larly maintained. The water reservoir can dry out, 
the ventilating fan can fail, and in dusty environ-
ments the wicks become contaminated. These prob-
lems can lead to an overestimation of the wet-bulb 
temperature. Assmann and sling psychrometers 
should be kept out of direct sun when not in use.
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Humidity Data Availability 

Only a subset of the Meteorological Service of 
Canada (MSC) stations measure humidity. These data 
can be obtained through the MSC website (www.
climate.weatheroffice.gc.ca/prods_servs/index_
e.htmlcdcd).  Relative humidity data are available 
for British Columbia from the B.C. Forest Service 
Fire Weather Network (http://bcwildfire.ca/ 

Weather/stations.htm). Humidity data can be ex-
trapolated with elevation assuming that the vapour 
pressure is relatively constant with height. Local 
temperature data can then be used to convert to rela-
tive humidity. Another approach is to use the satu-
rated vapour pressure at the dew point temperature. 
In many situations, the minimum air temperature 
reasonably approximates the dew point temperature 
(Allen et al. 998).

WIND

Wind is the horizontal speed and direction of air 
movement over the ground surface. Wind measure-
ments are required in hydrology for calculating 
evaporation and sublimation, evaluating the poten-
tial for blowdown of trees, and determining insect 
and seed dispersal. Wind speed and direction are 
usually reported for the mean flow in the horizontal 
plane (Glickman [editor] 2000; World Meteoro-
logical Organization 2008); however, the vertical 
component to the wind is usually only measured for 
specific research studies and is not considered here.

The wind speed is measured with an anemometer 
(m/s or knots) and is reported as the average for 
a period as well as the gustiness or the peak wind 
speed during a specific time interval. The wind 
moves a spinning cup or propeller that activates a 
mechanical or optical switch, or generates an electri-
cal current. The angular velocity of the cup or pro-
peller is proportional to the wind speed, although a 
threshold wind speed usually exists below which the 
rotor will not turn. This varies from 0. to  m/s, with 
0.5 m/s being typical of commercially available cup 
anemometers. Other devices for wind speed include 
pitot tubes and sonic anemometers. Wind speed can 
be estimated manually based on the effect of the 
wind on moveable objects. Remote sensing of wind 
speed uses SODAR (i.e., sonic detection and ranging), 
lidar (light + radar), and radar. 

Wind direction is measured with a wind vane or 
aerovane in degrees of the compass and specifies the 
azimuth from where the wind is coming (Glickman 
[editor] 2000; World Meteorological Organization 
2008). The signal generator is usually a potentio-
meter that is calibrated to read from 0 to 360°. Hour-

ly and daily wind direction must be determined with 
algorithms that generate a histogram and a wind 
rose (i.e., frequency of time in usually eight segments 
of the compass and the wind power for the time in 
each section). Measuring mean wind direction can 
result in misleading measurements; for example, the 
average of north–northwest and north–northeast is 
south. Counters, chart recorders, or electronic data 
loggers record the output from anemometers and 
wind vanes.

Exposure is the most important aspect of reli-
able wind measurement. Wind should be measured 
in open terrain where the distance to the nearest 
obstruction is at least 0 times the height of the 
obstruction. The ground cover will affect wind speed 
because of the way it absorbs momentum, thus 
reducing the wind speed (Monteith and Unsworth 
990). Wind may also be channelled or diverted 
by topography. Wind speed increases rapidly with 
height (logarithmic wind profile) and it is important 
to measure at the standard reference height (0 m), 
or at a known height so that wind can be converted 
to the reference height if the surface roughness is 
known (World Meteorological Organization 2008). 
The exposure requirements may be difficult to meet 
in forested watersheds. What was once a good site for 
wind measurement, such as a large clearcut, changes 
over time as the forest regrows around the anemo-
meter and wind vane. 

Sensor response of propeller and cup anemo-
meters is faster for acceleration than deceleration, so 
these anemometers tend to overestimate wind speed 
by up to 0% (World Meteorological Organization 
2008). The bearings of anemometers deteriorate over 
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time, increasing friction and stall speed. High wind 
speeds may damage anemometers and wind vanes. 
An increase in the measured frequency of lower 
wind speeds over time could indicate such problems 
and (or) the regrowth of vegetation around the mon-
itoring area. Anemometers and vanes are sensitive to 
levelling errors and to icing in winter, with problems 
indicated by periods when the anemometer is stalled 
for a long time or there is a severe distortion of the 
wind rose.

Wind Data Availability

Daily Canadian wind speed and direction data from 
the Meteorological Service of Canada network are 
available for free through the MSC website (www.
climate.weatheroffice.gc.ca/prods_servs/index_
e.htmlcdcd); however, the network is sparse. Wind 
data are also available from the B.C. Forest Service 
Fire Weather Network (http://bcwildfire.ca/ 
Weather/stations.htm).

RADIATION

Radiation is electromagnetic energy emitted as a 
function of the temperature and emissivity of the 
emitting surface. The flux of radiation to and from 
the Earth’s surface provides energy to warm and 
cool the surface, to evaporate water, to melt snow, 
and for photosynthesis (Monteith and Unsworth 
990). Radiation in certain frequencies can have 
negative impacts through destructive effects on 
cells (L’Hirondelle and Binder 2002; Kelly et al. 
2003). Two forms of radiation at the Earth’s surface 
are of interest to hydrologists: shortwave or solar 
radiation (290–4000 nm) and longwave radiation 
(> 4000 nm). Because the Sun’s surface temperature 
is about 6000 K, over 99.9% of the energy it emits is 
at wavelengths of less than 4000 nm. Solar radiation 
reaching the Earth’s surface is composed of direct 
and diffuse (scattered direct) radiation. The energy 
emitted from surfaces on the Earth or gases and 
particles in the atmosphere at –40 to +60° C (long-
wave or terrestrial radiation) is from wavelengths 
longer than 4000 nm (Glickman [editor] 2000; Stof-
fel and Wilcox 2004). Reflected energy is the short 
or longwave radiation reflected by a surface and is a 
function of the radiative properties of that surface 
(Monteith and Unsworth 990; Glickman [editor] 
2000). The solar reflectivity (albedo) varies from 
0.92 for fresh snow to 0.06 for a burnt (blackened) 
surface. The longwave reflectivity of vegetation, soil, 
and water is less than 0.05. 

The shortwave component is measured as two 
separate streams: ultraviolet (UV) (280–400 nm) 
and global radiation (400–3000 nm). Photosyntheti-
cally active radiation (PAR) or visible radiation is a 
component of the latter spectrum (400–800 nm). 
Shortwave radiation is measured with pyranometers 
that are sensitive to the different frequency bands 
and that have different measurement units. Long-

wave radiation is measured with a pyrgeometer. A 
net pyrradiometer measures the difference between 
upward and downward fluxes of short- and long-
wave radiation (World Meteorological Organization 
2008). Methods to measure or estimate direct and 
diffuse radiation are also available (Monteith and 
Unsworth 990; Black et al. 99; Wood et al. 2003; 
World Meteorological Organization 2008). 

Typical recorded values of radiation are hourly 
and daily averages, totals, and peak intensity. Solar, 
longwave, and net radiation measurement units are 
W/m2 (a Watt is a Joule per second) and MJ/m2 per 
day. PAR, also called quantum radiation, is measured 
as micromoles per square metre per second (μmol/
m2 per second and mol/m2 per day). Conversion of 
W/m2 to PAR depends on the spectral distribution 
in the light. For daily totals above forest canopies, 
mol/m2 per day = 2.04 ± 0.06 MJ/m2 per day (Meek 
et al. 984). Measurement of radiation specific to the 
sensitivity of the human eye is in lumens (World 
Meteorological Organization 2008). Instruments 
to measure UV radiation measure only the UV-B 
part of the spectrum (280–320 nm) or UV-B and 
UV-A (320–400 nm). Many of these instruments are 
constructed so that the output is weighted by the 
erythermal function—the sensitivity of human skin 
to the different UV wavelengths (World Meteorologi-
cal Organization 2008).

Relatively inexpensive pyranometers use silicon 
diodes and filters tuned for the spectral distribu-
tion of sunlight. The spectral distribution changes 
when it is reflected from a surface (Monteith and 
Unsworth 990) and as it passes through a vegeta-
tion canopy (Vézina and Boulter 966; Yang et al. 
993). Consequently, the calibration of silicon-based 
pyranometers must be adjusted when used in these 
applications. Thermopile-based pyranometers can 
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be used in all situations. Silicon sensor base PAR 
instruments can be used below canopies but, because 
of the change in spectral distribution, the conversion 
to solar energy is not the same as for above-canopy 
energy. Instruments for reliable measurement of 
longwave radiation and net radiation are thermo-
pile-based. 

Solar radiation can be estimated from the number 
of sunshine hours in a day (Hay 979; Allen et al. 
998). It is also estimated from the daily tempera-
ture range and calculated global radiation above 
the Earth’s atmospheres (extra-terrestrial radiation) 
(Bristow and Campbell 984; Allen et al. 998). These 
methods work best for summer conditions and 
improve with averaging over time. Calibration coef-
ficients are usually location specific. 

Measurements of solar radiation reflected from 
the ground surface or emitted longwave from the 
surface below an instrument are specific for that 
surface. Knowledge of the solar reflectivity (albedo) 
of other surfaces in the watershed allows calculation 
of reflected solar from the incident value. Emitted 
longwave radiation from other surfaces can be deter-
mined from surface temperature and emissivity. The 
longwave emissivity of vegetation, soil, and water 
is greater than 0.95 (Monteith and Unsworth 990). 
Formulae are available for calculating atmospheric 
(downward) longwave radiation. These are based on 
the temperature and (or) the humidity of the air and 
the amount of cloud cover (Monteith and Unsworth 
990; Allen et al. 998). Trigonometric equations are 
used to adjust measured or calculated solar radiation 
for slope and aspect (Iqbal 983).

Radiation below forest canopies has a high spatial 
variability. Therefore, an array of instruments or 
roving instruments (Black et al. 99; Fassnacht et al. 
994; Chen et al. 2006) is required to reliably deter-
mine the below-canopy regime. In relatively uniform 
canopies, daily totals at a single, carefully chosen 
point may give a reasonable estimate of the average 
below-canopy radiation environment. Hemispheri-
cal photographs and computer programs to calculate 
radiation penetration through canopies reliably esti-
mate below-canopy incident solar and PAR (Frazer et 
al. 2000; Hardy et al. 2004). The forest and sky view 
factors determined from these photographs are used 
to calculate the longwave radiation below the canopy 
(Essery et al. 2008).

Radiation Measurement Errors

Instruments for reference measurements of incident 
radiation (downward from the sky) should be in-
stalled so that these have an unobscured view from 
the zenith to the horizon, although this can be 
difficult to achieve in mountainous terrain. It is 
important to at least ensure that the Sun’s path is not 
blocked. An unobscured reading allows for correc-
tion of terrain-shading effects that will vary within  
a watershed (Nunez 980; Flint and Childs 987). 
Radiation instruments are usually mounted horizon-
tally unless some specific need exists to directly 
determine radiation incident and emitted from 
angled surfaces (Szeicz 975; Stoffel and Wilcox 2004; 
World Meteorological Organization 2008). 

Dew, rain, frost, snow, and dirt accumulate on the 
surface of instruments, especially those that are up-
ward looking. It can be difficult to determine when 
such contamination affects the signal from these 
instruments. Snow and dirt are the main problem 
contaminants for solar radiation instruments. Com-
parison of solar radiation with an instrument meas-
uring reflected solar radiation in the open would 
indicate when the incident measuring instrument is 
obscured by snow. A curve of daily clear sky radia-
tion for the site should be created and compared 
with daily total radiation. Also, the measured solar 
radiation cannot be higher than the extraterrestrial 
value of solar radiation when averaged over half an 
hour or more (Stoffel and Wilcox 2004). If dew, rain, 
snow, dirt, or frost collect on the domes protecting 
the sensing element, then longwave measurements 
will be affected because the sensors will respond to 
radiation at the temperature of the contaminants. It 
can be difficult to determine when the signal from 
these instruments is affected by contamination of 
the domes. 

Sensitivity of radiation instruments is usually 
quite stable over many years, though some manu-
facturers recommend recalibration every few years. 
This is done by mounting a new sensor close to the 
old one and comparing - to 5-minute average values 
a few times during a day, preferably for a mixture 
of clear sky and cloudy conditions, or returning the 
instrument to the manufacturer.
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Radiation Data Availability

Few radiation measurement sites exist in Canada 
and the data are not readily obtained online. More 
sites measure the number of sunshine hours in a 

day and these data can be converted to solar radia-
tion (Hay 979; Allen et al. 998); however, these sites 
are part of a sparse network usually based in valley 
bottoms and the data are not up to date or readily 
available.

PRECIPITATION

Precipitation puts water in the watershed. Precipita-
tion measurements help determine water availability 
for evaporation and streamflow, and the risk of forest 
fires, landslides, and soil erosion. Precipitation is liq-
uid (rain) or frozen (sleet, hail, graupel, snow) water 
or a combination of both falling from the sky (Glick-
man [editor] 2000). Measurement of the accumula-
tion and disappearance of frozen precipitation on the 
ground is discussed in the following subsection. Pre-
cipitation is measured as depth of water that would 
accumulate on a horizontal surface. Typical recorded 
values for precipitation are the daily, monthly, and 
annual totals (depth of water in millimetres), as well 
as storm total, maximum intensity (millimetres per 
minute or per hour), and duration (hours). 

Precipitation is measured at a point using a 
manual or automatic recording gauge and over an 
area using meteorological radar (e.g., Doppler) or 
satellite images. Measurement of rainfall with a 
gauge is less prone to error than the measurement of 
solid precipitation because it is less susceptible to the 
influence of wind on “catch” by gauges. Some gauges 
are suitable only for measuring rainfall, and others 
are used only for solid precipitation. Very few can 
measure both forms reliably. Precipitation is usu-
ally not uniform in spatial distribution, intensity, or 
duration within a storm. Wind flow interacting with 
watershed topography also affects the distribution of 
precipitation (Arazi et al. 997).

The standard technique for measuring rainfall is a 
plastic or metal cylinder with a sharp edge and fun-
nel-like cover to minimize evaporation. The stand-
ard Meteorological Service of Canada (MSC) gauge 
is 9 mm in diameter with the orifice 305 mm above 
ground and no shield. These gauges either contain 
a cylinder graduated in millimetres of water or 
require pouring the water into a measuring cylinder. 
Rainfall is measured to the nearest 0.2 mm; an accu-
mulation of less than this is called a “trace.” If these 
gauges are not measured daily, then a small amount 
of mineral oil or kerosene is added after each meas-

urement to cover the surface of the water and reduce 
evaporative loss. 

The MSC measures frozen precipitation using 
Nipher gauges. This gauge consists of a holding 
cylinder (27 mm in diameter and 560 mm deep) 
surrounded by an inverted bell-shaped shield to 
reduce the effects of wind around the cylinder 
(Goodison et al. 98). Snow caught in the holding 
cylinder is melted manually and the water equivalent 
determined at least daily. The water equivalent of the 
snowfall is also calculated from the depth of snow 
that has fallen on a snowboard since the last meas-
urement multiplied by the density. A density of 00 
kg/m3 is often assumed although it can vary by up 
to 30% depending on the air temperature during the 
storm and the amount of settling that occurs before 
measurement (Goodison et al. 98). Large-capacity 
storage gauges for snow (e.g., the Sacramento gauge) 
are used in remote areas. These gauges contain 
antifreeze to melt the snow and light oil to minimize 
evaporative loss. The depth of fluid is measured with 
a ruler.

Precipitation intensity or amount can be meas-
ured automatically using weighing gauges or tipping 
buckets. The latter method is usually restricted to 
rainfall measurement. The tipping bucket gauge has 
a pair of buckets that pivot under a funnel such that 
when one bucket fills with 0., 0.25, or  mm of rain, 
it tips, discharging its contents and bringing the 
other bucket under the funnel. Tipping activates a 
switch that sends a pulse to the recording device. The 
weighing gauges can have a clock-driven chart to 
record weight or send an electronic signal to a data 
logger from a pressure transducer. Weighing gauges 
used to measure snow, contain antifreeze to melt the 
snow. A commonly used gauge in British Columbia 
consists of a large standpipe with a pump to mix 
the antifreeze and precipitation. This reduces the 
chance that an ice cap or snow bridge will develop 
at the surface of the liquid or at the top of the gauge. 
Heated gauges to melt solid precipitation are avail-
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able, but these are not reliable for long-term, unat-
tended monitoring.

Manual and automatic gauges sometimes have a 
shield or baffles around the orifice of the gauge to 
reduce wind flow and improve catch (Sevruk 985a, 
985b; Goodison et al. 998; World Meteorologi-
cal Organization 2008). Wind shielding and wind 
correction are particularly important for measuring 
solid precipitation. The best gauge location is within 
a clearing surrounded by trees or other objects to re-
duce wind, with a 45º (angle from the vertical) coni-
cal space above the gauge and no objects closer than 
twice (preferably four times) their height above the 
gauge. Gauges to measure solid precipitation should 
be mounted so that these are at least –.5 m above 
the maximum snow surface (Goodison et al. 98).

Surface condensation (e.g., dew, fog, rime, and 
hoar frost) requires specially designed instruments 
to properly record the water deposited (Monteith 
957; Goodman 985; Schemenauer and Cereceda 
994; Glickman [editor] 2000); World Meteorologi-
cal Organization 2008).

Integration over a Watershed

Integration of precipitation over a watershed is nec-
essary for hydrological work. Areal measurement of 
rainfall rate with radar is based on the backscattered 
power of the echo returns. Typical radar has a 4-km2 
grid resolution. These data are not available over 
most of British Columbia. 

Precipitation over a watershed is frequently 
estimated from a network of point measurements 
(National Oceanic and Atmospheric Administra-
tion 2006). One method used when a few stations are 
located mainly in valley bottoms is to calculate an 
environmental lapse rate for precipitation. However, 
variability in the areal range of storms, distribu-
tion of rainfall within the storm, and topographic 
influences mean that the lapse rates will vary by 
storm, season, and year. The error in this approach 
decreases with an increase in averaging time. In 
steep terrain, precipitation at lower elevations is 
often controlled by the adjacent upper levels of the 
topography, minimizing lapse rates over hundreds  
of metres in elevation (Daly et al. 2002). 

Another simple method is to calculate the arith-
metic mean of all the points in the area. The use of 
isohyetal analysis involves drawing estimated lines 

of equal precipitation amount over an area based on 
point measurements in a network. The magnitude 
and extent of the resultant areas of precipitation 
versus the total area in question are considered to 
estimate the areal precipitation value. The Thiessen 
polygon graphical technique weights the value for 
each station in the network on the basis of the rela-
tive areas represented by each station. The individual 
weights are multiplied by the station observation and 
the values are summed to obtain the areal average 
precipitation. The distance weighted/gridded method 
weights each observed point value on the basis of the 
distance from the grid point in question. The areal 
average precipitation is calculated from the sum of 
the individual observed station value multiplied by 
the station weighting and divided by the number of 
grid points. Index stations use predetermined sta-
tion weights based on climatology to compute basin 
average precipitation (National Oceanic and Atmos-
pheric Administration 2006). 

Precipitation Measurement Errors

The accuracy of gauge catch has been evaluated 
under a wide range of climate regimes (Goodison 
et al. 98, 998; Meteorological Office 982; Sevruk 
985a, 985b). All point measurements are subject to 
error and usually underestimate precipitation. Ac-
curacy will depend on the resolution of the measur-
ing device, mode of operation, and location and 
observer errors. Assuming a correctly calibrated 
instrument, typical measurement resolution is 0.25 
or  mm depending on the device. Wetting errors 
caused by water adhering to the funnels and walls 
of the gauges may also occur. Wind flow around a 
gauge affects the catch and can result in a significant 
underestimate of precipitation. This is particularly 
the case for snow, with over 50% underestimation 
in some conditions (Coulson [editor] 99; Goodi-
son et al. 998). A snow cap or ice lens can develop 
on gauges for measuring solid precipitation if these 
gauges have a small orifice and (or) if the antifreeze 
and water mixture in the collection vessel is not well 
mixed. Obstructions that shield the gauge from pre-
cipitation above, or result in precipitation splashing 
or dripping onto the orifice, must also be avoided. 
Dew, fog, rime, and hoar frost can contaminate the 
precipitation measurement and are unlikely to be 
equal to the full amount deposited by these pro-
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cesses (Glickman [editor] 2000). Evaporation losses 
from manual gauges can be reduced with a small 
amount of mineral oil or kerosene to cover the water 
surface. Because tipping bucket gauges tip only when 
full, a small amount is usually left in an untipped 
bucket at the end of a storm; this water evaporates 
or is included in the next storm total. Many manual 
gauges are rarely observed at midnight; thus, the 
precipitation may not be assigned to the actual day 
it fell, or the wrong amount is assigned to a day. This 
is important to consider when comparing auto-
mated measurements with manually measured data 
because automated systems usually have a daily total 
determined at midnight. Automatic systems also re-
quire occasional calibration, as instrument response 
can change over time.

Plots of cumulative monthly or annual pre-
cipitation for one station versus another or group 
of stations in the same area can be used to check 
for consistency among point measurements. The 
relationship should be a straight line. Changes in 
slope can reflect errors in a gauge, though usually 
the break in slope must persist for 5 or more years to 
be considered significant, since one station may have 
anomalous years. Data from before the change in 
slope can be adjusted by multiplying it by the ratio of 
the new slope to the old slope (Thom 966).

Precipitation Data Availability

Daily Canadian precipitation data from the Me-
teorological Service of Canada (MSC) network 
are available free through the MSC website (www.
climate.weatheroffice.gc.ca/prods_servs/index_
e.htmlcdcd). Some stations are up-to-date; others 
are about 2 years behind. Historical monthly data for 
Canada that have been checked for homogeneity are 
also available. However, they are not the official MSC 
in situ station record and therefore should not be used 
for legal purposes. Hourly and daily precipitation for 
spring through fall is available from the B.C. Forest 
Service Fire Weather Network (http://bcwildfire.
ca/Weather/stations.htm). Precipitation intensity 
data (Intensity-Duration-Frequency curves) are also 
available (Hogg and Carr 985). Interpolated 30-year 
normals of monthly maximum, minimum, and 
average precipitation adjusted for elevation are avail-
able for British Columbia and adjacent areas. These 
data and climate change scenarios are available 
through stand-alone MS Windows and web-based 
applications (ClimateBC; www.genetics.forestry.ubc.
ca/cfcg/climate-models.html) (Spittlehouse 2006; 
Wang et al. 2006). Interpolations of monthly data for 
individual years back to 900 are available at 0-km 
resolution (McKenney et al. 2006) and at 400-m 
resolution with ClimateBC (Mbogga et al. 2009).
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Weather – Snow Measurement

Rita D. Winkler

SNOW ACCUMULATION AND MELT

This subsection describes techniques for measuring 
snow on the ground, including its depth, water con-
tent, and density, and the rate at which the snowpack 
disappears (ablation). Typically, snow surveys are 
undertaken to quantify the amount of water stored 
in snow on the ground, melt rates, and snow cover 
distribution in a watershed. This information is used 
to predict spring runoff and flood potential, as well 
as to forecast water supplies. Snow information is 
also useful for scheduling winter logging operations, 
maintaining access, and predicting avalanches, as 
well as in silviculture, wildlife management, and 
recreation. Techniques for measuring solid precipi-
tation are described in the previous subsection and 
snow interception by forest vegetation is discussed 
in the next subsection. Methods for describing snow 
structure, grain forms, and stability can be found in 
the avalanche literature (Canadian Avalanche As-
sociation 2002; McClung and Schaerer 2006).

Snow Depth 

Snow depth is the height of the snowpack above a 
reference point (in millimetres), usually the ground 
surface. Although snow often appears to be uniform 
at its surface, the actual depth is highly variable and 
is affected by features on or near the ground surface 
such as logs, stumps, shrubs, and other roughness 
elements. Snow depth changes between snowfall 
events and over the winter, becoming more or less 
dense depending on the weather. Consequently, 
snow depth alone does not indicate the volume of 
water stored in the snowpack.

Individual snow depth measurements can be 
relatively simple to obtain. Snow depth can be meas-
ured by reading a ruler fixed at a specific point or by 
taking a series of ruler measurements at a site and 
averaging them. In deep, hard-packed, or icy snow, 
a hollow, extendable steel rod with a rounded solid, 
steel tip is used (Woo 997). The surveyor must be 
certain that the ruler or rod has reached the ground 
but not penetrated the surface. A snowboard (a sheet 
of plywood, often painted white or covered with 

white flannel, placed level on the ground surface) is 
commonly used as “ground” or a consistent refer-
ence (zero) point for ruler depth measurements to 
ensure consistency (Goodison et al. 98). Sampling 
may be difficult in very deep snow or where com-
pacted layers and ice are encountered.

The quality of snow depth measurements de-
pends largely on the judgement of the observer. The 
location of the individual sample points will influ-
ence how well the samples represent the actual snow 
depth. During the accumulation period, snow may 
build up around the ruler, resulting in overesti-
mates of depth. Alternatively, it may be blown away, 
resulting in an underestimate (Goodison et al. 98). 
During the melt period, depressions (wells) develop 
around the ruler, which may also result in the under-
estimation of snow depth. The most serious prob-
lems associated with manual measurements, other 
than observer error, involve sampling frequency and 
difficulty in accessing remote sites in the winter.

Obtaining continuous measurements of snow 
depth at remote sites requires instruments that can 
withstand environmental extremes with infrequent 
maintenance. Continuous automated snow depth 
measurements are usually obtained with an acoustic 
sensor. The distance between the sensor and snow-
pack is calculated by measuring the time required 
for the acoustic pulse to reach the snow surface 
and return to the sensor, multiplied by the speed of 
sound (Chow 992). A correction for air tempera-
ture must be applied in the calculation of distance 
(Goodison et al. 988). The reliability, accuracy, and 
relative low cost of this instrument make it an attrac-
tive tool. Various authors report that these instru-
ments underestimate snow depth as a result of signal 
attenuation during moderate to heavy or drifting 
snowfall, depending on the frequency of sound used 
in the instrument (Goodison et al. 984; Tanner and 
Gaza 990). Newer instruments have an accuracy of 
± cm or 0.4% of the distance to the snow surface, 
whichever is greater (Campbell Scientific [Canada] 
Corp. 2007).
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Snow Water Equivalent

The water content of the snowpack is termed snow 
water equivalent (SWE). The SWE is “the weight of 
snow expressed as the depth of liquid water over a 
unit of area” (millimetres) (Brooks et al. 99). It is 
the amount of water that would be obtained by melt-
ing a unit area of snow. In the open, SWE varies with 
the weather, location, and site. Under forest cover, 
SWE is influenced by canopy structure and distribu-
tion as well as by snowfall amount and pattern or 
frequency. In the south-central interior of British 
Columbia, within-stand variability in SWE has been 
shown to decrease with increasing snow accumula-
tion (Winkler and Moore 2006).

The SWE can be measured gravimetrically by 
manually extracting at least two samples of snow 
collected from each layer of the snowpack as iden-
tified on the wall of a snow pit, and weighing or 
melting the samples to determine the volumetric 
water content (Pomeroy and Goodison 997). Snow 
pit measurements most accurately estimate SWE and 
are often used to evaluate the results obtained using 
other techniques. This sampling method enables 
surveyors to identify ice layers, calculate densities for 
each layer, and make additional observations, such 
as temperature, within the snowpack (Woo 997). 
The snow pit method is very time consuming and 
disturbs the snowpack over a relatively large area.

Most commonly, SWE is measured using a snow 
tube (B.C. Ministry of Environment 98). Hollow 
snow tubes are made of steel, aluminium, or fibre-
glass, and have a sharp cutting edge at one end. As 
the snow tube is driven down through the snowpack 
to the ground, it cuts and collects a core of snow. The 
entire depth of snow must be sampled, including ice 
layers at the ground surface. This is done by pushing 
the tube into the ground to collect a small plug of 
soil or organic material. Snow depth is measured by 
reading the graduations on the tube. The snow tube 
is then lifted from the snowpack thereby extract-
ing a core of snow. The soil plug is removed and the 
snow depth measurement is corrected by subtracting 
the depth of the plug. The tube and snow core are 
weighed. The combined weight, less the weight of 
the empty tube, gives the SWE (centimetres) of the 
core since the scale values account for the cross-sec-
tion of the tube. The SWE equals the volume of water 
in the snow core (cubic centimetres) divided by the 
cross-sectional area of the tube (square centimetres). 
The volume of water (cubic centimetres) equals the 
weight of the snow (grams) divided by the density 

of water (assumed to be 000 kg/m3, or  g/cm3). The 
snow tube most commonly used in British Columbia 
is the Standard Federal sampler, which has an inside 
orifice diameter of 3.77 cm (Coulson [editor] 99) 
and an ice cutter at the leading edge.

The Standard Federal sampler is best suited to 
deeper snow and works well in snowpacks with com-
pact or ice layers. It is not accurate at snow depths 
less than 0.25 m (Goodison et al. 98; Woo 997). 
Work et al. (965) reported that the Standard Federal 
snow tube overestimates SWE by 7% in shallow, low- 
density snow and by 0–2% in deep, higher-density 
snow when compared with gravimetric samples. 
They did not observe any significant error associated 
with the weighing scales. Peterson and Brown (975) 
reported that the standard snow tube overestimates 
SWE at densities greater than 25%. The overestimates 
increase with increasing density to a maximum of 
2% at snow densities greater than 50%. In shallow 
snow (< 0.25 m), larger-diameter samplers provide 
more accurate measurements (Goodison et al. 98). 
Additional problems may be encountered during 
snowmelt when liquid water in the snow sample 
drains through the slots in the Standard Federal 
snow tube, resulting in an underestimate of SWE.

The SWE can also be determined by removing and 
weighing all snow from a known area and dividing 
this weight by the volume (area sampled times the 
average snow depth) (Woo 997).

Continuous SWE data can be obtained using a 
snow pillow, which consists of a rubber pillow filled 
with an antifreeze solution and placed on a levelled 
ground surface. As snow accumulates on the pil-
low, pressure resulting from the weight of the snow 
pushes antifreeze from the pillow up a standpipe, 
where a pressure transducer records the level of the 
solution. These pressure measurements are then 
converted to SWE based on relationships developed 
between the snow pillow readings and manual SWE 
measurements at the site.

Data from early snow pillows indicated that the 
smaller the pillow, the greater the overestimation of 
SWE in comparison with gravimetric measurements. 
This overestimate increases with increasing snow 
depth (Martinelli 966). In British Columbia, the 
Ministry of Environment uses 3 m diameter pillows 
at automated snow stations in the provincial network 
(www.env.gov.bc.ca/rfc/about/snow-pillow.htm). 
Smaller snow pillows may underestimate accumula-
tion rates during snowfall and may show increases in 
snowpack for several hours after the end of snowfall 
(Martinelli 966). The major advantage of the snow 

http://www.env.gov.bc.ca/rfc/about/snow-pillow.htm
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pillow over a precipitation gauge is that it is not as 
strongly influenced by wind and is therefore more 
likely to approximate ground snow cover. Neverthe-
less, snow pillows are subject to unexplained diurnal 
variations, “bridging” by ice and snow over the pil-
low, instability of the pressure transducer, and dam-
age to the pillow by animals and vandalism (Linsley 
et al. 975; Storr and Golding 976; McGurk 986).

Palmer (986) found that different relationships 
between snow pillow data and manual SWE meas-
urements are required for the accumulation period 
and the melt period. Using manual measurements 
as the standard, an average absolute error of 5.6% 
was found during the accumulation period and an 
average error of .8% during the melt period. Based 
on these results, Palmer recommended that, when 
smaller errors are required, manual measurements 
should be made throughout the melt period.

Snow Density

Snow density is defined as the weight of snow per 
unit volume (Brooks et al. 99). It is calculated by 
dividing the SWE by the depth of the snowpack. 
Density can also be measured for individual layers of 
snow within the pack by weighing a small sample of 
snow from each layer identified in a snow pit (Pome-
roy and Goodison 997). Fresh snow is commonly 
assumed to have a density of 00 kg/m3 (0%), in 
which case fresh snow  m deep would yield 0. m, or 
00 mm, of water. The actual density of newly fallen 
snow varies from storm to storm, during a storm, 
and with location, but is generally 50–20 kg/m3 
(5–2%) through the range of cold, dry to warm, and 
wet conditions (Goodison et al. 98; Pomeroy et al. 
998). By the time snowmelt begins, the density of 
the snowpack will generally have increased to 300 up 
to 500 kg/m3 (30–50%), with maximum density oc-
curring while meltwater is flowing through the pack 
(Goodison et al. 98; Pomeroy et al. 998; Winkler 
200; Anderton et al. 2004). Pure ice has a density  
of 920 kg/m3 (92%) (Brooks et al. 99). Of the com-
monly measured snow parameters, density shows the 
least areal variability (Goodison et al. 98), particu-
larly during the continuous melt period (Anderton  
et al. 2004).

Snowmelt and Ablation

Snowmelt is the volume of liquid water in, and flow-
ing out of, a unit area of the snowpack per unit time 
(millimetres per day). Meltwater outflow from the 

snowpack is generally measured only for research 
purposes. The rate of snowpack depletion or abla-
tion is measured as the difference in SWE between 
melt season sampling dates divided by the number 
of days between surveys (millimetres per day). The 
ablation rate includes losses through sublimation, 
evaporation, and meltwater outflow, along with gains 
through precipitation. In cases when the snowpack 
disappears between sampling dates, the disappear-
ance date can be estimated using ablation rates 
calculated for the preceding period. A continuous 
record of snow ablation can be obtained from snow 
pillow data, whereas the date on which snow has dis-
appeared from a specific point can be obtained from 
snow depth sensor data.

Snow ablation can also be calculated from me-
teorological data using either a degree-day or an 
energy balance approach. Temperature-index models 
provide a simple method of estimating snowmelt 
from a single variable, air temperature; all other fac-
tors driving melt are parameterized in a single melt 
rate factor. Air temperature data are widely available, 
easy to measure, and provide a good indication of 
the energy available to melt snow. Temperature-in-
dex models for predicting snowmelt generally follow 
the form:

 M = Mf (Ta – Tb)  ()

where: M = snowmelt (millimetres over a selected 
time interval, often daily); Mf = melt-rate factor (mil-
limetres per ° C per day); Ta = index air temperature 
(° C; usually average or maximum daily); and Tb = 
base temperature at which no snowmelt is observed 
(° C, generally 0° C) (Gray and Prowse 993).

The melt-rate factor and constant are derived by 
regressing observed daily melt against air tempera-
ture. These values are a function of atmospheric 
conditions, location, vegetation cover, and snowpack 
properties. Melt-rate factors reported for open areas 
range from 3.5 to 6 mm/° C per day), and for forested 
areas from 0.9 to .8 mm/° C per day). The tempera-
ture-index model can also be modified to include the 
depth of water added through rain (Gray and Prowse 
993).

The temperature-index method has been used 
to predict snowmelt at both a point and for entire 
basins with varying success. This method was reli-
able for predicting snowmelt over periods of a week 
to the entire season when applied in the same area 
for which it was calibrated (McGurk 985; Gray and 
Prowse 993; Rango and Martinec 995); however, 
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the accuracy of these models decreases over shorter 
time periods (Hock 2003). For example, daily melt 
estimates based on this method may be inaccurate 
early in the season, since nighttime refreezing of 
meltwater in the pack is not considered. Though 
simple, this method is not readily transferable 
because the constants are based on a specific set of 
spatial and temporal conditions. Temperature-index 
models are not generally useful for predicting spatial 
variability in snowmelt, as they do not account for 
the effects of shading, slope, and aspect. Models that 
incorporate solar radiation improve melt prediction 
both spatially and over time steps of a day or less 
(Hock 2003).

The energy balance, which represents the physi-
cal processes controlling melt, can also be used to 
estimate snow ablation:

 QM = QR + QE + QH + QG + QP – QS (2)

where: QM is the energy available to melt the snow 
(MJ/m2 per day). The other subscripts indicate the 
source of energy used for snowmelt: energy from net 
radiation (R), latent heat (E), sensible heat (H), soil 
heat (G), and rain (P), and change in heat storage 
in the pack (S). The term QG is small (Adams et al. 
998), QS is negligible because the snowpack is close 
to 0° C during melt (Male and Gray 98), and QP 
depends on the temperature difference between the 
rain and the snow. The daily energy in QR, QH, QE, 
and QP are converted to millimetres of water by mul-
tiplying by (000/[ρw λfB]), where ρw is the density 
of water (000 kg/m3), λf is the latent heat of fusion 
(0.334 MJ/kg), and B is the thermal quality of the 
snow (assumed as 0.96) (Male and Gray 98).

Although energy balance models of snowmelt 
are essential for comparing diurnal processes under 
varying environmental and forest cover conditions, 
direct measurement of the contribution of each 
individual variable is complicated and requires spe-
cialized equipment. Variables in the energy budget 
are often approximated using meteorological data 
such as air temperature, snow surface temperature, 
solar radiation, wind speed, and relative humidity 
(Walter et al. 2005). Energy balance calculations of 
ablation become even more complex under forest 
cover where the relationships between meteorologi-
cal variables, forest cover, and snowmelt must be 
correctly represented. For example, in the estimation 
of QR from measurements of total irradiance, the 
amount of shortwave radiation reflected by a surface 
throughout the melt season must be known. The 

reflectance, or albedo, of fresh snow on the ground 
is high, in the range of 0.8–0.9 (Pomeroy et al. 998; 
Spittlehouse and Winkler 2004). As the snow surface 
darkens from litter plus dust accumulation on the 
snow surface and changes in snowpack structure or 
the presence of water, the albedo may drop to 0.3–0.5 
(Pomeroy and Goodison 997; Pomeroy et al. 998). 
Understanding this site-specific albedo decay is im-
portant to correctly estimate melt using the energy 
balance approach, and to model snowmelt. Conse-
quently, the use of energy balance calculations of 
snow ablation is limited mainly to research studies.

Meltwater outflow from a snowpack can be 
measured directly using lysimeters. These devices 
capture meltwater as it drains out of the snow-
pack and measure either its weight or volume. The 
meltwater measured in a lysimeter is considered to 
be that which is available to run off or infiltrate into 
the soil. Lysimeters are classified as either enclosed 
or unenclosed. The collector in an enclosed lysimeter 
is surrounded by a barrier that completely isolates 
a column of snow. The collector in an unenclosed 
lysimeter is surrounded only by a raised rim (Kattel-
mann 984). The lysimeter represents a discontinuity 
in the snowpack, resulting in a pressure gradient 
and a 2–3 cm saturated layer above the collector. 
Since the water pressure is greater in this saturated 
zone than beyond the perimeter of the discontinuity, 
water can flow laterally out of the collection zone, re-
sulting in an underestimate of melt using unenclosed 
lysimeters. A low rim, 2–5 cm in height, is thought 
to contain the entire pressure gradient zone under 
most conditions (Kattelmann 984). Before water can 
flow out of a lysimeter, storage in the capillary zone 
above the collector/snow interface and within the 
lysimeter itself must be filled (Kattelmann 984). In 
areas with shallow snowpacks of less than  m deep, 
and in areas where snow in spring melts on tree 
canopies, drips to the ground, and freezes overnight, 
snow in a lysimeter box may become ice and block 
the lysimeter drain (Winkler et al. 2005).

Snow Distribution

For some applications, such as water supply model-
ling and flood forecasting, the areal distribution 
of snow cover over a watershed is of interest. Areal 
estimates of snow cover can be obtained through re-
mote sensing or ground surveys. Methods for map-
ping snow distribution through remote sensing are 
described later in this chapter (see the “Hydrological 
Applications of Remote Sensing Data” subsection of 
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the “Spatial Measures” section). Maps of snow cover 
distribution based on ground surveys are generally 
developed using data from surveys along transects 
covering the area of interest. The number and loca-
tion of transects and sampling sites required increas-
es with increasing variability in terrain, vegetation, 
and snow cover (Woo 997). The area of interest 
should be stratified into zones of similar terrain, 
aspect, and vegetation. Within each zone, transect 
locations can be planned from maps or low-level 
aerial photographs without snow cover. However, 
these locations should be verified in winter to ensure 
that all snow conditions are represented and that the 
sampling design is feasible. Survey transects should 
be replicated within each zone.

Snow is measured at regular intervals along each 
transect. Since snow density is less spatially variable 
than snow depth, fewer snow density measurements 
are necessary along each transect than snow depth 
measurements. Woo (997) suggested that for a 00-
m transect in the Arctic, 20–40 depth measurements 
should be made and at least –2 density measure-
ments should be taken. Woo further recommends 
that sample points are spaced 2–5 m apart in gullies 
and as far as 0–20 m apart on long uniform slopes. 
Pomeroy and Goodison (997) suggested that in hilly 
terrain in the boreal forest, snow courses should be 
20–270 m in length and sampled every 30 m. In 
open areas, however, snow course lengths could be 
longer and density measured every 00–500 m with 
five intervening snow depth measurements.

The number of sampling sites will vary with 
transect length and snowpack variability. If in-
formation regarding the variability in snow depth 
and density is available for similar environments 
and forest cover types, this information should be 
used to calculate the number of samples required 
to achieve a specified accuracy (Spittlehouse and 
Winkler 996; Pomeroy and Goodison 997). The 
average SWE for each transect can then be calculated 
from either the series of point SWE measurements, or 
by determining the relationship between snow depth 
and density, estimating density for points with only 
depth measurements based on this relationship, and 
calculating SWE (Steppuhn 2000). A reduction in the 
time spent on the less spatially variable snow density 
measurements allows for more time to be spent on 
additional snow depth samples to better capture the 
large variability in depth.

The average SWE for a watershed can be roughly 
estimated as the sum of the areally weighted snow 
survey results for each zone identified in the water-

shed. Snow disappearance can be approximated by 
depleting the snow measured in each zone late in the 
season using energy balance computations of snow-
melt (Woo 997) or using remote sensing techniques 
(see last section in this chapter). The spatial distribu-
tion of SWE is more accurately described through 
a combination of statistical techniques, distributed 
snowmelt modelling, and well-designed snow sur-
veys, particularly in mountainous terrain (Anderton 
et al. 2004). In southeastern British Columbia, Jost 
et al. (2007) found that the spatial variability in SWE 
at Cotton Creek was best represented through a 
nested sampling design that accounted for variables 
controlling snow accumulation at both the small 
and large scales, including elevation, forest cover, 
and aspect. These authors also found that the relative 
influence of the variables changed from year to year 
and consequently recommended using an approach 
that combines field measurements and spatially dis-
tributed models to determine the variability in SWE 
across a watershed.

Snow Survey Design

When designing a snow sampling program, both  
the objectives of the survey and the required accu-
racy of the results should be carefully considered 
before establishing survey sites in the field. When 
snow survey data are used as an index to spring 
runoff, the survey equipment, procedures, and snow 
course should remain consistent over time. If the 
exact SWE value is important, then the representa-
tiveness of the survey sites relative to the landscape 
under study must be carefully considered (Goodison 
et al. 98).

For forest management applications, comparisons 
of snow accumulation and ablation between forest 
cover types, between various cutting patterns and 
clearcuts, or between stands affected by fire, insects, 
or disease and healthy forest are often subjects of 
interest. It is useful to begin a new snow survey or 
research project by conducting a pilot study. In a pi-
lot study, sufficient samples should be collected over 
a season to learn more about the number of samples 
necessary to detect differences considered of hydro-
logic significance as well as the sampling frequency 
most suitable to describe the variables of interest. For 
example, at Upper Penticton Creek, researchers were 
interested in determining differences in snow accu-
mulation and ablation between forest dominated by 
mature lodgepole pine, forest dominated by mature 
Engelmann spruce–subalpine fir, and a clearcut. 
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Snow surveys at 50 sampling points in each stand 
were completed every 2 weeks in an initial sampling 
year. These data showed that to detect a 6-cm differ-
ence in April  SWE between a lodgepole pine stand 
and a clearcut, a minimum of 0 samples is required 
95% of the time. If differences of 2 cm are of interest, 
50 samples are necessary. Sample sizes of 0 and 50 
were adequate to detect differences of 7 and 3 cm, re-
spectively, between an Engelmann spruce–subalpine 
fir stand and a clearcut (Winkler and Spittlehouse 
995; Spittlehouse and Winkler 996). The data also 
showed that sampling once every 2 weeks was not 
sufficient to determine differences in snow disap-
pearance date between stands, since the snowpack 

typically disappeared within 2 weeks throughout the 
entire area.

Based on the first year of data, sampling intensity 
and frequency can be modified so that data analysis 
methods most appropriate to the questions asked 
can be used. Surveys should continue for a number 
of years to include the range of weather patterns and 
snowfall conditions typical of the study area. Snow 
survey design, site selection, and snow course layout 
considerations are described in B.C. Ministry of 
Environment (98), Goodison et al. (98), and Woo 
(997). Properly designed snow sampling programs 
are key to successfully describing forest cover effects 
on snow accumulation and melt.
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Weather – Throughfall and 
Interception of Rain and Snow

Darryl Carlyle-Moses

THROUGHFALL AND INTERCEPTION OF RAIN AND SNOW

Interception and subsequent evaporation of incident 
precipitation represents an important and some-
times dominant component of growing season and 
annual forest water balances. Given the quantita-
tive importance of canopy interception loss (Ic), the 
acquisition of accurate estimates of this water output 
by hydrologists and watershed managers is impera-
tive when calculating the water balance of an area of 
interest. With the exception of certain snow methods 
(see below), Ic is not measured directly, but rather 
estimated as the difference between incident precipi-
tation (P) above, and understorey precipitation (Pu) 
below, the canopy:

 Ic = P – Pu  (3)

A review of the literature suggests that the ap-
proaches to obtain P and Pu estimates are varied 
and as such this section focusses on those meth-
ods most frequently used (Table 7.2). Rainfall Ic is 
discussed separately from that of snow and examples 
are drawn from studies conducted within British 
Columbia where possible.

Rainfall Interception Loss

Incident rainfall
Rainfall incident upon a canopy is estimated using 
gauges situated above the canopy of interest or in 
a forest clearing close to the study stand. Much of 
the error associated with the measurement of rain 
is caused by wind-induced turbulence around the 
gauge opening (Legates and DeLiberty 993). Since 
gauges located above a forest canopy are subjected to 
greater wind speeds than those in nearby clearings 
(see Oke 987), the former approach may systemati-
cally underestimate incident rainfall. The placement 

Table 7.2 References for throughfall/interception methods

Measure References for methods

Incident rainfall Brakensiek et al. (editors) 1979
Throughfall Kimmins 1973; Spittlehouse 1998
Stemflow Hanchi and Rapp 1998;  
 Spittlehouse 1998
Incident snowfall Golding and Swanson 1986
Snow interception loss Lundberg et al. 1998; Winkler et al. 
 2005; Magnusson 2006

http://watleo.uwaterloo.ca/snow/atlas/Woo.pdf 
http://watleo.uwaterloo.ca/snow/atlas/Woo.pdf 
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Similar gauge requirements have been found in 
other deciduous stands (e.g., Kostelnik et al. 989; 
Price and Carlyle-Moses 2003). In coniferous forests, 
throughfall often exhibits greater spatial variability 
than in deciduous stands (e.g., Price et al. 997) and 
thus adequately sampling this input will typically re-
quire more point gauges than in deciduous environ-
ments (see Kimmins 973).

Point throughfall gauges may be kept in either 
fixed locations (e.g., Carlyle-Moses and Price 999) 
or moved after each rainfall or certain time period 
has passed (e.g., Gash and Morton 978). Some inves-
tigators (e.g., Lloyd and Marques 988) suggest that 
for a given number of gauges, roving gauges provide 
more accurate estimates of cumulative throughfall 
than the fixed-gauge method since the standard 
error of the estimate may be summed quadratically 
in the roving but not in the fixed-gauge method. 
However, Carlyle-Moses (2002) found that season-
long throughfall within a pine (Pinus pseudostrobus 
Lindl.) – oak (Quercus spp.) stand in northeastern 
Mexico could be estimated adequately using only a 
few fixed gauges. Thus, the increased accuracy given 
by the roving gauge approach may be inconsequen-
tial if the required water balance is at the season-
long or annual time scales. In addition, the roving 
gauge approach does not increase the accuracy of 
single throughfall event estimates or is not useful for 
studies concerned with assessing either the temporal 
or spatial variability of this input (Kimmins 973; 
Loustau et al. 992). 

Long trough collectors (Figure 7.2) have also been 
recommended (e.g., Kostelnik et al. 989) since these 
gauges are thought to integrate the uneven delivery 
of throughfall. Although Reynolds and Neal (99) 
concluded that insufficient evidence existed to sup-
port the claim that long trough collectors are better 
suited for sampling than cylindrical gauges, subse-
quent studies (e.g., Spittlehouse 998) do suggest that 
the statistical objectives of a study can be met using 
fewer trough than point gauges. If trough gauges are 
used, then these troughs should be sufficiently deep 
to minimize splash or should be designed to elimi-
nate splashing (Keim et al. 2005). 

Employing Equation 4 to determine the number 
of gauges required to properly sample throughfall 
assumes that this input is normally distributed. 
However, the spatial variability of throughfall has 
been shown as non-random in several stands with 
this input increasing (e.g., Beier et al. 993), decreas-
ing (e.g., Robson et al. 994) with increasing distance 
from the tree bole, or spatially random, but tem-

of rain gauges in a forest clearing, however, assumes 
that the rainfall input to the forest canopy is the 
same as that reaching the clearing. Thus, the clearing 
should be as close as possible to the study stand, es-
pecially in areas where a large proportion of rainfall 
is derived from spatially limited convective storms. 
In addition, rain gauges within a clearing must be 
situated far enough from surrounding trees so that 
rainfall input to the gauge opening is not obstructed. 
Brakensiek et al. (editors, 979) suggested that the 
horizontal distance between the rain gauge and sur-
rounding obstructions, including trees, should be 
at least two times the height of the obstructions. See 
the preceding subsection on precipitation for further 
information regarding the measurement of incident 
rainfall.

Understorey precipitation, Pu
Understorey precipitation associated with rainfall 
consists of throughfall (TF) and stemflow (SF), with 
TF being much more quantitatively important than 
SF in forest environments (see Dunne and Leopold 
978). Because of the variable nature of the oversto-
rey canopy, the spatial variability of throughfall is 
often large. Overcoming this large variability may 
be accomplished by using several cylindrical point 
gauges within the plot of interest (Figure 7.); how-
ever, the resources available and not the degree of 
spatial variability exhibited often dictate the number 
of gauges used by investigators (Levett et al. 985). As 
a consequence, Kimmins (973) suggested that many 
throughfall studies are of little value since certain 
statistical objectives were not met. Puckett (99), 
based on equations used by Kimmins (973) and 
Kostelnik et al. (989), used the following equation to 
determine the number of gauges required to estimate 
mean throughfall to within a certain percentage of 
the mean at a desired confidence level:

n'  = t 2(α,n' – )CV 2

CI 2
   (4)

where: n’ is the simulated number of gauges 
required, t is the Student t-value for a level of α with 
n’– degrees of freedom, and CV and CI are the coef-
ficient of variation (%) and the confidence interval 
expressed as a percentage of the mean TF, respec-
tively.

Using Equation 4, Puckett (99) found that the 
number of gauges required to estimate mean event 
throughfall under a mixed hardwood canopy in 
Virginia to within 0% and 5% at the 95% confidence 
level ranged from 8 to 4 and 24 to 50, respectively. 
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porally persistent (Keim et al. 2005). If throughfall 
exhibits systematic spatial variability, then a random 
array of gauges, especially a fixed array, may produce 
erroneous estimates of this input, and a stratified 
sampling design should be used (see Beier 998).

As a guide to which throughfall sampling strategy 
should be used, the literature suggests that this input 
is systematically related to stand characteristics such 
as distance from the tree bole and leaf area index 
(LAI) for small rain events in most forest com-
munities. For larger precipitation events (typically 
>5 mm), the systematic delivery of throughfall is 
often found in tree plantations (e.g., Alva et al. 999) 
and in coniferous environments with moderate to 
large LAI values (e.g., Beier et al. 993). In deciduous 
communities and stands of conifers where the LAI 
is less than 4 m2/m2, the spatial delivery of through-
fall is typically random, especially if the canopies of 
individual trees overlap (Carlyle-Moses et al. 2004; 
Keim et al. 2005). Although throughfall may be 
estimated to within a relatively high degree of accu-
racy using the aforementioned methods, the errors 
associated with rainfall, throughfall, and stemflow 
are accumulated in the interception loss estimate, 
resulting in much larger relative errors. The relative 
error associated with the interception loss estimate 
depends on rainfall depth; given the errors associ-

ated with rainfall, throughfall, and stemflow, error 
values of ±5% or more should be expected on the 
absolute value of interception loss (D. Spittlehouse, 
B.C. Ministry of Forests and Range, pers. comm., 
Sept. 2006). 

Stemflow
Stemflow is typically measured by fixing halved-tub-
ing (to form a collar) around the circumference of a 
tree bole at approximately breast height. The collar 
is sealed to the tree bole using caulk sealant and the 
captured stemflow is directed via an unhalved sec-
tion of tubing to a closed reservoir for subsequent 
measurement (Figure 7.2). Assuming that water has 
a density of 000 kg/m3, stemflow collected from 
individual trees may be scaled to the plot scale using 
the following equation:

SFdepth = SFvol n
A

 (5)

where: SFdepth is stemflow depth (millimetres), 
SFvol represents the average SF volume (litres) col-
lected from the sampled trees, and n is the number 
of trees within the stand area A (square metres).

Stemflow volume may be collected from a few 
“representative” trees within the study plot and 
then scaled to the stand area using Equation 5 (e.g., 

Figure 7.  Random distribution of point throughfall gauges in a soft-fruit orchard, Kamloops, B.C.  
(Photo: D.E. Carlyle-Moses)
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Johnson 990). However, this approach has been 
criticized since it is not always clear what “repre-
sentative” means. Other scaling approaches (e.g., 
Hanchi and Rapp 997) have been developed, with 
many based on the relationship between stemflow 
produced for a given precipitation depth and the 
diameter at breast height (dbh) of the sampled trees. 
Stand-scale stemflow is then derived by considering 
the dbh distribution of the stand. 

Many canopy interception loss studies in British 
Columbia have not measured stemflow because this 
input was assumed as quantitatively inconsequen-
tial or simply estimated from previous studies (e.g., 
Beaudry and Sagar 995). Although some studies 
found that stemflow is volumetrically inconsequen-
tial within coniferous stands of British Columbia 
(e.g., Maloney et al. 2002), the results of others (e.g., 
Spittlehouse 998) suggest that stemflow may be an 
important component of understorey precipitation 
in these environments. Thus, assuming that stem-
flow is negligible may result in sizable overestimates 
of the quantitative importance of canopy intercep-
tion loss.

The throughfall and stemflow collection method 
affects the questions that can be answered by the 

data collected. Continuous recording instruments 
such as tipping-bucket rain gauges (either as point 
collectors or used with troughs) allow for differen-
tiation of individual storm events and an examina-
tion of rainfall intensity and duration influences 
on throughfall and stemflow. Alternatively, simple 
storage gauges can be used; however, data resolution 
is lost and separating storm events is difficult. Al-
though storage gauges are less prone to instrumental 
failure, they require a greater frequency of field visits 
to collect measurements.

Snow Interception Loss

Incident snowfall
Snow incident upon a canopy may be estimated 
in an open clearing close to the study stand us-
ing various snow depth and snow water equivalent 
(SWE) measurement techniques including snow 
pillows, snow stakes, lysimeters, and snow surveys 
(see previous subsection on snow accumulation and 
melt; Dingman 2002). As with incident rainfall, the 
snowfall input to the clearing is assumed to be that 
which falls on the canopy of interest. However, the 
upward-increasing wind velocity pattern found over 

Figure 7.2  Long throughfall trough collector emptying into a tipping-bucket rain gauge, Upper Pent-
icton Creek Watershed Experiment, near Penticton, B.C. (Photo: D.E. Carlyle-Moses)
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forest canopies is disrupted by clearings, resulting 
in increased snow deposition in these openings—es-
pecially if the diameter of the clearing is less than or 
equal to 20 times the height of the surrounding trees 
(Dingman 2002). Some studies (e.g., Golding and 
Swanson 986) suggest that in relatively large clear-
ings, higher wind velocities may develop, resulting in 
snow redistribution from the clearing to the sur-
rounding forest. See previous subsection for further 
information concerning the measurement of snow.

Sublimation estimation
The sublimation and evaporation of snow from 

forest canopies is often estimated by measuring 
season-long snow accumulation below the stand(s) 
of interest and in a clearing, with the difference be-
ing the season-long interception loss. Nevertheless, 
this method is subject to the different snow deposi-
tion errors discussed above and provides relatively 
poor temporal resolution. Snow storage capacity and 
snow canopy interception loss have been estimated 
by continuously measuring the weight of cut trees 
with increases and decreases in weight representing 
snow accumulation and snow interception loss from 
the canopy, respectively (e.g., Lundberg et al. 998). 
Magnusson (2006), however, suggested that the tree-
weighing approach has limited practical applications 
since it cannot be conducted in dense forest, as the 
branches of neighbouring trees interfere with the 

measurements, and that the scaling of single-tree 
results to the stand scale is subject to large uncer-
tainties. 

Gamma ray attenuation techniques that provide 
vertical snow profiles within the canopy have also 
been suggested (e.g., Lundberg et al. 998), but it is 
unlikely that this method will become a standard 
field technique because of radiation safety and high 
maintenance concerns (Magnusson 2006). Magnus-
son (2006) suggested that snow storage capacities 
and snow canopy interception rates could be esti-
mated within a high degree of accuracy using an 
electromagnetic impulse wave velocity and attenu-
ation technique. The velocity and attenuation of the 
electromagnetic wave, which is sent from an impulse 
antenna to a receiving antenna, are affected by ice 
and water within the canopy air space (see Bouten 
et al. 99). Though promising, this technology is 
in its infancy. At present, the preferred method of 
estimating snow canopy interception loss in British 
Columbia is by measuring SWE accumulation differ-
ences between forest floors and forest clearings (e.g., 
Winkler et al. 2005). Errors are likely to arise using 
this method, however, since the assumption that 
seasonal snow interception is the difference between 
open clearing SWE and forest SWE may not be valid 
due to snowpack melt before the main melt season 
(D. Spittlehouse, B.C. Ministry of Forests and Range, 
pers. comm., Sept. 2006).
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Weather – Evaporation and 
Transpiration

Georg Jost and Markus Weiler

EVAPORATION AND TRANSPIRATION

Evaporation is the process by which water (or any 
other liquid) becomes gaseous without being heated 
to the boiling point. It is an important part in the 
water cycle and a key process in hydrology and ecol-
ogy. Three kinds of surfaces are important in the 
movement of water back to the atmosphere: () veg-
etation, (2) soil, and (3) open water (Penman 948). 
Evaporation of water from vegetation through plant 
leaves is called transpiration. In forested landscapes, 
three predominant components of evaporation (E) 
can be distinguished:

E = Et + Es + Ei   (6)

where: Et is transpiration, Es is soil evaporation, 
and Ei is interception evaporation. Evaporation is 
also often referred to as evapotranspiration at a stand 
or watershed scale. Although evaporation from open 
water bodies is of minor importance in the water 
balance of most terrestrial systems (except for lakes 
and reservoirs), great attention is given to it because 
open water bodies provide a reproducible surface 
of known properties. The complex mechanisms of 
evaporation from vegetated surfaces or soils are 
often approached by relating the water losses from 
vegetation and soil to water losses of open water 
under the same meteorological conditions. 

In a benchmark paper published in 948, Pen-
man combined the energy balance with the mass 
transfer (or aerodynamic) method and derived an 

equation to compute the evaporation from an open 
water surface using standard climatological records 
of sunshine, temperature, humidity, and wind speed. 
Penman (948) called this direct evaporation from 
open water surfaces the “potential evaporation” (e.g., 
the amount of water that could be evaporated by the 
atmosphere if sufficient water was available). The 
original Penman equation was further extended to 
other vegetated surfaces (Penman already studied 
evaporation from bare soil and grass) by introduc-
ing resistance factors. The most common form is 
the physically based combined heat balance and 
aerodynamic equation of Penman and Monteith, 
which includes an aerodynamic resistance and a 
surface resistance. Both resistances are combinations 
of several single resistances. The surface resistance 
describes the resistances of vapour flow through 
stomata openings, total leaf area, and soil surface. 
The aerodynamic resistance describes the resistances 
from the vegetation upward and involves friction 
from air flowing over vegetative surfaces. For greater 
detail, see Brutsaert (2005). 

Because aerodynamic and surface resistances de-
pend on both the vegetation and the soil, the poten-
tial evaporation varies for each surface. To overcome 
the necessity to define unique evaporation param-
eters for each (vegetated) surface in the calculation 
of potential evaporation, the concept of a reference 
surface was introduced. Early attempts used open 
water as a reference surface; however, the large 
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differences in aerodynamic, surface, and radiation 
characteristics to vegetated surfaces made it difficult 
to relate evaporation measurements of vegetated sur-
faces to free water evaporation. As a result, potential 
evaporation is usually related to a short, green grass 
surface with adequate water, which incorporates 
the biological and physical processes involved in 
evaporation. The Food and Agriculture Organiza-
tion recommends the Penman-Monteith method to 
compute potential evaporation from a green grass 
reference surface since this method provides consist-
ent potential evaporation values in all regions and 
climates (Allen et al. [editors] 998). 

Besides climatic controls, soil water availability 
and the structure of vegetation limit evaporation. 
Trees control water uptake by opening and clos-
ing stomata, and the stomata are in turn controlled 
by potassium availability. During drought or time 
with high evaporative demand, plants close stomata, 
which increases the surface resistance (by decreas-
ing leaf conductance). As a result, actual evapora-
tion—the quantity of water that is actually removed 
from a surface by evaporation—is lower than the 
potential evaporation. Koestner (200) and Schume 
et al. (2004) showed that transpiration is more fre-
quently limited by low surface conductance than by 
soil drought. 

Evaporation is either measured directly through 
micro-meteorological methods or indirectly through 
the water balance. Several different methods to 
measure evaporation have been developed (Wilson 
et al. 200). Table 7.3 provides an overview of com-
mon methods used to directly or indirectly estimate 
evaporation. Each method has its own representative 
spatial and temporal scale; applications outside this 

scale can be difficult. Methods to measure evapora-
tion also differ in what is measured: some methods 
measure total evaporation whereas others measure 
only one or several components of evaporation, such 
as transpiration, interception evaporation, or soil 
evaporation.

Lysimeter

A lysimeter is a container that isolates a volume 
of soil (undisturbed or disturbed) hydrologically 
from its surrounding soil. The isolated soil volume 
is intended to be as representative as possible of the 
undisturbed surrounding soil and vegetation. Lysim-
eters are either weighing or non-weighing. Weighing 
lysimeters provide a direct measure of total evapo-
ration and are also used to study chemical fluxes 
and water percolation into the groundwater. The 
advantage of using a weighing lysimeter is that the 
water vapour fluxes are obtained independently of 
the surface energy budget. Lysimeters are reliable for 
measuring evaporation to 0.02–0.005 mm of equiva-
lent water depth (Parlange and Katul 992; Yang et 
al. 2000). The measurement principle is based on the 
soil water balance equation:

ΔS = P + Q – R – E  (7)

The change in soil water (∆ S), measured by 
weighing, is a result of precipitation (P), percolation 
or groundwater flow (Q; can be negative), runoff (R), 
and evaporation (E). Interception is one component 
of evaporation. Lysimeters are usually constructed 
such that all runoff water percolates, thus evapora-
tion is computed as:

TABLE 7.3  Methods for direct or indirect measurement of evaporation or components of evaporation (Et = transpiration, Es = soil 
evaporation, Ei = interception) with approximate representative spatial scale and the highest meaningful resolution time 
scale for each method

 Direct/indirect  Spatial  
Method  measurement Component scale (m2) Time scale

Lysimeter Direct Et + Es + Ei 101 Hourly
Catchment water balance Indirect Et + Es + Ei > 106 Annual
Throughfall a Direct Ei 102 Daily
Soil water balance (automatic sampling) Indirect Et + Es 100 Daily
Soil water balance (manual sampling Indirect Et + Es 103 Weekly
Evaporimeter (Class-A pan) Direct Es (open water) 102 Daily
Sap flow Direct Et 102 Hourly
Bowen Ratio/energy balance Indirect Et + Es + Ei 104 Hourly
Eddy covariance (above canopy) Direct Et + Es + Ei 104 Hourly

a For details, see subsection “Throughfall and Interception of Rain and Snow” (pg. 575).
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E = P + Q – ΔS    (8)

Although some lysimeters include trees as vegeta-
tion, the use of lysimeters in the study of evaporation 
from forests is limited by the small area that can be 
covered; as a result, only a small area can be repre-
sented. The building and maintenance costs of this 
method are high compared with the others. 

Catchment Water Balance

An annual estimate for evaporation can be comput-
ed from the catchment water balance:

E = P + Q – R – ΔS   (9)

which is the same as Equation 8 but includes run-
off. The evaporation term is a residual in the balance 
equation and errors in other terms, such as assump-
tions about deep percolation (Q) or spatial represen-
tation of precipitation measurement. Annually, ∆ S 
is assumed to be zero and Q is often assumed to be 
zero so that the total annual evaporation becomes 
the residual between annual precipitation and total 
annual runoff: 

E = P – R   (0)

Although information about between-year 
processes cannot be obtained from annual evapora-
tion estimates (and detection of annual trends that 
cannot be backed up with process information are 
questionable), the catchment water balance is a use-
ful method for comparison of different watersheds 
and for confirmation of other methods (Wilson et al. 
200). Despite all the disadvantages, the catchment 
water balance is the method with the highest spatial 
aggregation. 

Soil Water Balance

The soil water balance method computes transpira-
tion and soil evaporation from changes in soil water 
storage using estimates or assumptions of drainage 
and interception: 

Et,s = P + Q – Ei – R – ΔS   ()

At the stand scale, it is usually assumed that 
inflow equals outflow so that R can be omitted. Can-
opy interception or interception evaporation can be 
estimated from throughfall (and if applicable from 

stemflow) measurements. In most studies (because 
of a lack of knowledge), it is assumed that no drain-
age occurs below the depth of the deepest measure-
ment; groundwater flow (Q) is also assumed to be 
zero. The soil evaporation and transpiration compo-
nent of the total evaporation is then the residual be-
tween precipitation minus throughfall minus change 
in soil water storage (∆ S). The advantages of this 
method are its simplicity and the possibility to relate 
the contributions of transpiration and soil evapora-
tion to different soil layers. Spatial and temporal 
scales depend on the technology used to measure the 
soil water storage. Automatic soil moisture probes 
(e.g., automatic time domain reflectometry probes; 
see subsection later in this chapter on “Soil Moisture 
Measurement Methods”) give high temporal resolu-
tion data (minutes); however, the number of probes 
and thus the spatial extent and the representative 
scale are limited by equipment costs. With more 
probes, and thus a greater spatial extent of sampling 
with less expensive manual techniques, temporal 
resolution suffers (Schume et al. 2004; Jost et al. 
2005). A combination of a few automated soil mois-
ture measurements (at high temporal resolution) 
with many manual measurements (at high spatial 
resolution) makes it possible to assess evaporation 
over larger areas in daily or subdaily time steps. 

Evaporimeter (Class-A Pan)

Evaporimeters (e.g., the World Meteorological 
Organization recommended Class-A pan) have been 
used since the 8th century to estimate potential 
evaporation. Class-A pans are still used in Canada 
and worldwide because of their simplicity, low cost, 
and ease of application (Stanhill 2002). In most situ-
ations, pan evaporation is higher than evaporation 
from vegetated surfaces (Chiew and McMahon 992). 
It is adjusted by multiplying by a pan coefficient that 
varies with the vegetation surface and the state of 
vegetation development (Allen et al. [editors] 998),

E = kp × EPAN   (2)

where: E is total evaporation, kp is the pan coef-
ficient, and EPAN is the pan evaporation. Problems 
are associated with the pan coefficient because it is 
influenced by numerous factors and integrates many 
variables (i.e., pan, pan surroundings, site condi-
tions, fetch, relative humidity, radiation, and wind 
speed), which all contribute to uncertainties. The 
main problem in using pan evaporation data is that 
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specific pan coefficient values must be found for each 
application, although some representative values 
from other studies and corrections to actual evapo-
ration exist (Allen et al. [editors] 998).

Sap Flow

Sap flow techniques measure the water passing 
through the conductive xylem of a tree stem based 
on thermodynamics (some methods use other prin-
ciples). Heat pulse velocity (Swanson and Whitfield 
98; Green et al. 2003), trunk segment heat balance 
(Cermak et al. 973), thermal dissipation (Giles et 
al. 985; Tatarinov et al. 2005), and heat field deform-
ation (Cermak et al. 2004) are the most common 
methods and are all based on a similar principle—
that is, the relationship between heat dissipation, 
assessed from temperature differences at a heated 
and outside a heated part of the stem, and sap flow. 
Heat pulse velocity measures the linear velocity of 
sap flow by applying a heat pulse. The main advan-
tage of this method is that it requires no reference 
temperature, so that the influence of the surround-
ing temperature gradients is minimized. The main 
limiting factor of this method is that it is not a true 
real-time measurement, since it requires a steady 
state after applying a heat pulse to take a reading, 
which takes time. Constant heating approaches, such 
as trunk segment heat balance and thermal dissipa-
tion (most commonly used in North America; e.g., 
www.dynamax.com/), represent a truly continuous 
measurement, but these methods require a refer-
ence temperature, which can be a source of errors, 
and require more power for operation. Sap flow can 
be measured at high temporal resolution and, in 
conjunction with climate and soil moisture data, 
provides insights on environmental controls of the 
transpiration or soil evaporation process. Heat losses 
or gains that cannot be attributed to stemflow, in-
stallation problems (probes need to be vertical), and 
sap flow variability along the radius (different results 
depending on location along the stem) are potential 
sources of error with stemflow methods. Knowledge 
of the anatomy of the sample trees is a prerequisite 
for proper installation of sensors. Extrapolation of 
transpiration to the stand scale is not straightfor-
ward. It requires a selection of representative trees 
for a given stand and an appropriate scaling tech-
nique (for more details, see Cermak et al. 995, 2004; 
Tatarinov et al. 2005). The approximate number of 
sample trees is at least 0 for homogeneous stands 

and more for older heterogeneous stands (Koestner 
200). 

Bowen Ratio / Energy Balance

The modified Bowen-ratio / energy balance method 
can be used to estimate air–surface exchange rates 
of water vapour and other gases (e.g., CO2) by 
measuring differences in concentrations between 
two heights (Black and McNaughton 97; Blad and 
Rosenberg 974; Spittlehouse and Black 979; Meyers 
et al. 996). The Bowen ratio (β ) is the ratio between 
sensible (H) and latent (λE) heat flux,

β  = H
λ E    

(3)

In conjunction with the energy balance, the Bo-
wen ratio is used to partition the available (incom-
ing) energy into sensible and latent heat. With the 
latent heat of vaporization of water, the total evapo-
ration rate can be computed from the latent heat 
flux. The Bowen ratio β can be measured by,

β  =  γ ∆T
∆ e   

(4)

where: ∆T and ∆ e are the temperature and vapour 
pressure difference between the two measurement 
levels (i.e., 3 m), and γ is the psychrometric constant. 
The accuracy of the evaporation estimate is directly 
related to the accuracy of the temperature and va-
pour pressure measurements. In situations with large 
gradients, the accuracy of the evaporation estimate is 
less than ±5%; small gradients decrease the accuracy 
to values between ±0% and ±60% (Spittlehouse and 
Black 979; Perez et al. 999). For consistent data the 
nighttime period and periods during and after pre-
cipitation must often be rejected (Perez et al. 999). 
From the time and the spatial scale, the Bowen- 
ratio/energy balance method is comparable to the 
eddy covariance method. Since the costs are substan-
tially less than the costs for eddy correlation and the 
sensor system required for eddy correlation is less 
robust, the Bowen-ratio/energy balance method is 
still widely used. 

Eddy Covariance

Eddy covariance has been used for approximately 
40 years to study CO2, H2O, and CH4 fluxes over 
various surfaces in homogeneous and complex 
terrain (e.g., Schume et al. 2005). Eddy covariance, 

http://www.dynamax.com/
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when applied to evaporation, analyzes the vertical 
mass flux density of water vapour statistically as 
the covariance between vertical wind speed (e.g., 
the vertical vector of wind “eddies” [w]), and water 
vapour density (ρv) (Falge et al. 200a, 200b), 

E = ρa (w' × ρ 'v )   (5)

where: ρa is the density of the air, primes are 
the fluctuations around the mean, and the overbar 
indicates time averages (5–30 mins). A measurement 
frequency of 0 Hz (0 measurements per second) 
is usually required to capture the high-frequency 
contributions to the flux (eddies). For low-frequency 
contributions, advective fluxes for example, atmo-
spheric fluxes are averaged over 30–60 minutes. 

Eddy covariance is most accurate on homogeneous 
vegetation with flat terrain and steady atmospheric 
conditions (Baldocchi 2003). Diversion of any of 
these conditions from ideal introduces inaccuracies 
that can be partially fixed with approved methods 
such as source area analysis, corrections for advec-
tive fluxes, and correction for density fluxes (Leun-
ing and Moncrieff 990; Paw U et al. 2000). Falge 
et al. (200a) analyzed 28 eddy sites and found an 
average data coverage of 65%. This does not mean 
that eddy systems are unreliable but certainly points 
out that running eddy covariance measurements 
requires continuous attendance. Eight eddy covari-
ance systems are running within the Fluxnet Canada 
network, and six of these are in forested landscapes 
(www.fluxnet-canada.ca/).
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Water Quantity – Streamflow

David Hutchinson and Stuart Hamilton

STREAMFLOW

Streamflow integrates all the hydrologic processes 
and storages upstream of a particular point in time 
and space and is one of the most widely measured 
quantities of the hydrological cycle. The character-
istics of streamflow response of a forested watershed 
are important for understanding channel stability, 
sediment transport, and ecological function, as well 
as a wide variety of other management concerns. 

Documenting the variability of streamflow re-
sponse at a given gauge location involves: () collect-
ing discrete measurements of water level (stage) and 
streamflow (discharge); (2) referencing a continuous 
record of water levels relative to a known or assumed 
datum; and (3) establishing an empirical relationship 
between stage and discharge, commonly known as a 
rating curve. The level of monitoring effort and qual-
ity of gauging site directly affects the quality of the 
resulting hydrometric data record. Poor site selection 
or infrequent gauge visits may lead to a hydrometric 
record that does not meet the required monitoring 
objective. Although some adverse conditions for 
measurement of open channel flow are unavoidable, 
it is best to avoid or mitigate errors that may affect 
the quality of the resulting hydrometric record. 

This subsection is concerned with reviewing 
common standards and practices for the measure-
ment and monitoring of streamflow for small- to 
medium-sized watersheds (flow generally less than 
50 m3/s). Monitoring streamflow in larger basins 
requires a substantial investment in occupational 
safety training and equipment typically feasible only 
for large hydrometric monitoring agencies. Church 
and Kellerhals (970), Terzi (98, 983), Rantz (982), 
and the Resources Information Standards Commit-
tee (998, 2009) serve as valuable references for more 
information on streamflow gauging and standards of 
practice.

Gauging Site Selection

Gauging site selection can be one of the most impor-
tant tasks in the collection of a hydrometric record. 
A good gauging site will maximize the data quality 

and minimize the work required to generate the 
resulting hydrometric record. 

Of primary importance in gauging site selection 
are the sensitivity and stability of the control. Most 
natural channels have a number of different down-
stream features that influence the stage measured at 
a given location at different flows. Collectively, these 
features are referred to as the “control” (Rantz 982). 
The stability of the control can be affected by shifts 
in the channel configuration, debris entrapment, 
or vegetal growth on the bed and (or) banks. Ideal 
gauging locations are upstream of channel constric-
tions, bedrock sills, or significant breaks in channel 
slope where the flow remains entirely within the 
channel banks over the range of possible flows and 
unaffected by backwater from tributary confluences, 
lakes, or tides. The site should have no complicating 
sources of local stage variability caused by shift-
ing bed, vegetal or ice growth, debris entrapment, 
or turbulence. The stability of the control directly 
affects the stability of the rating curve relationship 
and subsequent monitoring effort required to ensure 
that the rating curve is valid within the desired level 
of precision.

The sensitivity of the control plays an important 
role in translating changes in measured stage into 
fluctuations in estimated discharge. Insensitive 
control(s) not only diminish the measurement of 
flow variability, but can also directly affect the qual-
ity of the derived rating curve. In many small forest 
streams, an artificial control such as a V-notch weir 
may need to be constructed to make the measured 
stage sensitive to small changes in the observed 
discharge. The environmental impacts, sediment 
entrapment, and hydraulics must be carefully con-
sidered before construction. 

It is not necessary for the streamflow measure-
ment (the “measurement section”) to be co-located 
with the gauge; however, the reach must not gain 
or lose flow between the two locations. The meas-
urement section should be situated within a reach 
where the characteristics of flow are best suited to 
the measurement method. In many cases, shifting 
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the measurement location or method (depending 
on stage) will be required. It is important to overlap 
measurements at different locations and (or) meth-
ods to ensure that no bias is introduced into the 
stage-discharge rating. 

Measuring Streamflow 

Several methods are available to obtain discrete 
measurements of streamflow at a given point within 
a watershed. The methods fall into four basic catego-
ries: () velocity-area, (2) dilution, (3) volumetric, and 
(4) hydraulic (Table 7.4). The velocity-area methods 
are, by far, the most common methods of streamflow 
measurement. Dilution methods are generally ap-
propriate for steep, turbulent channels. Volumetric 
methods are best suited to gauging small discharges. 
Hydraulic methods are based on simplified equa-
tions of open channel flow and precise geometry of 
the control. 

Measurements of streamflow using the velocity-
area method require a series of point velocity and 
flow depth measurements to capture the lateral and 
vertical distribution of stream velocities at a cross-
section. More than 20–25 verticals (or “panels”) 
may be required to effectively sample the horizontal 
distribution. The method assumes that the vertical 
velocity distribution follows a parabolic or loga-

rithmic profile with the mean velocity of the water 
column approximated by point measurements at 
0.6d, where “d” is the depth of the stream (or 0.2d 
and 0.8d for depths greater than 0.75 m) (Terzi 98); 
however, the assumption of a smooth parabolic or 
logarithmic velocity profile in streams of most inter-
est to forest hydrologists is likely false. Most studies 
that formed standards of practice in velocity-area 
methods were conducted at the beginning of the 
20th century and sampled large rivers or flumes (see 
Pelletier 988). The horizontal, vertical, and temporal 
velocity distributions of mountain streams have not 
been systematically examined to verify the assump-
tions implicit in the general method. This makes the 
choice of measurement method and site selection of 
paramount importance when deriving a high-quality 
gauging record.

Several different methods can be used to inte-
grate unit discharge over the entire cross-sectional 
flow area, the most common being the mid-section 
method. No more than 5% of the total measured flow 
should be contained within any one panel (Terzi 
98; Rantz 982). 

Several technologies can be employed to measure 
velocity-area, including the traditional current me-
ters (e.g., Pygmy or Price meter) as well as acoustic 
technologies (e.g., FlowTracker™). In general, the 
time required to adequately sample both channel 

TABLE 7.4 Summary of methods for streamflow measurement

Method Technique Technology Ideal stream conditions Reference

Velocity-area Wading Mechanical, acoustic Steady uniform flow, shallow,  
medium velocity, smooth bed

Terzi 1981

Velocity-area Bridge Mechanical, acoustic Steady uniform flow, medium  
velocity, smooth bed

Terzi 1981

Velocity-area Ice Mechanical Competent uniform ice cover, no 
slush ice, steady uniform flow,  
medium velocity, smooth bed

Terzi 1981

Dilution Constant rate Ionic compounds,  
fluorometric dyes

Steady turbulent flow Moore 2004b

Dilution Slug Ionic compounds,  
fluorometric dyes

Steady turbulent flow, limited chan-
nel storage and hyporheic exchange

Moore 2005

Volumetric Bucket/stopwatch Small streams, freefall at gauging 
location

Resources Information 
Standards Committee 
1998

Hydraulic Weir Steady uniform flow Church and Keller-
hals 1970; Resources 
Information Standards 
Committee 1998
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area and velocity distribution makes the technique 
difficult to apply in rapidly varying flow conditions. 
The velocity-area technique is generally unsuitable 
for high-energy streams for four main reasons (Kil-
patrick and Cobb 985; Pelletier 988):

. Bed roughness elements may be large in relation 
to channel flow, making it difficult to measure 
cross-sectional area of flow and velocity accur-
ately.

2. Most technologies available for velocity measure-
ment by the velocity-area technique perform 
poorly at stream velocities outside the range 
of meter calibration or at shallow depths (or at 
boundaries) (Pelletier 988).

3. The technique requires the introduction of a 
meter into a high-velocity flow, which may result 
in over-sounding caused by frictional drag on the 
meter assembly and expose the field technician to 
undue occupational hazards.

4. Under conditions of rapidly varying flow, the time 
to measure velocity-area may be excessive. 

Streams with these characteristics may be better 
measured using dilution methods.

The Acoustic Doppler Current Profiler (ADCP) has 
been adapted to fluvial environments over the past 
decade and provides a more complete sample of the 
velocity-area distribution of flow in a much shorter 
period of time compared with traditional velocity-
area methods. Acoustic meters are incapable of sam-
pling the entire water column. All acoustic meters 
require a blanking distance for the transducers and 
electronics to recover from the high-energy transmit 
pulse. Although the blanking distance is relatively 
small, it can become significant in proportion to 
total cross-sectional area in wide, shallow streams. 
Acoustic meters are not designed for measuring high 
velocities, moving bed, or highly turbulent stream 
reaches. Therefore, it may be several years before 
ADCP technology is adapted for use in high-energy 
mountain streams.

Dilution methods have an advantage over tra-
ditional velocity-area techniques for measuring 
steep turbulent flows, typical of mountain environ-
ments. Although dilution methods have been used 
for several decades, the use of these methods as an 
operational technique is limited to a few national hy-
drometric agencies (e.g., Switzerland, New Zealand) 
and research applications. 

The general procedure for dilution gauging is to 
introduce a known concentration of tracer solution 
(or mass) to the streamflow either at a constant rate 
or as a slug. The dilution effect is then measured at a 
downstream location of complete mixing. Although 
several tracers can be used (e.g., ionic compounds 
such as NaCl and KBr, and fluorometric dyes, such 
as Rhodamine WT and Uranine), all have common 
properties in that these substances are:

• conservative, 
• found at low concentrations in the ambient 

stream water, 
• nontoxic for the concentrations and exposure 

times typically associated with discharge mea-
surements,

• highly water soluble, and
• detectable at very low concentrations. 

Sodium chloride (NaCl) is often used as a tracer 
because it is cheap, readily available, and measured 
using conductivity meters. Flows of up to 5 m3/s can 
be reliably measured using salt in solution (Moore 
2004a) and higher when the salt is added to the flow 
in dry form (Hudson and Fraser 2005). A practical 
upper limit for salt dilution is constrained by the 
mass of salt that can be reasonably handled. Dilution 
methods using fluorometric dyes are recommended 
for gauging higher flows because of the lower detec-
tion limit of monitoring devices and limited pres-
ence of fluorescence in natural stream waters. These 
characteristics allow for lower injection masses 
relative to the salt technique for a comparable flow. 
Fluorometric dyes vary in light sensitivity, toxicity, 
and the ability to be absorbed or detected.1 Users 
should refer to the specific properties of individual 
fluorescent tracers before applying at a gauging loca-
tion.

Dilution techniques work on the assumption that:

• the streamflow is unchanging during the trial;
• the tracer is completely mixed with streamflow at 

the point of measurement;
• a measurable difference is evident between tracer 

wave and background concentration; and
• no loss of tracer occurs between injection and 

measurement sections. 

In general, a minimum mixing length of 25 chan-
nel widths is required to ensure complete mixing 

 Weiler, M., H. McGuff, and J. Trubilowicz. 2005. Evaluation of the effectiveness of tracer methods for discharge estimation.  
Univ. British Columbia, Vancouver, B.C. Unpubl. manuscr.
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of tracer with the natural stream waters (Day 977). 
In turbulent channels, the mixing length may be 
reduced to less than 0 channel widths (Hudson 
and Fraser 2005). Conducting trials at various flow 
conditions will help determine the minimum mixing 
length required to ensure complete mixing. If the di-
lution method is conducted using the slug technique, 
it is best to situate the injection and measurement 
sections to minimize the effects of in-channel stor-
age (e.g., pools). These channel elements will attenu-
ate the tracer wave through the reach and lengthen 
the measurement duration required to effectively 
sample the entire tracer wave. However, the dilution 
method may be inappropriate in reaches containing 
large storage elements under conditions of rapidly 
varying flow. 

Volumetric methods determine discharge based 
on the time taken to fill a container of known 
volume. The technique is most practical for gaug-
ing small flows (< 5–0 L/s). To conduct discharge 
measurements, the best locations are those in which 
the water surface freefall allows the placement of a 
container that will capture the flow. It may be pos-
sible to divert flow to a length of plastic pipe or flume 
that will create a hydraulic head difference sufficient 
to place a container beneath the exiting flow (Re-
sources Information Standards Committee 998). 
The container should be of large enough volume to 
minimize filling-time errors. Multiple sampling is 
encouraged to minimize the effect of flow pulsations 
that can establish longitudinally within the culvert. 

Hydraulic methods of discharge measurement 
require the establishment of a control structure 
at which the flow over the crest is critical. Flow is 
estimated (Church and Kellerhals 970) from stand-
ard weir and flume equations. The environmental 
effects, sediment entrapment, and hydraulics must 
be carefully considered before weirs or flumes are 
constructed. In general, however, it is best to rate 
the control structure by direct measurement using 
any of the suitable methods in Table 7.4. Deviations 
of measured flow from standard equations can be 
caused by debris or algal growth at the control or 
the presence of an approach velocity. Flow and water 
level should be measured before and after any main-
tenance of the control structure.

Measuring Water Surface Elevation 

The stage of a river is the height of the water surface 
above an established datum. The record of stage is 
used with the stage–discharge relationship to produce 

estimates of discharge in the absence of direct mea-
surements of discharge. The accuracy of discharge 
estimates relies on the accuracy of stage measure-
ments as well as the validity of the stage–discharge 
relationship. The following discussion examines 
in more detail the controls on the accuracy of this 
relationship.

To obtain accurate and reliable stage data, the sta-
tion gauge and benchmarks must refer to a known or 
arbitrary datum plane (Terzi 984). To avoid the pos-
sibility of negative gauge heights, it is necessary to 
select a datum that is sufficiently below the elevation 
of zero flow. The gauge should be referenced by at 
least two and preferably three stable benchmarks as-
sociated with the gauging station but independent of 
each other and independent of the gauging structure 
(Terzi 984). The datum of the stream gauge should 
be checked against benchmarks at least two to three 
times per year to ensure the stability of the vertical 
control. More frequent surveys should be conducted 
following any sign of channel instability, flooding, 
ice jams, vandalism, or any event that may have 
disturbed the gauge reference. Surveys should refer-
ence the same water column as the recording device 
(e.g., staff gauge, transducer). In turbulent streams, 
river stage may fluctuate up to several decimetres. A 
portable stilling device installed temporarily in the 
flow can dampen turbulence and allow reference of 
the water level to the gauge datum.

Staff gauges are the most common devices for 
manually measuring stage in rivers (Resources In-
formation Standards Committee 998). Staff gauges 
are typically graduated in 0.005-m increments with 
achievable precision of ±0.00 m; however, flow tur-
bulence, clarity of water and gauge plate, and pres-
sure waves on the leading edge of the staff gauge can 
considerably reduce measurement accuracy. Crest 
stage gauges are simple, reliable devices for meas-
uring the peak river level at manual gauges. These 
gauges serve as a back up to recording gauges in case 
of failure (Terzi 983). 

Several technologies, such as pressure transduc-
ers and float recorders, exist for measuring stage 
continuously. Generally, continuous monitoring 
devices should have the ability to measure stage 
within ±0.003 m (Rantz 982). These devices require 
some form of stilling of stream turbulence to record 
a clean trace of water level for hydrologic purposes 
(i.e., discharge estimation). Stilling of the water sur-
face elevation can be done physically using a stilling 
well or digitally by time-averaging of successive sen-
sor readings. Digital averaging of sensor readings is 
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increasingly used to achieve a realistic hydrological 
signal; however, this may mask important hydrauli-
cally generated stage events related to ice formation 
(Hamilton 2004). 

Establishing a Stage–Discharge Relationship

It is possible to develop a time series of discharge 
estimates from a continuous record of stage data by 
deriving a stage–discharge rating curve. The use of 
this relationship is based on the premise that the free 
surface of the monitored stream channel is sensitive 
to variations in discharge and that this surface varies 
only in response to changes in the volume of water 
conveyed by the channel. Ideally, a stream reach 
suitable for using this relationship is one with a 
stable control feature; a steady, uniform flow; and no 
complicating sources of local stage variability (e.g., 
tributary flow, irregular cross-section, turbulence, 
weeds, bed movement, debris entrapment, ice). In 
reality, it is almost impossible to continuously satisfy 
all of these requirements. The following discussion 
encourages practitioners to avoid these problems 
where possible or to employ mitigation measures 
when problem avoidance is impossible. A more gen-
eral treatment of rating curves is found in the Manu-
al of Standard Operating Procedures for Hydrometric 
Surveys in British Columbia (Resources Informa-
tion Standards Committee 998) and the Manual of 
British Columbia Hydrometric Standards (Resources 
Information Standards Committee 2009).

Curves were traditionally prepared by hand draw-
ing a smooth curve through a scatter plot of stage 
and discharge measurements and extracting a look-
up table of values from this curve. Most practition-
ers now prefer to use numerical methods to fit the 
stage–discharge equation (Equation 6) to the data:

 Q = B (H – Ho)α  (6)

where: Q represents discharge; B is a calibrated 
coefficient; H represents stage; H0 is zero flow; and α 
is a calibrated exponent. 

Mosley and McKerchar (993) reported that values 
of α are typically near .67 for rectangular, 2.7 for 
parabolic, and 2.67 for triangular channels. The term 
H0 can be estimated by channel surveys to determine 
an elevation of zero flow, although it is more com-
monly determined through calibration.

The fitting of a rating curve requires several as-
sumptions regarding site and flow characteristics. 
These assumptions are often difficult to justify at 

the scale of streams of interest to forest hydrolo-
gists. Furthermore, assumptions are required on 
the uncertainty inherent in the stage and discharge 
measurements. Petersen-Overleir (2004) chal-
lenged the regression techniques commonly used for 
parameter estimation, which do not account for the 
heteroscedasticity typically associated with sets of 
discharge measurements. Ultimately, the same data 
can be used to produce multiple interpretations of a 
rating curve (Jonsson et al. 2002). This problem of 
multiple, equally likely, solutions is often referred to 
as “equifinality.” 

Hand-drawn curves allow subjective weighting 
of the curve through a scatter when the distribution 
of measurement uncertainty is variable, which is 
why agencies such as the U.S. Geological Survey and 
the Water Survey of Canada favour this technique. 
Simplistic approaches such as trend-fitting data in a 
spreadsheet assume that all data points have equal 
weight in determining curve parameters, an assump-
tion that is almost never true. More sophisticated 
curve-fitting techniques are available that account 
for heteroscedasticity in the data (e.g., Peterson-
Overleir 2004), but forest hydrologists rarely have 
the data density needed for robust resolution of the 
curve using sophisticated statistical techniques. The 
dominant factors controlling the validity of a rating 
curve are the quality and density of field measure-
ments. No known method of fitting a curve to data 
can compensate for inadequate fieldwork. 

A typical flow frequency distribution results in 
reduced opportunity to obtain measurements at the 
extremes. The quality of measurements near the 
extremes of stage can be compromised by less than 
ideal survey conditions. These measurements have 
the greatest leverage on the shape of the rating curve 
because of the low density of measurements near the 
ends of the curve. For this reason, a curve should not 
be extrapolated to above double the discharge of the 
highest measurement or below half the discharge of 
the lowest measurement. As easy as it is to extend 
a curve in a spreadsheet and as difficult as it is to 
schedule a field program to be on site at or near the 
extreme events, this rule of thumb should only be 
ignored with extreme caution.

Equation 6 can be too simplistic for many 
natural channels since it defines the rating relation-
ship to a unique control feature of fixed geometry. 
Many natural channels are influenced by multiple 
control features that become dominant at differ-
ent river stages. This problem is typically dealt with 
by partitioning the curve into multiple segments 
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(Peterson-Overleir and Reitan 2005), with each seg-
ment representing a unique relationship. Although 
a change in control may be evident at low or high 
stages, sufficient measurements may not be available 
to support the definition of a new curve segment. 
Over-segmenting the curve may produce unantici-
pated results when extrapolating beyond the domain 
of observed data. Curve segmentation should be sup-
ported by physical evidence (e.g., channel surveys) 
and a sufficient density of measurements above and 
below the hinge point to fully resolve the shape of 
both segments.

The control feature may become submerged at 
high stage or overbank flow may occur at flood stage. 
Stage and discharge measurements are needed over 
the full range of stage to accurately define the math-
ematical model that is best suited to fit the stage–dis-
charge relationship and to ensure that no bias exists 
in fitting of model parameters. Extrapolating above 
or below the range of available measurements is 
almost always necessary but doing so requires confi-
dence that a good fit has been obtained and that the 
fit is valid for the full extent of extrapolation. Clarke 
(999) and Yu (2000) discussed how the uncertain-
ties in defining the stage–discharge relationship are 
manifest in systematic uncertainties in calculated 
flow statistics. Evaluation of the uncertainty in the 
relationship requires an examination of several sys-
tematic sources of measurement and model error.

Diagnostics and commonly used treatments for 
stage–discharge-related uncertainty are provided in 
Table 7.5. Residual plots that show relative error plot-
ted against some relevant variable are an extremely 
important diagnostic tool. In these examples, relative 
error is shown on the ordinate axis plotted against 
time (t), stage (H), Julian date, or discharge (Q). 
In addition to the residual plots, a stage–discharge 
curve is used as a diagnostic for the biased calibra-
tion example. A water-level hydrograph and precipi-
tation hyetograph (P) are also useful in diagnosing 
for episodic effects. Nevertheless, examination to 
detect systematic errors in measurement accuracy 
will be based on scrutiny of the original field notes, 
which requires non-graphical analysis. 

Few, if any, locations in British Columbia have a 
stage–discharge relationship that is valid year-round 
without frequent surveys and maintenance. For 
example, ice conditions eliminate the potential for 
using a stage–discharge relationship for 6 months or 
more per year at some locations.

When data providers are queried on discharge 

data accuracy, they frequently cite the technological 
literature provided with the instruments (e.g., water 
level accurate at 0.0% of full scale). However, the 
actual operating conditions experienced in the field 
may be quite different from the laboratory condi-
tions under which the calibration was developed. 
The performance of the instrument is just one link 
in a long chain that influences accuracy and reli-
ability of the discharge record. Currently, no practi-
cal method is readily available to explicitly quantify 
the uncertainty in discharge data derived using a 
stage–discharge relationship. The uncertainty will 
depend on the answers to the following questions.

 . Are the assumptions implicit in the measurement 
method (see discussion above on “Gauging Site 
Selection”) valid in the actual field conditions 
experienced?

 2. Is the assumption of a stable gauge datum valid? 
(See discussion above on “Measuring Water Sur-
face Elevation.”)

 3. Is the calibration of the water-level sensor rou-
tinely checked for stability and validity over the 
full range of stage and during all conditions in 
which it is deployed?

 4. Is the stilling mechanism (mechanical or digital) 
appropriate for the ambient conditions and are 
data available at a sufficient resolution to fully 
resolve the response characteristics of the stream?

 5. Are sufficient stage and discharge measurements 
available over the full range of stage to distin-
guish between the need for a simple curve versus 
a compound (segmented) curve? Do field sur-
veys of the channel support the chosen level of 
stage–discharge curve complexity?

 6. Are sufficient stage and discharge measurements 
available over the full range of stage to average 
random measurement errors, allowing for unbi-
ased parameter estimation?

 7. Are the assumptions of steady, uniform flow valid 
continuously over time and at all stages?

 8. Does stage vary in response to any other variable 
other than discharge (e.g., ice, weeds, debris)?

 9. Are the control features stable over time?
 0. Are the control features sufficiently sensitive to 

changes in discharge at the precision at which 
stage observations are made?

It takes a great deal of training and experience to 
make the decisions needed to use a stage–discharge 
relationship effectively, especially in high-energy 
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TABLE 7.5 Diagnostics and commonly used treatments for stage–discharge-related uncertainty

Uncertainty Diagnostic Treatment(s)      Example

Unstable control Time-series plot of discharge 
residuals display a trend  
or pattern

Apply time-based shift corrections 
Update curve to after-shift  

condition 
Build (rebuild) control 
Move station

Unsteady flow/ 
non-uniform flow

Discharge residuals have 
greater random error than 
would be expected based  
on measurement accuracy

Apply stage-based shift corrections
Move station

Biased calibration High-leverage measurements Obtain measurements over a
 wider range of stage

Model too simplistic Discharge residuals plotted 
against stage display a trend 
or pattern

Recalibrate curve; if residuals are 
still non-random, increase 
the segmentation of the 
curve, ensuring that each 
segment is well supported 
by a sufficient number of 
measurements

Seasonal effects (e.g., 
weed growth, ice 
effect)

Discharge residuals plotted 
against Julian date display  
a trend or pattern

More frequent measurements  
during affected periods 

Censor backwater-affected  
estimates 

Develop backwater relationships

Episodic effects (e.g., 
debris entrapment, 
beaver dams)

Rapid change in stage without 
hydrologic explanation (e.g., 
independent observations  
of precipitation) 

Censor suspect data 
Move station 
Shift corrections to estimate  

affected data
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Uncertainty Diagnostic Treatment(s)      Example

Low flow  
imprecision

Plot of relative residuals 
against discharge shows 
high scatter at low flow

Improve accuracy and precision 
of low-flow stage and 
discharge measurements

Build a control structure that is 
more sensitive to low flows

Measurement bias Detailed scrutiny of mea-
surement field notes to 
ensure that field conditions 
experienced do not violate 
measurement assumptions

Censor invalid measurements

TABLE 7.5 Continued

mountain streams. The effective use of the stage– 
discharge relation for computing discharge requires 
the correct choice of:

• gauging site,
• suitable measurement methods for local condi-

tions,
• suitable sensing/data-logging technology for local 

conditions, and
• timing and frequency of visits for calibration/vali-

dation of the relation and for site maintenance. 

Poor choices in any of the above will result in sub-
standard data. A stage–discharge relationship can 
provide reliable, continuous discharge estimates as 
long as all of the underlying assumptions are valid. 
Good data will be supported by documentation 
demonstrating that the threats to data quality, as 
discussed in this subsection, have been successfully 
avoided or mitigated. Data lacking this documenta-
tion should be used only with extreme caution.
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Soils – Soil Moisture 

Markus Weiler

SOIL MOISTURE

The unsaturated zone in the soil or bedrock links 
atmospheric processes and vegetation with ground-
water and streamflow. Soil moisture, or soil water 
content, of the unsaturated zone is temporally 
dynamic, and spatially variable and hence highly in-
fluential on other processes. Soil moisture regulates 
infiltration, percolation, evaporation, and transpi-
ration; acts as a temporary storage of precipitation 
for generating streamflow; and directly influences 
the thermal regime of the soil, soil respiration (CO2 
efflux), and vegetation dynamics (e.g., forest growth 
and species composition). Understanding and 
measuring the soil water content in watersheds are 
therefore of great interest to forest hydrologists. Yet 
even with this importance, soil moisture measure-
ments are neither performed regularly in operational 
settings nor in many experimental forested water-
sheds. The temporal and spatial knowledge of soil 
moisture, however, is a very important variable that 
helps to calibrate and validate hydrological models 
and is necessary to understand many hydrological 
processes in forested watersheds.

Soil Moisture Measurement Methods

Soil water content is described in two ways: () on a 
mass basis (gravimetric water content), or (2) on a 
volume basis (volumetric water content). Given the 
water content, the degree of saturation can be calcu-
lated as the ratio between volumetric water content 
and porosity. The water content can be determined 
in the laboratory or using field methods (Table 7.6). 

In the laboratory, a field-extracted intact core 
of known volume is weighed, dried at 05° C for 
24 hours for mineral soils and 70° C for 48 hours for 
organic soils, and then weighed again. The difference 
is used to compute the volumetric water content. In 
the field, water content is commonly measured by 
time-domain reflectometers (TDR) or frequency-
domain reflectometers (FDR), which have recently 
replaced neutron probes as the primary method of 
instrument-based soil moisture measurements. The 
TDRs operate by measuring the propagation velocity 

in the soil of an electric pulse that is related to the 
dielectric permittivity (ability of material to transmit 
an electric field) or dielectric constant, which varies 
with water content (Hook and Livingston 996; Spit-
tlehouse 2000). The FDRs determine the resonant 
frequency with the greatest amplitude, which also 
varies with water content. The volumetric water con-
tent is determined for both methods through cali-
bration with the dielectric permittivity. For a more 
detailed overview of the TDR and FDR techniques, 
refer to Topp and Ferré (2006).

Water content is also determined indirectly by 
measuring the soil water potential, or more spe-
cifically, the soil matric potential (also referred to 
as matric suction, capillary potential, soil water 
tension, or soil water suction). Matric potential is 
negative and becomes increasingly negative as the 
soil dries. The matric potential is related to the soil 
moisture by the soil moisture characteristic curve 
(also soil moisture release curve or water retention 
curve) and is an important property of the soil. This 
relationship strongly depends on the soil texture but 
also on other soil properties such as soil structure, 
organic matter, and bulk density. If this relationship 
is known, soil matric potential can be measured and 
then the soil water content calculated. Measuring the 
soil matric potential at multiple locations allows the 
determination of the direction of water movement in 
the soil. This is possible because water moves from 
an area of higher to lower potential. The concepts of 
field capacity and permanent wilting point are used 
to evaluate the current state of the soil with regard 
to water available for plants (Weiler and McDonnell 
2004). Matric potential is commonly measured using 
tensiometers for potentials in the range of saturation 
to about 0.0 MPa (0– bar). Drier conditions require 
soil hygrometers, soil moisture blocks, or heat dis-
sipation sensors (see details in Durner and Or 2005). 
Similar to tensiometers, these instruments depend 
on equilibration of a reference porous medium with 
the surrounding soil and most require individual 
calibration to infer soil water potential. 
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Limitations, Applications, and Interpretations

The most common source of error for all soil mois-
ture or soil matric measurement techniques is a 
poor contact of the sensor with the surrounding soil 
material. This can result in an error of 5–0% water 
content. To ensure good contact, the sensor should 
either be placed into a predrilled access hole with a 
diameter at the position of the sensor slightly smaller 
than the diameter of the sensor. When measuring 
matric potential, the sensor can also be placed in 
a larger predrilled hole (particularly necessary in 
stony soils or soils with a high root content). There, 
a slurry of non-swelling fine material or sieved local 
soil is filled in, which is used to provide hydraulic 
contact between the sensor’s surface and the soil. 
Ensuring good contact is particularly difficult in 
stony soils.

The different measurement techniques also have 
different results when used in frozen soils. The TDR 
and capacitance methods do not detect ice, so these 

instruments only provide measurements of liquid 
water content in frozen soils. The neutron probe 
measures the total water content of a frozen soil, 
as does the gravimetric method. Tensiometers do 
not work well in frozen soil as the internal liquid is 
prone to freezing. The measurement volume of the 
different methods is highly variable as well, with the 
neutron probe providing the largest soil volume over 
which measurements are integrated.

As listed in Table 7.6, the different measurement 
techniques have different accuracies depending on 
the measurement principle. These accuracies can be 
achieved only if the sensor is calibrated to the par-
ticular soil, because all continuous measurements do 
not directly measure water content but use another 
property to infer soil water content. Without site-
specific calibration, accuracy can be easily two to 
three times lower. Recently, Czarnomski et al. (2005) 
compared the accuracy and precision of commonly 
used “low-cost” soil moisture sensors in natural for-
est soils in the Pacific Northwest and the influence 

TABLE 7.6 Volumetric water content measurement methods

Instrument Time step
Accuracy a  
(% WC) Comments References

Soil sample Single,  
destructive

0.2% (approx.) A “wet” weight of the soil sample is measured and 
then the sample is oven-dried and a dry weight 
measured. The volume of the sample is taken by 
measurement (core) or by a water displacement 
method. 

Topp and 
Ferré 2002

Tensiometer Continuous 
with pressure 
transducer

3–5% Tensiometers measure matric potential, and if water 
retention characteristic of soil is known, water con-
tent can be calculated. For wet and moist soil.

Durner and 
Or 2005

Moisture blocks Continuous 10% Moisture block measures soil matric potential. 
Works in wet and dry soils. Not accurate.

Freeland 1989

Time-domain 
reflectometer 

Continuous, 
intrusive

2–3% Instrument measures the dielectric permittivity of 
soil by measuring the time it takes for an electro-
magnetic wave to propagate through the soil. The 
volumetric water content is determined through 
calibration with the dielectric permittivity.

Topp and 
Ferré 2006; 
Spittlehouse 
2000

Capacitance probe 
(or frequency- 
domain reflecto-
meters)

Continuous, 
intrusive

3–5% Measures the capacitance of the soil surrounding 
the probe, which depends on the water content.  
Frequency range between 100 to 150 MHz mini-
mizes salt and conductivity factors.

Topp 2003

Neutron probes Single and
logged

<3% A decaying source emits fast neutrons into the soil. 
The neutrons are backscattered and slowed by the 
presence of water. A detector measures the amount 
of slowed neutrons and, via calibration, the soil 
water content.

Hignett and 
Evett 2002

a  With calibration.
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of temperature and site-specific calibrations. They 
concluded that without site-specific calibrations, the 
mean difference in water content for most probes is 
around 5–0% and that temperature also influences 
sensor precision. 

As with many other point measurements in 
hydrology, the interpolation of soil moisture meas-
urements to the watershed scale is difficult. Several 
processes influence the spatial and temporal pat-
terns of soil moisture in a watershed and, hence, 
the measurement locations influence the calculated 
mean water content or its assumed distribution (e.g., 
Western et al. 2004). At one location, the soil mois-
ture varies with depth and the variations are usually 
largest within the root zone. The mean soil moisture 

of one location can only be determined accurately 
when using vertically inserted probes or a profile 
of horizontally inserted probes that are integrated 
over the depth. The mean soil moisture content of 
a watershed or larger area can either be determined 
with many sensors (e.g., Spittlehouse 2000) or by 
using geostatistical approaches to determine the spa-
tial correlation length and the number of required 
sensors to measure the mean soil moisture (Schume 
et al. 2003). Nevertheless, the temporal dynamics of 
only one or a small number of sites within a water-
shed reveals considerable information that can be 
used to better understand hydrological processes 
and soil–vegetation interactions in a watershed.
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Soils – Soil Thermal Regime

David L. Spittlehouse

SOIL THERMAL REGIME

The soil thermal regime is important in terms of 
water movement, soil and road stability, and plant 
growth. Frozen soils restrict infiltration of melted 
snow and rain, and result in the development of 
ice lenses and frost heaving; cold soils can influ-
ence plant survival and growth (Male and Gray 
98; Spittlehouse and Stathers 990; Stathers and 
Spittlehouse 990). The thermal regime is quantified 
by soil temperature (° C) and soil heat flux (W/m2, 
MJ/m2 per day). The heat content of a unit volume 
of soil depends on soil bulk density, specific heat, 
and temperature. Site location, atmospheric weather 
conditions, ground cover, and the physical proper-
ties of the soil profile (water content, texture, coarse 
fraction, organic matter) affect soil temperature 
(Devine and Harrington 2007). The location of the 
site (latitude, elevation, slope position and gradient, 
and aspect) influences the receipt of solar energy. At-
mospheric weather conditions determine the supply 
of radiation, heat, and water to the ground surface. 
Vegetation and snow cover modify the effects of 
atmospheric weather by shading and insulating the 
soil surface. The thermal and hydraulic properties 
of the soil profile, in turn, govern its response to 
the changing supply of heat and water (Stathers and 
Spittlehouse 990).

Distinct diurnal and annual soil temperature 
cycles are a response to changes in the energy bal-
ance at the soil surface. Soil temperature changes 
with depth as heat is redistributed within the profile. 
Heat is conducted down gradients of temperature 
(i.e., from warmer to cooler regions). Consequently, 
as the surface absorbs solar radiation and warms 
during the daytime, heat is slowly conducted into the 
cooler underlying soil. At night, the ground surface 
cools by emitting longwave radiation to the atmos-
phere and vegetation cover; most of the heat that 
was stored in the profile during the day is conducted 
back toward the cooler surface and lost to the at-
mosphere. The diurnal variation in soil temperature 
is greatest at the soil surface and decreases rapidly 
with increasing depth. The slow rate of heat trans-

fer through the profile also causes temperatures at 
depth to lag increasingly behind changes in surface 
temperature. The diurnal cycle results in changes 
in soil temperature down to the 0.3–0.5 m depth. 
The annual solar cycle produces annual variations 
in soil temperature down to 5 m. During the spring 
and early summer when the soil near the surface 
is warming, deeper soil is still cooling as the win-
ter portion of the cooling wave penetrates into the 
profile. The soil temperature at the –2 m depth typi-
cally lags behind near-surface temperatures by about 
3 months (Stathers and Spittlehouse 990). 

The limited data available suggest that forest 
soils in the central and southern interior of Brit-
ish Columbia usually do not freeze to great depths 
during the winter. Some initial freezing may occur 
in the top 0.3 m of the profile if the snowpack is late 
in developing or is lost during winter; however, the 
snowpack insulates the soil from cold winter air 
temperatures and reduces the rate of heat loss from 
the profile. The soil may freeze down to about the 
0.5–.0 m depth at sites with very little snow cover 
and continuously cold winter weather. The diurnal 
temperature variation in the soil profile is also neg-
ligible during the winter even though atmospheric 
temperatures are variable (Stathers and Spittlehouse 
990). 

Measuring Soil Temperature and Heat Flux

Soil temperature is measured with electrical, me-
chanical, or chemical sensors. One-point tem-
perature measurements for soil survey can be 
determined with adequate accuracy using metal-
sheathed, mercury-in-glass, bimetallic strip, resistor, 
or thermocouple thermometers. These instruments 
are relatively inexpensive and durable. Thermistor, 
platinum resistor, or thermocouple thermometers 
are used with data loggers to record temperatures 
continuously. Sensors should have a low heat capac-
ity and high thermal conductivity. 

Temperatures should be measured at specified 
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depths and times so that comparisons between sites 
are possible. Standard depths are 0.0, 0.05, 0., 0.2, 
0.5, , .5, and 3 m, although in most cases it is not 
necessary to measure the temperature at all of these 
depths. Substantial spatial variation in the top 0.2 m 
of the soil is caused by the variation in surface cover 
and shading of the surface. In this case, it is neces-
sary to replicate measurements, which can be done 
by using more sensors or by connecting a number 
of sensors together in series or parallel. A sensor is 
installed by digging a hole and inserting it into the 
undisturbed soil at the required depth. At least 0. m 
of cable should be buried at the same depth of the 
sensor to minimize heat transfer down the wires for 
other depths.

Soil heat flux is measured with thermopile-based 
sensors. Heat flux sensors must have good contact 

with the soil and are usually placed about 0.05 cm 
below the surface. The temperature change with time 
and knowledge of the thermal properties of the up-
per 0.05 cm are used to adjust the heat flux to that at 
the soil surface. Soil heat flux can also be calculated 
from the temperature gradient and knowledge of the 
soil thermal properties (Stathers and Spittlehouse 
990).

Soil Temperature and Heat Flux Data Availability

Soil temperature data are not readily available. Some 
historical data exist but few of these sites continue to 
measure soil temperature and they are not located 
in forests. Few research sites in British Columbia 
measure soil temperature and even fewer measure 
soil heat flux.
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Physical Water Quality – Suspended 
Sediment 

Paul Marquis

SUSPENDED SEDIMENT

Fluvial sediment—particulate matter moved by 
water—is commonly divided into two groups: () bed 
load (which is also referred to as benthic sediment), 
and (2) suspended sediment.

Bed load primarily consists of coarse sand and 
gravel-sized particles and is quantified in units of 
mass (i.e., kilograms). This material is moved down-
stream by rolling or sliding along the bottom. It can 
also be transported by saltation, in which particles 
skip or bounce by momentarily being pushed into 
the lower portion of the water column and then fall 
out again within a few seconds. Transport of coarse 
sand and gravel requires higher stream energies and, 
as such, is usually associated with peak flow events 
or high-gradient streams. For more information 
on bed load sampling, see Resources Information 
Standards Committee (2002).

As its name implies, suspended sediment is mat-
erial that is held in suspension in a water column for 
a variable period of time and is measured as a ratio 
of these two components (e.g., milligrams per litre). 
Particles greater than 62 μm (i.e., sand) will fall out 
of the water column in seconds once the water is 
calmed. Silt-sized particles (2–62 μm) can remain in 
suspension for minutes in still water, while clay-sized 
particles (< 2 μm) can remain in suspension indefi-
nitely. In most natural drainage systems, however, 
primary particles tend to flocculate to form larger 
clumps of sediment.

Suspended sediment is derived from the ero-
sion of surficial materials and streambanks and the 
re-suspension of channel bed deposits. The quantity 
and type (e.g., particle size, composition) of suspend-
ed sediment in natural runoff varies with the kinetic 
energy of the moving water and the type of surficial 
material within the drainage. For a given stream, 
suspended sediment typically increases with increas-
ing discharge. Furthermore, watersheds that contain 
a large amount of silt- and clay-sized particles tend 

to produce more suspended sediment than basins in 
which the parent material is dominated by a coarser 
substrate (i.e., with a limited supply of fine material). 
As such, high suspended sediment loadings are usu-
ally associated with peak flow events in watercourses 
that pass through easily eroded soils. In British Co-
lumbia, large low-gradient rivers tend to have high 
suspended sediment yields (Church et al. 989).

High suspended sediment concentrations can 
occur as the result of natural erosion processes. In 
some cases, however, poor land use practices can 
increase suspended sediment concentrations above 
naturally occurring levels. Road construction near 
water bodies, combined with the removal of surface 
vegetation, greatly increases the potential for ero-
sion and transport of sediment to a stream channel. 
Furthermore, road surfaces, ditches, and associated 
clearing widths tend to enhance surface runoff, 
which will increase the movement of fine material 
into natural drainage networks.2

Natural and anthropogenic changes on unstable 
terrain can also result in elevated suspended sedi-
ment concentrations. Slope failures resulting in 
landslides or debris flow in gullies can move large 
quantities of material into stream channels (Hogan 
986). Although the suspended sediment portion 
of this material may pass through the watercourse 
fairly rapidly, changes to the stream channel from 
deposition of bed load material can exacerbate bank 
erosion and thereby elevate suspended sediment con-
centration over the long term (Hartman et al. 996).

Suspended sediment can also reduce the effective-
ness of chemical disinfection treatments, such as 
chlorination, and physical treatments, such as ultra-
violet irradiation. High suspended sediment concen-
trations are also associated with conditions that are 
harmful to fish. For example, particles in the water 
may irritate fish gills. In response to these stimuli, 
fish gills produce a mucus-like substance that 

2 Pierre Beaudry and Associates Ltd. 2004. Water quality monitoring and SCQI surveys in FMA 9900037 for Canfor Grand Prairie: 
2004 field season. Prince George, B.C.
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reduces the capacity of the membrane to exchange 
gases, which causes stress in the fish. Fine sediment 
can also be of concern when it covers or fills spawn-
ing gravels or rearing habitat containing fish food 
such as benthic invertebrates. See Caux et al. (997) 
for more information on water quality standards in 
British Columbia.

Collection of Suspended Sediment Data

Quantifying suspended sediment involves both field 
collection and laboratory procedures. Grab samples 
of suspended sediment can be collected either manu-
ally or with an automated system. A large sample 
(e.g., 000 mL) tends to provide better data as it is 
more easily analyzed in the laboratory. 

The frequency of sampling should reflect the pur-
pose of the study, but suspended sediment tends to 
vary more widely during peak flow events than dur-
ing low flow conditions (B.C. Ministry of Environ-
ment 999). Suspended sediment concentrations tend 
to be higher as streamflow increases (as represented 
on the rising limb of a hydrograph) where the sedi-
ment is not as supply-limited as when streamflow 
is decreasing. Hudson (200a) suggested that this 
might be caused by the impact of raindrops dislodg-
ing and then entraining exposed surficial material.  
A seasonal variation is also common as higher sus-
pended sediment concentrations are usually found 
before the annual peak flow event (Beschta 978). 
Both daily and seasonal hysteresis has been observed 
during snowmelt runoff in the province’s Interior 
(Jordan 2006). Given this high degree of variability, 
it is important to increase the frequency of sampling 
during peak flow events.

To obtain samples during short-duration events, 
an automated sampler (e.g., ISCO 672 or Sigma 
900) should be controlled by an instrument capable 
of measuring stage height. If a turbidity probe is 
used to initiate the automated water sampler, then 
the triggering event should be a number of succes-
sive high readings as opposed to a single high value 
(e.g., four successive readings when the minimum 
turbidity value is > 30 nephelometric turbidity units 
[NTUs]). Regardless of the instrument used to initi-
ate the automated sampler, the controller should be 
programmed to minimize the time interval between 
successive samples (e.g., 20 minutes). Failure to in-
clude a temporal restriction that spaces out samples 
over the event will result in the automated sampler 
filling up very quickly with samples that contain 
virtually the same suspended sediment concentra-

tion. The sampling frequency during peak flow 
events should reflect the size of the watercourse, with 
the sampling of a smaller stream occurring more 
frequently because of its flashiness. After a sample 
has been extracted from a watercourse, it should be 
stored in a cool, dark environment to minimize the 
effects of algae or other contaminants. For complete 
details on suspended sediment sampling protocols, 
see the Resource Information Standards Committee 
archive at: http://archive.ilmb.gov.bc.ca/risc/pubs/
aquatic/index.htm. 

If the study is trying to quantify suspended sedi-
ment from a specific source (e.g., a road crossing 
or gully), then two monitoring stations should be 
installed: one upstream of the sediment source and 
the other below it (Caux et al. 997). This procedure 
allows the background suspended sediment con-
centration to be subtracted from the downstream 
measurements and thereby localizes the difference  
to a specific stream reach.

Turbidity as a Proxy for Suspended Sediment

Turbidity is a measure of the cloudiness of a liquid 
and is usually quantified in nephelometric turbidity 
units (NTUs). Organic matter (e.g., algae) or inor-
ganic particles (e.g., silt) can cause turbidity. Gener-
ally, water colour is not a good indicator of turbidity, 
as dissolved compounds such as tannins can cause 
the water to appear dark without influencing its 
cloudiness. Turbidity is usually measured by passing 
a beam of light through a water sample and quan-
tifying the scattering of the photons. Using these 
methods, turbidity can be measured very accurately 
in the laboratory (e.g., to within 0. NTU) or with 
less precision under field conditions. See Anderson 
(2005) for more information on the function and 
calibration of turbidity probes.

To obtain a more complete understanding of the 
sediment regime of natural watercourses, many 
researchers have worked towards establishing a rela-
tionship between suspended sediment and turbidity 
(e.g., Jordan 996; Hudson 200b). The relation-
ship between these two variables is determined by 
measuring the turbidity of the grab samples at vari-
ous suspended sediment concentrations and then 
applying this relationship to a data set of continuous 
turbidity measurements. Unique combinations of 
sediment composition result in different relation-
ships between turbidity and suspended sediment 
concentrations; therefore, relationships must be 
established for each basin studied.

http://archive.ilmb.gov.bc.ca/risc/pubs/aquatic/index.htm
http://archive.ilmb.gov.bc.ca/risc/pubs/aquatic/index.htm
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The proper deployment of turbidity sensors can 
be difficult. Each brand of turbidity sensor will have 
a different-sized viewing window (i.e., the area in 
front of the sensor that is scanned to obtain a meas-
urement). This area must be kept clear of all obstruc-
tions (streambed, woody debris, etc.) otherwise a 
false reading will be recorded (D & A Instrument 
Company 993). The sensor must also be located 
so that it is not affected by ambient light (i.e., solar 
radiation). In shallow streams, installing a turbid-
ity probe in compliance with these two constraints 
can be challenging. In warmer bodies of water, the 
sensor on the turbidity probe can become fouled by 
algae or aquatic organisms if not serviced regularly. 
Some turbidity probes are equipped with wipers 
that are designed to reduce fouling, but these units 
require a more robust power source to supply this 
increased demand for energy.

Locating turbidity probes and pump sampler 
intakes in low-gradient streams with stable chan-
nels is relatively straightforward; however, in steep, 
high-energy streams, it can be very difficult (Figure 
7.3). The probability of missing data or of damaging 
the installation during peak flow events can be very 
high. Turbidity probes that are installed in high-en-
ergy streams are also subject to erroneous readings 
when bubbles entrained in the water column are 
mistaken for suspended sediment. To reduce this 
effect, the probe should be installed where turbulent 
flow is minimized. Additionally, the probe must be 
placed on an angle so that bubbles do not congregate 
on the face of the sensor (McVan Instruments 2002). 
In high-energy streams, a program of manual sam-
pling may be preferable to automated monitoring.

When recording the measurements taken by the 
turbidity probe, it is important to record the mini-
mum reading taken during the logging interval, as 
this measurement usually provides the best correla-
tion with suspended sediment concentration. For 
example, if the probe scans the water column every 
30 seconds and the data logger has a recording inter-
val of 6 minutes, then the smallest of the 2 readings 
should be logged.

Laboratory Analysis of Sediment Samples

The suspended sediment concentration of a water 
sample is usually determined by either evaporation 
or filtration. If the sample contains sediment that 
readily settles under the influence of gravity and has 
a low dissolved solid concentration, then the evapo-
ration method of analysis can be used. This proce-

dure involves siphoning off most of the supernatant 
water and then placing the residual sample into a 
drying oven in which the remaining water is evapo-
rated. The mass of the sediment is then determined 
to the closest 0. mg using an analytical balance 
(American Society for Testing and Materials 2002).

For samples that contain less than 0 000 mg/L of 
sand and less than 200 mg/L of clay, filtration is the 
preferred method of analysis. Typically, a porcelain 
or glass crucible that has been fitted with a glass fibre 
filter is dried in a convection oven, allowed to cool 
in a desiccator, and weighed to obtain the tare mass. 
The sample is then poured through the crucible, 
which is attached to a vacuum system to accelerate 
the filtration process. Once the sample has been fil-
tered, the crucible and filter are placed back into the 
drying oven at 05° C and the remaining moisture 
is evaporated. The crucible and filter are allowed to 

FIGURE 7.3  An example of a suspended sediment monitoring 
station (under low flow conditions). The probes 
are mounted on rebar, which is secured at the 
bottom by placing it into a section of open- 
bottomed copper pipe. The top of the rebar is 
bent to 90° and inserted into a hole in the  
2 × 6” board. This arrangement keeps the  
instruments secure during peak flow events,  
but also allows them to be easily removed for 
servicing. (Photo: P. Marquis)
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cool in the desiccator and then reweighed to deter-
mine the mass of the sediment (American Society 
for Testing and Materials 2002).

If organic matter makes up a large part of the 
sample (i.e., > 5% by dry weight) it can be removed 
by either chemical oxidation or combustion. Oxida-
tion is the preferred method because it has less of 
an effect on the mineral component of the sample. 
This procedure involves skimming off any floating 
material and adding a solution of hydrogen peroxide 
to a concentrate of the original sample (Guy 969). 
Organic material can be an important component of 
the sediment load of some streams. For some stud-
ies, it may be preferable to include it in the sample 
analysis, or to analyze duplicate samples separately 
for organic and inorganic components.

A particle size analysis can also be performed 
on suspended sediment samples. The traditional 
procedure involves wet sieving the sample with a 
250-mesh (0.062 mm) sieve to separate the sand 
from the finer material. The sand fragment is then 
dried, re-sieved using appropriately sized screens, 
and weighed. The fine fragment is analyzed using 
the pipette method. This procedure uses Stokes’ Law 
to predict settling times for different-sized particles. 
The fine fragment is treated with a dispersing agent 
and the slurry is placed into a settling cylinder. A 
pipette is then used to withdraw 25-mL samples 
at various depths after a predetermined interval. 
The samples are placed in an evaporation oven and 
weighed to determine the mass (Guy 969). Most 

modern laboratories, however, use laser diffraction 
techniques to quantify fine sediment. See Cooper 
(998) for details on the applicability and limitations 
of this procedure.

Summary

The selection of an appropriate monitoring site is the 
most important factor to consider when collecting 
suspended sediment data because turbulence and 
changing stream channel conditions can easily lead 
to erroneous readings. The collection of high-qual-
ity data relies on frequent maintenance visits to the 
monitoring sites and periodic recalibration of the 
instrumentation. Furthermore, the data must be 
closely scrutinized to detect and remove erroneous 
readings. If the resources are available, data qual-
ity can be greatly improved by installing duplicate 
monitoring sites, as this makes the identification of 
questionable values much easier (e.g., when woody 
debris becomes temporarily lodged against a sensor).

When collecting and analyzing suspended sedi-
ment data, there will be a large amount of temporal 
variability within a specific stream and spatial vari-
ability between different watercourses. Therefore, 
making inferences about the suspended sediment 
regime of a particular stream requires the collection 
of a number of years of data; however, these conclu-
sions may not be valid when applied to a different 
watercourse.
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Physical Water Quality – Stream 
Temperature

Ed Quilty and R.D. (Dan) Moore

STREAM TEMPERATURE

Stream temperature controls many aspects of stream 
ecology. It influences rates of biological and chemical 
processes, limits dissolved oxygen concentrations, 
and affects the life history and behavioural ecology 
of aquatic organisms. Summer stream temperature 
typically increases following the removal of ripar-
ian forest canopy, as a result of forest harvesting, 
wildfire, and (or) other disturbances (Nitschke 2005; 
Moore et al. 2005a). Urban development, agricultur-
al land use, water withdrawals (e.g., for irrigation), 
and impoundments can also influence stream tem-
perature, primarily through changes to shading and 
streamflow (Klein 979; Hockey et al. 982; Quinn 
et al. 997; Webb and Walling 997). Because these 
changes can potentially harm aquatic ecosystems, 
particularly cold-water species such as salmonids 
(Beschta et al. 987; Nelitz et al. 2007), substantial 
attention has focussed on the effects of land use on 
stream temperature. 

This subsection introduces methods for stream 
temperature measurement and data processing. It 
begins with a discussion of the ranges of stream 
temperature variability typically found in British 
Columbia, then introduces the technologies available 
for measurement, data processing, and field installa-
tion of sensors. 

Stream Temperature Variability

Stream temperature varies diurnally and season-
ally in response to changes in the energy available 
for heating. The absolute rates and relative impor-
tance of various heat transfer mechanisms depend 
on a range of time-varying climatic factors, such 
as solar radiation, air temperature, humidity, and 
wind speed, as well as site characteristics, such as the 
amount of shading by riparian vegetation (Teti 2004) 
and rate of groundwater discharge (Brown 969; 
Webb and Zhang 997; Story et al. 2003; Moore et al. 
2005b). The change in temperature associated with a 
given heat input depends on stream depth: shallower 
streams are more sensitive to heat inputs than deeper 

streams. Because stream depth is correlated with 
streamflow, variations in stream discharge play a 
secondary, though still important, role in controlling 
stream temperature variability (Webb et al. 2003; 
Moore et al. 2005b). 

Most streams in British Columbia follow an an-
nual stream temperature cycle, which varies some-
what depending on hydroclimatic regime (Figure 
7.4). Streams draining low-elevation coastal catch-
ments tend to remain above freezing through winter, 
except during occasional periods dominated by cold 
air masses. Interior streams, on the other hand, tend 
to stay at or near 0° C through winter, and below-
freezing temperatures can be recorded if the temper-
ature sensor becomes encased in ice (e.g., Figure 7.4, 
lower panel). Summer temperatures typically range 
from 0 to 25° C, depending on riparian shading and 
influences of groundwater and glacier runoff (Figure 
7.5), but can reach more than 30° C for poorly shaded 
streams during extreme summer drought condi-
tions (Quilty et al. 2004). Overlying the annual cycle 
are variations associated with the passage of frontal 
weather systems (lasting days to weeks), diurnal 
(daily) oscillations in daytime versus nighttime air 
temperatures, storms (hours to days), and microcli-
matic variation (hours to seconds). 

Diurnal variations in British Columbia tend to 
be relatively small (< ° C) during winter, especially 
for interior streams that become filled with snow 
and ice and remain at or near freezing. In coastal 
streams, diurnal variation is suppressed in winter 
by low incident solar radiation and generally higher 
flows compared with summer. Diurnal variations 
in summer can range from 2 to 5° C, or even greater 
(Figure 7.5).

Over large regions, stream temperature broadly 
follows spatial variations in air temperature, as 
both variables respond to variations in solar radia-
tion and air mass characteristics. It is also modified 
by catchment and channel characteristics, such as 
mean catchment elevation, percent glacier cover, and 
percent lake cover (Moore 2006). Stream tempera-



607

ture tends to increase with distance from the chan-
nel head, with headwater streams being generally 
cooler than larger, downstream reaches. For streams 
with undisturbed riparian vegetation, diurnal and 
seasonal variabilities tend to be low for headwater 
streams, increase for intermediate streams, then 
decrease for large rivers (Vannote et al. 980). Local 

deviations from a dominant downstream warming 
trend may occur as a result of groundwater inflow, 
hyporheic exchange, or thermal contrasts between 
isolated pools and the flowing portion of a stream 
(Mosley 983; Bilby 984; Ebersole et al. 2003a; Story 
et al. 2003). Localized cool zones, which can offer 
thermal refugia for cold-water species during high 

FIGURE 7.4  Mean daily water temperatures (Tw) for a coastal (upper panel) and an interior 
stream (lower panel). In the lower panel, the sub-freezing temperatures in early 1998 
reflect ice formation around the temperature sensor.

FIGURE 7.5  Temperature (Tw) patterns for three streams in the North Thompson drainage during 
summer 2004. The McLure Fire in 2003 heavily disturbed Louis Creek’s riparian zone, 
leaving it poorly shaded. Whitewood Creek is heavily shaded. Moonbeam Creek has 
significant summer flow contributions from glacier runoff.
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temperatures, are an important aspect of stream 
habitat (Neilsen et al. 994; Ebersole 2003b). In addi-
tion, a lake, pond, or wetland can produce elevated 
water temperatures at its outlet, resulting in down-
stream cooling below for over hundreds of metres, 
even through cutblocks (Mellina et al. 2002).

Technologies for Measuring Stream Temperature

Most instruments for measuring stream temperature 
register the direct effects of the thermal agitation of 
the water molecules, and are often called “kinetic” 
measurements. Four main types of sensors measure 
kinetic measurements of stream temperature:  
() thermometers, (2) mechanical thermographs, (3) 
thermocouples, and (4) thermistors. An alternative 
technology for kinetic temperature sensing is based 
on “resistance temperature detectors” (RTDs), which 
are similar in some ways to thermistors. However, 
these RTDs are less accurate than thermistors and 
are not commonly used for water temperature mea-
surement. In addition, stream temperature can be 
measured using radiometric methods. These record 
the intensity of infrared radiation emitted by the 
stream, which is a function of the water surface tem-
perature. Fibre optics technology has been adapted 
for spatially distributed water temperature measure-
ment (Selker et al. 2006). This approach should see 
increased application as the technology matures. 
Characteristics of kinetic and radiometric approach-
es are summarized below.

Thermometers use the volume changes of a fluid 
(usually mercury or alcohol) in relation to chang-
ing temperature to register the temperature. A field 
thermometer can be as accurate as ±0.02° C, though 
it is more typically accurate to about ±0.° C.

Mechanical thermographs were commonly used 
for recording water temperature before the advances 
in electronic data acquisition over the last two 
decades, but the data are still used, especially where 
long data records are required. This device records 
temperature change via its effect on a bimetallic 
strip. Because the two metals expand differently 
when heated, temperature changes cause the cur-
vature of the strip to vary. This displacement is 
translated into the movement of a pen on a recording 
chart. Resolution is typically about ° C. The charts 
must be digitized before analysis, commonly at 
relatively coarse time intervals such as 3 hours (e.g., 
Hamel et al. 997).

Thermocouples are based on the principle that 
temperature differences along a conductor (e.g., 

copper) will produce a difference in voltage that 
is proportional to the temperature difference. A ther-
mocouple is constructed from a special two-conduc-
tor wire, with the conductors made from different 
metals. Various pairings of metals can be employed, 
but those made from copper and constantan (a cop-
per/nickel alloy) are most appropriate for the typical 
range of stream temperatures. Thermocouple mea-
surements are typically accurate to about ±0.2° C. 
Handheld meters are commercially available for 
taking manual measurements, although most data 
loggers can make thermocouple-based temperature 
measurements using a built-in reference thermistor.

Thermistors employ a resistor whose resistance 
varies with temperature. If the relationship between 
temperature and resistance is known, then the mea-
sured resistance can be converted into temperature. 
Handheld, thermistor-based instruments are com-
mercially available for taking manual measurements, 
but thermistors are also connected to data loggers for 
near-continuous recording. In the last decade, inte-
grated thermistor-logger units capable of submersion 
in water have become available at a reasonable cost. 
These can be pre-programmed to specify the logging 
interval, and have become popular for forest hydrol-
ogy applications. These instruments have a typical 
accuracy of about ±0.2° C. Dunham et al. (2005) is a 
useful reference on measuring stream temperatures 
with thermistors.

Radiometric measurements can be made using 
handheld infrared thermometers, airborne sensors, 
or even sensors on satellite platforms (Torgerson et 
al. 200; Rayne and Henderson 2004; Cherkauer et 
al. 2005; Handcock et al. 2006). The spatial resolu-
tion of satellite imagery is too coarse to resolve any 
but the largest rivers. Airborne systems can resolve 
medium to large streams, and can give “snapshots” 
of spatial temperature patterns along extensive 
reaches, including the locations of local cool zones 
(thermal refugia) associated with groundwater dis-
charge and inflow of cooler tributaries (Torgerson et 
al. 999).

Calibration of Temperature Sensors

Although a temperature sensor is generally reliable 
and accurate and requires little maintenance, it does 
require calibration. Thermometers and thermistors 
should be calibrated annually against an Institute for 
National Measurement Standards (INMS) calibration 
thermometer using a temperature-controlled water 
bath (Wagner et al. 2006). Calibration typically con-
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sists of an ice-point reading and calibrations at three 
to five temperatures within the range of the sensor. 
When practical, sensors should be checked more 
frequently using the “ice bucket” method (Dunham 
et al. 2005), whereby sensors are submerged in an 
insulated ice bath for  hour to verify that readings 
are 0° C. 

In addition to the calibration procedures men-
tioned above, field meters or thermometers should be 
used to measure water temperature near the installed 
sensor during each field visit. After the recorded data 
have been downloaded, temperatures at the time of 
field visits can be extracted and compared with the 
manual measurements as a further calibration check. 
Such a comparison is particularly valuable where a 
sensor’s calibration may have drifted during the field 
installation, as it can help to identify the appropriate 
segments of the data requiring drift corrections.

Verification and Correction of Stream Temperature 
Data

Before any analysis, data quality must be verified 
and any errors removed or corrected. Data should 
be plotted as time series and visually inspected for 
obvious outliers, such as values that differ substan-
tially from preceding and following values. In many 
cases, the observations at the beginning and end of 
each data set need to be removed because the sensor 
would have been measuring air temperature while 
being programmed or downloaded in the office or 
at the field site. Similarly, any observations that were 

recorded when the water dropped below the sensor 
level (e.g., summer drought low flows, “dewatering”) 
need to be removed. These measurements are usu-
ally relatively obvious, with sudden and substantial 
increases in daily oscillations and daily maximum 
values (Figure 7.6). When examining data to locate 
errors, it is helpful to compare stream temperature 
records with other nearby records, such as those 
from upstream or downstream stations, and local  
or regional climate stations. 

When appropriate for project objectives, small 
data gaps can often be filled by using linear interpo-
lation or modelling techniques. As a general guide-
line, interpolation should be used only on gaps that 
are less than 2 hours long, which is often sufficient 
for filling gaps created by removing air tempera-
ture data recorded during downloading. Modelling 
techniques can be used for longer gaps (hours to 
days); however, modelled data must be interpreted 
cautiously. Gap filling with models is possible when 
surrogate data, such as stream temperature from up-
stream or downstream sensors or nearby watersheds, 
are available. Typically, a simple linear or multiple 
linear regression model is developed using several 
weeks of data immediately before and after the gap. 
Air temperature is also used as a surrogate, although 
linear models may be unsuitable because of nonlin-
earities at high (> 25° C) and low (freezing) tempera-
tures (Webb et al. 2003). In all cases, detailed notes 
on gap-filling instances, methods, and rationale 
must be produced and kept with the data.

FIGURE 7.6  Stream temperatures (Tw) before, during, and following a dewatering event, which 
began August 16 and ended August 22.
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Recommendations for Monitoring Stream 
Temperature

The following general recommendations are based 
on experiences in measuring stream temperature at 
sites throughout British Columbia. Specific imple-
mentation may need to be varied to suit conditions  
at individual sites and (or) project objectives.

Sensor selection and programming
Some manufacturers of temperature loggers, such as 
Vemco and Onset, produce units with different tem-
perature ranges. It is important to purchase models 
that cover the range of stream temperatures that 
can occur within British Columbia. Ideally, a logger 
should record temperatures ranging from below 0° C 
and to at least 35° C.

Data loggers can be programmed to record either 
the individual measurements or process the data and 
output summary statistics (e.g., mean, maximum, 
minimum) for a time interval. When the immedi-
ate need is only for mean daily temperatures, it 
may seem simplest to program a logger to generate 
daily summaries. However, given the high temporal 
variability of stream temperatures, and the relative 
ease of use and reasonable costs of thermistors, high 
frequency monitoring (hourly or every 0–20 min) 
is now preferred, even if the data are only used to 
calculate daily means. This approach allows data to 
be used for various purposes beyond those for which 
the data may have been originally collected. This 
approach also allows field measurements of tempera-
ture using a standard instrument to be associated 
with a specific recorded value for comparison and 
calibration, as described earlier. Examination of the 
time series can also be valuable for interpreting data 
logger malfunctions or dewatering events (Figure 
7.6).

Sensor installation and placement
A sensor should be shielded from solar radiation  
to avoid any possibility of anomalous heating, 
particularly during low flow periods, when low-flow 
velocities and high sun angles can cause the sensor 
temperature to rise above ambient water tempera-
ture. Several investigators have placed sensors within 
short lengths (0–20 cm) of pipe. Emplacement in 
these shields also keeps the sensors out of direct 
contact with the streambed, which may be cooler 
or warmer than ambient stream temperature in 
groundwater discharge zones, depending on season 
and time of day.

A sensor needs to be placed where it will be pro-
tected from natural disturbances, such as substrate 
movement and debris during storm flows, and where 
it can be relocated easily. In small streams with low 
stream power, rebar hammered vertically into the 
bed can suitably anchor a sensor. In larger streams, a 
sensor is usually attached to a suitable weight that, in 
turn, is leashed to an anchor point. Suitable weights 
include sand bags, blocks of concrete, exercising 
dumbbells, or other objects appropriate to a specific 
site. Heavy-duty clothesline is often an appropriate 
material for “leashing” thermistors to a streamside 
tree or other anchor. The anchor should ideally be 
fixed firmly in place, and not be movable during 
high flow. For example, large logs along the stream-
bank may be stable at lower flows, but are prone to 
being swept away during high flows. Despite the best 
efforts, thermistor loss due to burial or significant 
channel erosion is always possible. For example, the 
second author installed a network of submersible 
temperature loggers in the southern Coast Moun-
tains in summer 2003, and lost several during the 
October 2003 floods. One temperature logger ended 
up buried under 2 m of gravel, and another was lost 
when significant bank erosion swept away the ma-
ture tree to which the instrument was leashed. 

Sensor placement can be challenging, especially 
in streams with wide ranges of flow. The sensor 
should be placed where it will not become dewatered 
but will still experience water flow (i.e., not in stag-
nant pools). For streams that have not been viewed 
at a range of flows, it can be difficult to anticipate 
the patterns of depth and velocity during extreme 
conditions.

During installation, detailed hand-drawn maps 
and notes must be made and photos taken so that 
sensors can be relocated during various seasons 
and flows when sites can look quite different. Even 
though current temperature loggers may have suf-
ficient memory to be left unattended for months, 
frequent field checks are recommended to ensure 
that the sensor is not lost, exposed to air, or placed  
in an isolated pool at low flows.

Other comments
Streams that freeze or become covered with snow 
and ice present a range of challenges. It may be 
difficult to locate a temperature logger within a 
snow-filled channel or to remove it from under a 
thick ice cover. Additional problems may occur in 
larger streams, where channel ice can remain intact 
through the early spring melt. In such cases, ice may 
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be moved downstream with the flow, resulting in 
movement or loss of the instrument. Ideally, tem-
perature loggers at such sites should be visited and 
downloaded in autumn to avoid possible data loss.

Another important issue is spatial heterogeneity 
of stream temperature within a reach, which tends to 
be greatest during periods of high stream tempera-
ture. Stream temperature variability should be meas-
ured with a manual instrument on warm summer 
days to assess how representative a monitoring  

site is relative to other locations within the reach. 
Temperature loggers can collect tens of thousands 

of measurements each per year, making organization 
and storing of the data a challenge and data archiv-
ing paramount. Ideally, all data should be organized 
and stored in a relational database. At a minimum, 
each download file should be fully documented with 
metadata, such as site and deployment information 
and field notes, and be stored in at least two secure 
locations. 
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Biological Water Quality – Biological 
Measures 

John S. Richardson

BIOLOGICAL MEASURES

Biological measures at all levels of integration 
from genetics and populations to communities 
and ecosystems can provide useful information to 
assay the influences on natural systems of land use 
(local and regional), climate, and other sources of 
variation. Population and community measures 
for fish and aquatic invertebrates are discussed in 
the next subsection. In this subsection, measures 
of ecosystem processes and metrics for other taxo-
nomic groups beyond fish and invertebrates are 
briefly considered. There are many types and uses 
of biological measures (enough to justify their own 
compendium). Often biological measures are used as 
response variables in before-and-after “treatment” 
comparisons, including those that also have concur-
rent spatial controls (i.e., other catchments with no 
manipulation at the time of the treatment). Ecosys-
tem measures are used across gradients of land use, 
from reference (unmanaged) to highly perturbed 
watersheds. Biological measures are also used to as-
sess the effects of particular treatments, using a set of 
reference sites expected to represent the “population” 
of untreated streams. In general, ecosystem process-
es are more comparable across the landscape than 
specific components of ecosystems, such as species, 
which have a more limited range.

The wide variety of biological measures used 
in freshwater include descriptors of the biological 
communities, including the productivity, standing 
stocks, and relative abundance, as well as diversity 
of bacteria, algae, protozoa, fungi, and animals. The 
composition of some taxonomic groups in a water 
body, for instance bacteria and protozoa, might also 
provide useful information on ecosystem condi-
tions; however, the methods for obtaining these 
measures usually require more specialized expertise 
and equipment. Other measures used to describe 
ecosystem functions and rates of processes, are the 
dynamics of organic matter input or export (e.g., leaf 
litter, dissolved organic matter in groundwater) and 
primary production, the rates of biofilm production, 

measures of whole system respiration, and organic 
matter decomposition rates. 

In freshwater, biologically available energy 
comes from two sources: () allochthonous matter, 
or organic matter (also called detritus) produced 
outside the system; and (2) autochthonous matter, or 
organic matter produced within the system (mostly 
by algae). Thus, measures of these two types of 
energy yield important information about biological 
productivity and shifts in predominance of energy 
sources. Allochthonous organic matter is by far the 
most important (Kiffney et al. 2000; Richardson et 
al. 2005) in terms of quantity. The rate of retention 
of this material within stream reaches and its rates 
of decomposition are known to be sensitive indica-
tors of stream condition or “health” (Gessner and 
Chauvet 2002). 

Biological Measurement Methods 

A wide variety of methods are available for sam-
pling many of the biological measures, depending 
on the question at hand and the nature of the system 
under study (Table 7.7). Some methods are applied 
to streams of all sizes, whereas other measures 
(e.g., fluxes of organic matter) are more tractable in 
smaller systems. Among the best sources of general 
information on many of these methods are the com-
pilations of Hauer and Lamberti (2006) and Graça et 
al. (2005). 

Algae can be measured, either for biomass (meas-
ured as the photosynthetic pigment chlorophyll a) 
or taxonomic composition. Samples can be collected 
from natural rocks or artificial substrates (unglazed 
ceramic tiles or microscope slides). Typically, a sam-
ple from a known surface area is scraped or brushed 
from the substrate (e.g., Kiffney et al. 2003, 2004). 
Samples for biomass are then determined either by 
extraction of photosynthetic pigments (e.g., chlo-
rophyll a) followed by fluorometric or spectropho-
tometric estimation, or by filtration to weigh total 
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organic matter of the biofilm (measures all organic 
matter including algae, bacteria, etc.) biomass direct-
ly. Methods to estimate the composition are varied, 
but usually include some cleaning of the sample and 
settling into a chamber for examination by micro-
scope where taxa are identified and enumerated  
(e.g., Hauer and Lamberti 2006). 

Fungi can be sampled on leaves placed in the 
stream and used as a substrate, or from natural sub-
strates. Determination of the actual species compo-
sition requires microscopic examination of fungal 
structures, or extraction of ergosterol (a specific 
component of fungal cell walls) to estimate biomass 
(see Dangles et al. 2004; Graça et al. 2005). Fungi 
will also grow on cotton strips, which can be used as 
a standardized substrate. 

Organic matter dynamics and decomposition 
rates are increasingly used as an indicator of system 
conditions. A degraded stream is often less reten-
tive (e.g., fewer pieces of large wood or complex bed 
configurations that trap leaf matter), and it may also 
have lower input rates of organic matter because of 
canopy removal. Decomposition rates of existing or-
ganic matter increase with increasing temperatures 
(Richardson 992) or nutrients (Greenwood et al. 
2007). Decomposition rates may also decrease (ac-
counting for temperature) if particular species, such 
as alder, are reduced in relative abundance (Dangles 
et al. 2004). Bacterial respiration can be measured, 
as a component of biofilms, but it is complicated and 
usually involves laboratory assays using tritiated 
leucine or thymidine (McArthur and Richardson 
2002). Finally, as an integrated system measure, 

whole-system respiration can be measured using 
diurnal variation in oxygen concentrations, correct-
ing for rates of exchange with the atmosphere (Jones 
and Mulholland 998).

Limitations, Applications, and Interpretations of 
Biological Measures

Some of the biological methods discussed in this 
subsection are used in many parts of the world in an 
operational way and many are still under develop-
ment. Relative to measures of fish and aquatic inver-
tebrates, these measures are not as commonly used, 
and estimates of some of these kinds of measures are 
scarce for British Columbia streams (e.g., Richard-
son and Milner 2005). 

Appropriate study designs for streams can be dif-
ficult: for most scientific and management questions, 
streams are the unit of replication. In some cases, 
channel units or experimental units (e.g., cages, 
leaf packs, flumes) are the study unit, depending on 
the question. Difficulties can arise because of the 
sampling scales for using streams (or catchments) as 
study units, the large amount of background vari-
ation among streams, and variation through time. 
An individual stream is a unit of replication—and 
no matter how many times it is sampled, it is still 
one unit. Comparing a single stream before versus 
after treatment is possible statistically, but inference 
beyond this stream is not possible. Paired-catchment 
approaches, in which one stream is retained as a con-
trol, offer more ability to statistically analyze data 
using randomized intervention analysis (e.g., Car-

TABLE 7.7 Biological measurement methods

Measures What it measures Reference a

Algae—abundance or concentration Estimates of net primary production (a key 
basal resource)

Hauer and Lamberti 2006

Algae composition Community structure and nutrient status Hauer and Lamberti 2006

Fungi Community structure and biomass Dang et al. 2005; Graça et al. 2005

Biofilms DOC concentrations, etc. Hauer and Lamberti 2006

Organic matter Energy source available to the biological 
communities

Kiffney et al. 2000; Tiegs et al. 2007

Whole-system respiration Net integration of all biological process 
rates

Jones and Mulholland 1998;  
Carpenter et al. 2005

Decomposition rates A key function in aquatic food webs,  
sensitive to populations of decomposers

Gessner and Chauvet 2002;  
Hauer and Lamberti 2006

a See also British Columbia Resources Information Standards Committee documents at  
http://archive.ilmb.gov.bc.ca/risc/pubs/aquatic/.

http://archive.ilmb.gov.bc.ca/risc/pubs/aquatic/
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penter et al. 989) and potentially correct for serial 
autocorrelation in the data (lack of independence); 
however, this approach is also fraught with compara-
bility issues, as is often noted in hydrological studies. 

The strongest comparison possible, if feasible, is to 
have before–after comparisons, with controls, and 
many replicate streams. 
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Biological Water Quality – Fish and 
Aquatic Invertebrates 

John S. Richardson

FISH AND AQUATIC INVERTEBRATES

Fish and aquatic invertebrates are sampled in 
streams, lakes, and wetlands as an integrative bio-
logical measure of the status of the ecosystem. These 
taxa are also sampled to determine the status of par-
ticular species, or subsets of the biological commu-
nity. These taxonomic groups are well represented in 
British Columbia with about 72 species of freshwater 
fish (depending on inclusion of unusual forms like 
stickleback pairs or other unique forms; McPhail 
2007) and likely over 000 species of freshwater in-
vertebrates (> 80 dragonflies and damselflies alone). 
These species have life cycles spanning months to 
years, and as such integrate various impacts over 
time that are reflected in population abundances or 
size structure, and in the composition of the com-
munity. Such measures of response can include 
changes in individual (e.g., growth, reproduction, or 
survival), population (abundance, distribution), or 
community characteristics (e.g., composition, struc-
ture, diversity). As a result, such variables are some-
times used as response measures to assess changes 
in freshwater systems caused by land use effects. In 
the case of fish, measures of potential fish habitat are 
commonly used as a proxy for actual fish popula-
tions, given the effort and uncertainty associated 
with actual sampling of fish. For general references, 
refer to the sources listed in Table 7.8. 

Fish and Aquatic Invertebrate Measures 

Fish, most typically salmonids, are commonly 
sampled as a response measure to land use, such as 
forest practices (e.g., Meehan [editor] 99; North-
cote and Hartman 2004; De Groot et al. 2007). The 
relative abundance, species composition, growth 
rates, age structure, survival, and timing of migra-
tion of fish are all used as response measures, given 
appropriate points of reference (i.e., “control” sites or 
data from before management). Sampling fish abun-

dance requires many assumptions about the species 
“catchability” and movement patterns. Often densi-
ties decrease in a self-thinning manner as cohorts of 
similarly aged fish increase in age and individual size 
(creating an increasing demand for food and space). 
Individual fish can be tagged with various markers 
for later identification of individuals, and are also 
equipped with radio-transmitters for use in tracking 
the habitat use and movements of individuals. In-
vertebrates are used as indicators by using particular 
taxa, or more often as portrayed by shifts in com-
munity structure—known as benthic biomonitoring 
(Reynoldson et al. 200; Bailey et al. 2004). 

Fish and Aquatic Invertebrate Measurement 
Methods 

Fish are collected or observed in many ways, de-
pending on the particular question (see Table 7.8). 
At the catchment scale, fish are trapped using fish 
fences (block entire flow to stop fish and direct them 
into narrow traps) or screw traps (sample “out-mi-
grating” fish from the flow). Both of these methods 
are expensive and thus are limited in use. At the 
channel-unit scale (–0 m), seine nets, Gee (“min-
now”) traps, or electrofishing are used. Fish are 
also sampled within a habitat unit and even at the 
reach scale (approximately 00–000 m in length) by 
snorkelling and recording the number, relative size, 
and species of individuals seen as an observer either 
floats downstream or moves upstream. Fish are 
marked in various ways, with the method depending 
on whether the fish will be repeatedly sampled or re-
captured once during its life as it returns to freshwa-
ter from the ocean. In the latter case, coded wire tags 
inserted into the fish’s head can be retrieved later, 
but only upon its death. Other tags, such as passive 
integrated transponders (RFID tags),3 visual implant 
tags, and elastomer dye marks, identify individuals 

3 Radio Frequency Identification (RFID) is an automatic identification method that relies on storing and remotely retrieving data using 
devices called RFID tags or transponders.
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that are subsequently retrapped. For visual observa-
tion, tags such as Floy tags or even coloured beads 
are used. Fish numbers are estimated using deple-
tion estimates (i.e., blocking a short reach of stream 
and making several passes of the reach removing 
fish each time). As the numbers of fish are depleted 
in the blocked reach, the numbers of new individu-
als trapped in each pass will diminish and yield an 
asymptotic estimate of the actual numbers. Another 
method taking advantage of marking individuals is 
some form of capture–mark–recapture estimate for 
which there are many types of estimation algorithms 
(see Krebs 999).

Aquatic invertebrates are typically sampled quan-
titatively (density) or qualitatively (composition, rel-
ative abundance). Quantitative sampling has various 
samplers, the two most common being the Surber 
sampler or Hess sampler (Merritt and Cummins 
2007). For qualitative estimates, sampling is typically 
accomplished using a D-frame net (sometimes called 
a dip net). A method that is rarely used for standard 
sampling any longer is the use of substrate baskets, 
in which a volume of similarly sized mineral par-
ticles are placed into a cage of wire or plastic mesh 
and collected some time later allowing for coloniza-
tion by benthic invertebrates. In some studies, the 
measurement of “drift” rate of stream invertebrates 
is included as a flux of food for stream fishes (Roman-
iszyn et al. 2007). Finally, if specific identifications 
are needed, or if biomass of emerging insects is of 
interest, it is possible to use emergence cages for the 
adult stages of aquatic insects, which constitute a 
preponderant component of the benthic fauna.

Limitations, Applications, and Interpretations 
of Fish and Aquatic Invertebrate Measurement 
Methods

Sampling fish can be challenging, especially given 
that many species migrate to alternate habitats, 
including lakes, estuaries, and the ocean at vari-
ous times in their lives, and the timing of those 
migrations, and the ages of fish doing so, may vary 
depending on productivity, temperature, and other 
habitat factors. Therefore, changes in numbers 
within a site alone are usually insufficient to lead to a 
conclusion about habitat condition unless these data 
are collected across years. Typically, one needs to 
have more detailed information, or appropriate con-
trol catchments, to adequately account for climate 
and other life history responses. Most appropriately, 
it is necessary to have control or reference popula-
tions for comparison, and better yet to have before-
and-after time-series data (e.g., De Groot et al. 2007). 
In addition, identifying juvenile fish can be difficult 
and requires training and experience; however, snor-
kelling is used across habitat units, stream sizes, and 
seasons, making comparisons possible. 

If done improperly, electrofishing is detrimental 
to fish, especially in the very low-conductivity water 
of coastal British Columbia, and is difficult in large 
fast-flowing rivers. As a consequence, electrofishing 
in British Columbia requires certification. Gee traps 
can also be detrimental if these traps are lost or left 
in a stream unintentionally for an extended period 
of time. Gee traps may also trap unequally sized fish, 
often leading to the larger fish eating the smaller 

TABLE 7.8 Fish and aquatic invertebrate measurement methods

Measures What it measures Reference a

Fish abundances Productivity; survival and reproduction Murphy and Willis (editors) 1996

Fish age/size structure Demography and age-specific, time-specific 
impacts

Murphy and Willis (editors) 1996

Fish habitat Habitat availability and suitability Bain and Stevenson 1999

Invertebrate abundance Productivity of streams Merritt and Cummins 2007

Invertebrate composition Changes in community structure related to 
food resources, toxins, temperature, or other 
changes to the aquatic system

Reynoldson et al. 2001; Bailey et al. 2004

a See also British Columbia Resources Information Standards Committee documents at  
http://archive.ilmb.gov.bc.ca/risc/pubs/aquatic/.
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individual. Studies conflict over whether tagging fish 
alters their behaviour, slows them down, or makes 
them more apparent to predators, but each of these 
factors could bias studies if marked fish differ in any 
way from the unmarked fish they are intended to 
represent. Nevertheless, trapping fish allows one to 
measure and weigh fish and enables comparisons in 
biomass and growth rates among sites.

The expected values for measures of productivity 
or composition of fish or invertebrate assemblages 
differ by region of the province and by season. One 
of the first points of separation is the difference 
between coastal and interior regions, which have 
largely distinct hydrological regimes. The Coast 
and Interior also differ in faunal composition (e.g., 
Reece and Richardson 2000; McPhail 2007), under-
lying geology (affecting hydrology, geomorphology, 
and chemistry), and surrounding vegetation com-
munities. Thus, most of these measures need to be 
calibrated for particular ecoregions (or finer) within 
the province.

Biomonitoring has been adopted by manage-
ment agencies in many jurisdictions, and is under 
development in British Columbia. Most commonly, 
benthic macroinvertebrates are used for biomonitor-
ing, in part because of the many species and range of 
sensitivities to impacts (Bailey et al. 2004). Biomoni-
toring can also be done using fish, algae, and even 
macrophytes. Two major groups of biomonitoring 
tools are widely used: () the Benthic Index of Biotic 
Integrity (B-IBI) (Herlihy et al. 2005), and (2) the 
Reference Condition Approach (RCA) (Bailey et al. 
2004). Environment Canada has sponsored develop-
ment of an RCA-based approach in British Colum-
bia along with an online data storage and retrieval 
system known as CABIN (Canadian Aquatic Bio-
monitoring Network). Invertebrates are also used in 
bioaccumulation studies to assess long-term expo-
sure to fat-soluble contaminants. Another tool for as-

sessing the condition of freshwaters is the Indicator 
Species Approach developed by Dufrene and Legen-
dre (997). This approach contrasts the magnitude of 
effect sizes (abundances or biomass) between species 
from reference versus potentially perturbed sites.

In general, biomonitoring tools require some 
form of regional calibration against sites (streams) 
considered to be in “good” condition (i.e., reference 
sites against which perturbed sites are contrasted). A 
need also exists to calibrate for geomorphic varia-
tion (widths, gradients, channel forms) and geology. 
Each of these requires that a specific model take 
place within a class of stream and within a given 
ecoregion, although extrapolations are possible, and 
evidence is mounting that broadly applicable models 
are possible (Reynoldson et al. 200; Bailey et al. 
2004); however, incorporating additional sources of 
variation typically make the models less sensitive to 
environmental change. 

One can examine changes in composition of 
biological communities in terms of diversity, age 
composition, size structure, or energy flows (trophic 
structure) (e.g. Gjerløv and Richardson 2004). These 
additional measures can yield other insights into 
why communities might change in response to al-
teration of stream condition, and may be diagnostic. 
The biomonitoring tools rely on such changes. By 
themselves, these tools indicate deviation but not a 
potential diagnosis, although that is developing. 

As noted previously, one of the biggest challenges 
with studies of biological responses to land use is the 
frequent absence of clear management objectives and 
quantitative targets for the work (Villard and Jons-
son [editors] 2008). Equally important is the com-
mon failure to follow a rigorous study design that 
allows for proper statistical analysis and scientific 
rigour. The limitations can also be financial (funding 
for several years and many sites) or urgency (answers 
were needed “yesterday”). 
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Geomorphology – Sediment Source 
Mapping 

Peter Jordan

SEDIMENT SOURCE MAPPING

Sediment source inventories are useful for research 
on watershed sediment budgets, and for applied 
purposes such as assessing the impact of forest man-
agement activities on a watershed, or investigating 
the causes of stream channel changes during major 
hydrological events.

Watershed sediment yields vary greatly in differ-
ent hydrologic regions of British Columbia, and also 

vary greatly on a local scale in response to site-spe-
cific sediment sources within watersheds. Typically, 
most sediment in a small watershed originates from 
a few discrete sources, such as landslides, debris 
flows, or glaciers. Most forested areas in British 
Columbia have relatively low sediment yields. In a 
forest management context, a need often exists to 
estimate the amount of sediment originating from 
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natural and development-related sources. Typical 
natural sediment sources in forested watersheds 
without glaciers include:

• bank erosion (usually low unless a stream is in-
cised into glacial deposits);

• tree fall adjacent to stream channels;
• debris flows originating in alpine areas or chroni-

cally unstable bedrock;
• slump-earthflows in valley-bottom glacial depos-

its; and
• snow avalanche debris.

In forested watersheds lacking large natural sedi-
ment source features, forest development has been 
shown to greatly increase sediment yield. Typical 
development-related sediment sources include:

• erosion from forest roads and skid trails;
• undercutting, or washouts of roads bordering 

streams;
• landslides originating from forest roads and 

logged areas;
• failure of, or erosion adjacent to, culverts and 

bridges; and
• dispersed erosion from recently logged areas (usu-

ally an insignificant source).

Sediment source inventories can be conducted at 
three general levels of detail.

. Simple inventory of sediment source features. 
The product is typically a map showing the loca-
tion of discrete features, such as landslides, with 
perhaps a simple classification based on size and 
degree of activity. It can be based on air photo 
interpretation with a field reconnaissance, or it 
can be derived from an existing terrain map. This 
type of inventory is useful for initial investiga-
tions of whether forest management practices 
in a watershed pose a problem, and the relative 
significance of natural and development-related 
sediment sources.4 It is also useful for prioritizing 
watershed rehabilitation activities. Some proce-
dures for conducting inventories were developed 
for the Watershed Restoration Program from 994 

to 200. However, this type of inventory does not 
quantitatively measure the volume of sediment 
entering a stream.

2. Semi-quantitative sediment source inventory. 
At this level, the volume of sediment produced by 
each sediment source feature and its connectiv-
ity with the stream channel system is estimated. 
For example, each landslide in the watershed, 
or a representative selection if many landslides 
occurred, is visited in the field; its dimensions 
and the proportion of its volume that has entered 
the stream channel are measured or estimated. 
Another example of this type of inventory is road 
erosion surveys (Henderson and Toews 200), 
discussed below. These sediment source inven-
tories are useful in sediment budget studies, in 
which sediment sources, storage, and output in a 
watershed are quantified. This type of inventory 
is also likely to be useful for enforcement under 
the Forest and Range Practices Act; for example, to 
demonstrate that a development-related landslide 
has caused a “material adverse effect” on a stream. 
Sediment source inventories of this type are likely 
to produce a reliable order of magnitude or better 
estimate of the volume of sediment contributed to 
a stream in a particular year.

3. Measurement of individual sediment sources. 
Examples of this type of inventory include 
measurement of hillslope erosion, road surface 
erosion, and road culvert sediment yield using 
various types of sediment traps, catch basins, 
and samplers (Jordan and Commandeur 998). 
For example, to measure the sediment yield of a 
segment of road drained by a culvert that enters a 
gully, a trap can be constructed below the culvert 
in the gully to retain material of bed load size 
and an automatic pump sampler can be used to 
sample suspended sediment. Measurements of 
this type are useful for research projects, but are 
usually impractical for watershed sediment moni-
toring because of the high cost and the labour 
required. The results can be reasonably accurate, 
but may not be representative, as it is usually not 
feasible to measure more than a small sample of 
the sediment sources in a watershed. 

4 Alcock, J. 2005. Reconnaissance hydrological overview, Blaeberry River Watershed, north of Golden, B.C. B.C. Min. For., Columbia 
For. Distr., Revelstoke, B.C.
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FOREST ROAD EROSION SURVEYS

Some authors (Reid and Dunne 996; Jordan 200) 
report erosion from forest roads as a very significant 
source resulting from forest development. This topic 
is covered in greater detail in Chapter 9 (“Forest 
Management Effects on Hillslope Processes”). A 
method for estimating sediment contributions from 
road erosion has been developed for sediment budget 
studies in southeastern British Columbia (Hender-
son and Toews 200; Jordan 200, 2006). Similar 
methods have been developed for studies of road 
erosion and sedimentation on the coast (Carson and 
Younie 2003).

First, the road network in the watershed is divided 
into segments, with each segment having reasonably 
uniform properties such as slope, surficial mate-
rial, proximity to streams, and evidence of erosion. 
For each road segment, the dimensions of rills and 
other erosion features are measured or estimated to 
calculate the source erosion from the road surface, 
ditches, cuts, and fills. The volume of fine sedi-
ment produced at the site is estimated, based on the 
proportion of fine sand, silt, and clay in the eroded 
material. The connectivity between the site and the 
stream is then rated, to estimate the amount of sedi-
ment that reaches the stream channel. Measurement 
of source erosion is reasonably accurate if the survey 
is done soon after a spring runoff or rainstorm event, 
when evidence of erosion is fresh; however, estima-
tion of the connectivity is subjective and includes a 
high component of operator judgement. It is based 
mainly on observing field evidence of flow pathways 
between road culverts and the streams. Because of 
the potential error and poor repeatability in esti-
mating this parameter, sediment delivery data from 
erosion sources is very approximate, and should be 
considered an order of magnitude estimate only. 

This method has been used successfully for rela-
tively low-use forest roads in the southern Interior, 
which are not kept open in winter and for which 
the main erosion event each year is the snowmelt 
freshet. In regions dominated by rainfall, a survey 
must be completed after each significant rain event 
to estimate total annual erosion. On heavily used 
forest roads that are frequently graded and are 

actively used for log hauling, the method is difficult 
to apply, as grading and heavy truck traffic obscure 
evidence of surface erosion and introduce additional 
sediment. 

Beaudry and Associates developed an operational 
field tool to estimate sediment production from 
forested roads in the northern Interior of British Co-
lumbia, focussing on stream crossings and how these 
might be expected to respond to rainfall events.5 
This Stream Crossing Quality Index (SCQI) has been 
used successfully by licensees in the Interior to judge 
performance in maintaining water quality. 

With the implementation of the Forest and Range 
Evaluation Program (FREP), a methodology has been 
developed (see Carson et al. 2009) that incorporates 
features of the work done by Beaudry and Associates 
in the interior and Carson Land Resource Manage-
ment Ltd. on the coast. The procedure provides a 
means to quantify fine sediment production from 
both mass wasting and surface erosion associated 
with all forestry and range activities, including ero-
sion from roads and logged areas, slope failures, and 
disturbance by livestock.  

In general, experience has shown that sediment 
production from forest roads is greatest in the first 
year or two following construction, and declines 
thereafter as the road surface, cuts, and ditches 
stabilize. Cutslopes and ditches tend to produce the 
most sediment, followed by the road surface. Fill-
slopes produce relatively little sediment unless these 
encroach on stream channels. On older roads, sedi-
ment production increases greatly with increased use 
by industrial traffic, and with more frequent grading.

The method above can be applied at a detailed lev-
el, with the road system divided into many short seg-
ments, and with measurements taken several times 
per year. This will reasonably accurately estimate 
total sediment production from roads in a water-
shed. For many purposes, however, it can be applied 
at a less intensive level, with detailed measurements 
made on only a few representative segments, and 
erosion from the rest of the road system estimated 
using a simple classification system (Table 7.9).

5 Beaudry, P. and Associates. 2006. Stream crossing quality index: a sustainable forest management indicator of maintenance of water 
quality. Field Manual, Ver. 20. Report prepared for Canadian Forest Products Ltd. Unpubl. report. 
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TABLE 7.9  Classification of road surface erosion used in southeastern British Columbia. Based on tables in Henderson and Toews 
(2001) and the Interior Watershed Assessment Procedure (B.C. Ministry of Forests 2001).

Class
Median sediment  
production (m3/km)

Range of sediment  
production (m3/km)

Typical rill  
dimensions (cm) Visual description

  0.1  < 0.3  10 × 0.1 Almost unnoticeable rills 

2  1  0.3–3  10 × 1 Light erosion (typical of well armoured 
low-use roads) 

3  10  3–30  50 × 2 Moderate erosion (typical of erodible 
materials, average maintenance, high- 
use roads) 

4  100  30–300  100 × 10 Severe erosion, access difficult with a 
4WD but not impassable 

5  1000  300–3000  200 × 50 Severe gullying, impassable but  
repairable 

6  10 000  > 3000  1000 × 100 Total washout, road gone 

http://www.forrex.org/publications/streamline/ISS25/streamline_vol7_no2.pdf
http://www.forrex.org/publications/streamline/ISS25/streamline_vol7_no2.pdf
http://www.for.gov.bc.ca/hfd/pubs/Docs/Wp/Wp57/Wp57-05.pdf
http://www.for.gov.bc.ca/hfd/pubs/Docs/Wp/Wp57/Wp57-05.pdf
http://www.for.gov.bc.ca/hfd/pubs/Docs/Wp/Wp57/Wp57-05.pdf
http://www.for.gov.bc.ca/hfd/pubs/Docs/Wp/Wp57/Wp57-05.pdf
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Geomorphology – Channel Measures

Dan Hogan

CHANNEL MEASURES

Numerous measurement techniques have been 
developed to address both the temporal and spa-
tial aspects of river and stream channel forms and 
processes. As a result, these techniques cover a huge 
range of issues including differing levels of complex-
ity, detail, and cost to undertake. Kondolf and Piégay 
(2003) considered the range of measurement tech-
niques and stated that “…as do all scientists, fluvial 
geomorphologists employ tools in their research, but 
the range of tools is probably broader in this field 
than others because of its position on the intersec-
tion of geology, geography, and river engineering.” 
Their large volume, titled Tools in Fluvial Geomor-
phology (Kondolf and Piégay 2003), covers the topic 
of channel measures in exhaustive detail; this refer-
ence includes specific details and summary tables of 
most techniques available in fluvial geomorphology. 
Readers interested in channel measures should refer 
to the Kondolf and Piégay reference because it covers 
all aspects far more comprehensively than is possible 
in this subsection.

It is difficult to compile a short list of channel 
measures because the success of any study will be 
determined by how clearly the purpose of the study 
is articulated and the appropriate methods selected 
that logically follow from the questions posed 
(Kondolf et al. 2003b). Kondolf et al. (2003b) stated 
that when selecting sampling methods, one needs to 
identify what, why, and to what level of confidence 
the collected data are to be used. Two examples il-
lustrate these points. A common measure in stream 
investigations is the determination of channel 
gradient. A relatively uncomplicated attribute such 
as stream channel slope can be measured using 
many different techniques. At one end of complex-
ity, a simple and inexpensive handheld inclinometer 
can be used. At the other end of the spectrum, very 
expensive total station survey or global position-
ing stations can be used. Technique selection will 
depend on whether the surface is a uniform plane or 
is characterized by various sediment and debris stor-
age elements, the length of channel to be averaged, 
and the specific features to govern survey breaks. 
With each measuring approach, a very different level 

of training is required and different costs incurred. 
These sampling decisions are common to most (or 
all) channel measurement problems. 

Clearly, the overriding determinant underly-
ing the channel measurement technique selected 
depends on the objective of the work. For example, 
a common request is to characterize channel sedi-
ment patterns; however, to sort out what is really 
required is not simple. The measurement technique 
used to characterize the surface sediment texture 
at one point in space, and at one time, will be very 
different than if an attempt is made to determine 
trends in the change in surface bed texture over time 
and (or) along a stream reach. This situation gets 
progressively more complex when the desired results 
include differentiation between surface and subsur-
face textures.

In this subsection, we will briefly highlight the 
range of measurement techniques commonly used 
for stream channels, including morphology, scour, 
sediment texture, in-stream large woody debris, 
and canopy cover for shade. See Kondolf and Piégay 
(2003) for a primarily academic review of tech-
niques, and Timber-Fish-Wildlife (994), B.C. Min-
istry of Forests and B.C. Ministry of Environment 
(996b), Newbury and Gaboury (993), and Tripp et 
al. (2009) for practical field applications.

Several common channel measurement methods 
are included in Table 7.0. The techniques are de-
scribed fully in the accompanying references. 

Common Limitations of Channel Measures

Several problems are common to many of the meth-
ods listed above. Many measures are stage/discharge 
dependent (feature will have different dimensions 
when the stream is at different discharge levels), in-
cluding measurement of pool, riffle and run dimen-
sions, area of bars, and islands debris accumulations, 
etc. This can be a problem when trying to compare a 
stream feature over time or when different surveyors 
are used. The Channel Assessment Procedure Guide-
book (B.C. Ministry of Forests and B.C. Ministry of 
Environment 996b) specifically addresses this issue. 
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TABLE 7.0 Channel measurement methods

Attribute Sources/materials Typical use/measure a Reference

Morphology 1:50 000 aerial photograph, 
stereoscope, photogrammet-
ric tools

Restricted to channels with Wb 
>30 m, interpretation commonly 
channel pattern, sediment supply, 
channel stability

Kellerhals et al. 1976; Gilvear and 
Bryant 2003; Kondolf et al. 2003a, 
2003b; Simon and Castro 2003 

Large-scale aerial photo-
graphs, stereoscope, photo-
grammetric tools

Restricted to channels with Wb 
>20 m (1:20 000) and Wb >10 m 
(1:5000), interpretation commonly 
channel pattern, sediment supply, 
channel stability

B.C. Ministry of Forests and B.C. 
Ministry of Environment 1996a

1:250 aerial photograph, 
stereoscope, photogrammet-
ric tools

Detailed bed and bank morphol-
ogy, surface sediment characteris-
tics, large woody debris arrange-
ment, and riparian condition

Ham and Hogan 1998

1:5000 and smaller-scale 
topographic maps

Longitudinal profiles, large river 
channel pattern, drainage areas, 
hillslope coupling, and stream 
network connectivity

Leopold et al. 1964; Newbury and 
Gaboury 1993 

Channel type Field inspections Based on channel dimensions (Ll, 
WS, Wb, DS, db, S, Qb), pattern, 
and shape

Church 1992; Timber-Fish-Wild-
life 1994; B.C. Ministry of Forests 
and B.C. Ministry of Environ-
ment 1996b; Hogan and Bird 1998; 
Halwas and Church 2002; Kondolf 
et al. 2003b

Bedrock Field inspections B.C. Ministry of Forests and B.C. 
Ministry of Environment 1996b; 
Kondolf et al. 2003b

Step-pool Field inspections Step composition, arrangement 
and dimensions

Grant et al. 1990; Kondolf et al. 
2003b; Church and Zimmerman 
2007 

Rapids/run Field inspections B.C. Ministry of Forests and B.C. 
Ministry of Environment 1996b, 
Kondolf et al. 2003b

Cascade Field inspections B.C. Ministry of Forests and B.C. 
Ministry of Environment 1998b; 
Kondolf et al. 2003b

Riffle-pool Field inspections Riffle type/pool type B.C. Ministry of Forests and B.C. 
Ministry of Environment 1998b; 
Kondolf et al. 2003b

Sand bed and 
finer

Field inspections Kellerhals et al. 1976; Church 1992

Bar type/ 
stability/extent

Field inspections Church and Jones 1982

Sediment texture  
Bed features 

Field and remote sensing Ham and Hogan 1998; Bunte and 
Abt 2001; Kondolf et al. 2003b 

Surface Tape/calipers/template DS, D50, D84, D95, sorting, shape, 
armour ratios

Wolman 1954; Church 1998; Gra-
ham et al. 2005 

Grid Kellerhals and Bray 1971

Photographic Graham et al. 2005
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Furthermore, many features such as channel bed 
textures and large woody debris arrangements can 
change seasonally depending on antecedent stream-
flow conditions.

Some measures can be extremely time and budget 
consuming. For example, to determine whether the 
fine component of a gravel bar has changed over 
time or space requires large sample sizes, often lead-
ing to the destruction of the feature.

Most techniques require a compromise between 
very detailed measurements at an individual site or 
less detail over larger areas. For instance, Trainor 

and Church (2003) concluded that survey lengths 
exceeding 35 Wb are needed to capture the variability 
of the streambed topography. To cover this length 
usually requires a reduction in the amount of other 
data gathered. If the focus is on documenting distur-
bance patterns, channel surveys must exceed 35 Wb.

Consistent measure among different surveyors 
can also be a problem. Hogan (200) provided an 
example for a small stream in which the same piece 
of large woody debris was measured annually, but by 
different surveyors. The same log varied in volume 
between 20 and 84 m3 over a 5-year period. 

Attribute Sources/materials Typical use/measure a Reference

Subsurface Sieve/sample splits Dsub, D50, D84, D95, sorting, shape, 
armour ratios 

Aquatic McNeil, freeze cores

Distributed bulk Wolcott and Church 1991

Bed scour/fill Scour chains/surveys (XS/LP-
DEM)/tracers

Tapes, survey stations/tracer detec-
tors

Hassan and Ergenzinger 2003

Large woody 
debris

Tapes/compass/survey equip-
ment/aerial photos

Ll, Dl (× 2), frequency, shape, state, 
function, source, pieces, mecha-
nism/distance

Timber-Fish-Wildlife 1994; Hassan 
et al. 2005

Jams Hogan and Bird 1998

Survey rod, level, compass, 
level, shovel

Composition Material, thickness, bedding Hogan and Bird 1998

Banks

Shade Clinometer, spherical convex 
densiometer, hemispherical 
image

% cover/open Kelley and Krueger 2005

Riparian Properly functioning condi-
tion

Prichard 1998; Tripp et al. 2009

Shape UC, OH, verticals, sloping

a Wb: channel bankfull width; Qb: bankfull streamflow discharge; S: channel slope; Ds: diameter of b-axis, surface sediment (not sub-
surface bulk, Dsub); db: bankfull depth; D50: of a sediment sample, 50% of which is finer than D50 (mm, 0); D84, D95: as above Ll: length 
of large woody debris piece; Dl: diameter of large woody debris piece; UC: undercut bank; OH: overhanging bank; Ws: water surface.

TABLE 7.0 Continued
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Spatial Measures – Vegetation Cover 

Pat Teti

VEGETATION COVER

In most of British Columbia, industrial forestry is 
less than a century old and many forested areas have 
never been logged. Therefore, the landscape reflects 
a wide variety of vegetation types and ages owing 
to site potential and the histories of natural disturb-
ance, logging, and reforestation. 

The type and amount of vegetation strongly affect 
the transfer of water and energy between the atmos-
phere and the terrestrial or aquatic environment. 
Effects on the water balance include interception 
loss and the removal of soil water by transpiration. 
Vegetation also affects ground-level heat budgets 
by intercepting solar radiation, emitting longwave 
radiation, and reducing wind speeds. Hydrologists 
use vegetation cover parameters to help understand 
and explain these processes, but most forest inven-
tory information is collected for timber inventory 
and planning purposes. 

Forest inventory data are maintained by the B.C. 
Ministry of Forests and Range. Publicly accessible 
data (http://geobc.gov.bc.ca/) include polygon-level 
information on the ages, heights, species, stems per 
unit area, wood volume, and crown closure of trees. 
These are collected by a combination of aerial photo 
interpretation and field measurements according 
to the well-established field of “forest mensuration” 
(e.g., Husch et al. 2003). Because these data are avail-
able for almost all forest land in British Columbia, 
hydrologists sometimes use them as indicators of 
hydrologic processes. Additional data are collected 
if higher spatial resolution, higher accuracy, or more 
physically meaningful parameters are needed. The 
following discussion focusses on several parameters 
of special interest to forest hydrologists. 

Crown Closure

Most forest vegetation cover parameters are based 
on optically detected presence or absence of tree 
crowns within a specified viewing angle as viewed 
from above or below the canopy. The most common 
example is the percent of ground area occupied by 
tree crowns. It is physically meaningful and widely 
used, and is reported in British Columbia’s forest 

inventory database as “crown closure.” There is some 
potential for confusion, however, because of the 
differing terminology and measurement methods 
used. Vora (988), Cook et al. (995), and Jennings et 
al. (999) used “canopy cover” to refer to the per-
cent area occupied by vertical projections of tree 
crowns. Jennings et al. (999) used “canopy closure” 
to mean the percent area occupied by canopy in the 
entire hemisphere above a point on the ground. In 
British Columbia’s forest inventory, crown closure 
is estimated by aerial photo interpretation, but its 
accuracy has not been tested because it is not used 
for predicting timber supply (L. Bowdidge, B.C. 
Ministry of Forests and Range, pers. comm., 2007). 
On an aerial photo, the viewing angle of tree cano-
pies deviates from the vertical by increasing amounts 
with increasing angles from the photo nadir, thereby 
increasing the apparent footprint of tree crowns and 
potentially causing crown closure to be overesti-
mated. In principle, measuring crown closure from 
below is the same as from above; however, measur-
ing from below offers more options for viewing 
angles and instruments.

When done at ground level, defining the pa-
rameter and sampling it over space are particularly 
important because of the many potential parameters 
and their tendency to be highly variable within a 
stand. Some parameters require long-duration meas-
urements with expensive equipment and are there-
fore not easily applied over large areas. The emphasis 
here is on parameters that can be measured quickly 
at a point on the ground, thereby allowing spatially 
representative samples to be collected within a stand. 

The field of view in which canopy is observed 
from below is often described in terms of a cone cen-
tred on the zenith with a specified radius, or “zenith 
angle.” This corresponds with polar co-ordinates 
where the angle can be measured either from the 
zenith or from the horizon (Figure 7.7). 

Several simple instruments are designed to allow 
ocular estimates of percent canopy within different 
zenith angles. Percent canopy measured from below 
within a small zenith angle corresponds to the above 
definition of “crown closure.” One of the most com-

http://geobc.gov.bc.ca/
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monly used ground-based methods for measuring 
it is the “moosehorn,” which has a zenith angle of 
approximately 0°. Bonnor (968) compared average 
canopy densities measured with a moosehorn in 
hardwood and softwood stands with cover esti-
mates made using aerial photos and found the two 
methods to be within 0%. Ganey and Block (994) 
described a “vertical sighting tube,” which projects 
a dot at the zenith, thereby allowing presence or ab-
sence of canopy to be estimated from below, similar 
to a line-intercept sampling method. 

North

South

10 degree zenith angle  
= 80 degrees above horizon

Aug. 15th sun path  
at 52 degrees north

FIGURE 7.7  Polar co-ordinate representation of a hemispheri-
cal field of view centred on the zenith.

The “spherical densiometer” (Lemmon 957) is a 
small instrument with a concave or convex mirror 
that provides an off-zenith field of view. If used in 
all four cardinal directions as intended, this den-
siometer provides a zenith angle of about 50º (Teti 
200). Although the spherical densiometer is simple 
and convenient, researchers have identified some 
concerns with its use. Bunnell and Vales (990) 
and Cook et al. (995) noted that measurements by 
spherical densiometer are consistently higher than 
crown closure (as defined above) as would be ex-
pected due to tree geometry. Teti (200) noted some 
issues with the optical quality of the spherical densio-
meter’s mirror. For different zenith angles of differ-
ent instruments, Bunnell and Vales (990) noted that 
researchers should define canopy parameters accord-
ing to the processes that control the phenomenon 
they are trying to explain. 

Shade and Transmitted Solar Radiation

Various types of radiometers and data loggers are 
available for measuring radiant energy and can 
therefore document differences in solar radiation 
above and below the canopy with precision (Hardy 
et al. 2004). However, these are sufficiently expen-
sive and cumbersome that it is difficult to use them 
to collect spatially representative samples under the 
canopy. For example, Hardy et al. (997) found that 
radiation at a single point was inadequate to estimate 
the average snowmelt energy budget under a forest 
canopy. Simpler instruments can be used to collect 
many measurements of index parameters in a rela-
tively short time and make it practical to estimate 
average shade or radiation over the scale of the forest 
stand or stream reach. 

In forest hydrology, “shade” is usually used in the 
context of summertime stream temperature studies 
and refers to the reduction in direct solar radiation at 
the stream surface by vegetation and other obstruc-
tions. The first simple shade parameter suggested 
for managing summertime stream temperature was 
“angular canopy density” (ACD) and was defined for 
a point on the ground or on a stream’s surface by 
Brazier and Brown (973) as percent shade from 0 
a.m. to 2 p.m. It can be estimated with a spherical 
ACD meter (Teti 200) or from fisheye photographs. 
The Solar Pathfinder (Platts et al. 987) and the 
Horizontoscope (Brang 998) allow a user to esti-
mate percent shade from sunrise to sunset. The ACD 
meter, Horizontoscope, and Solar Pathfinder rely on 
ocular estimates and are therefore subject to bias and 
operator variability, both of which can be reduced 
with training (Teti and Pike 2005). 

A more rigorous definition of shade is percent 
attenuation of incoming direct solar radiation over a 
full day. This has been referred to as “effective shade” 
by Allen and Dent (200) and can be estimated by 
applying a radiation model to the raw canopy data. 
The Solar Pathfinder includes tables of incident 
radiation at different times of day, thereby allowing 
the calculation of solar energy exposure or effective 
shade. Software packages such as Gap Light Ana-
lyzer (www.rem.sfu.ca/forestry) allow estimates of 
solar radiation from fisheye canopy photos using 
radiation models for any time of the year and for dif-
ferent atmospheric conditions. Indeed, the analysis 
of hemispherical canopy photos provides a basis for 
testing the accuracy of shade and radiation param-
eters measured with simpler instruments (e.g., Chen 
et al. 997; Englund et al. 2000; Bellow and Nair 

http://www.rem.sfu.ca/forestry
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2003; Kelley and Krueger 2005; Fiala et al. 2006). It 
also allows the objective comparison of the degree of 
correlation between different parameters. For exam-
ple, Teti (2006) found that average ACD measured on 
fisheye photos was a very good predictor of average 
effective shade calculated from the same fisheye 
photos on 44 stream reaches (r2 = 0.93). 

View Factor

View factor is a useful concept in the transfer of 
longwave radiation between the ground (or snow) 
and overhead objects because the sky and foliage are 
often at very different temperatures, thereby affect-
ing the contributions to radiant flux. Canopy view 
factor is defined as the integral of canopy density at 
different zenith angles weighted by the cosine of the 
zenith angle. Assuming that the hemisphere above a 
flat surface consists of only canopy and sky, canopy 
view factor + sky view factor = . Because of its 
dependence on the distribution of canopy within the 
whole hemisphere, it is best determined by analyzing 
hemispherical canopy photos (e.g., Thyer et al. 2004). 

Leaf Area per Unit of Ground Area

The surface area of leaves and needles per unit of 
ground is an important forest parameter because it 
is related to the ability of the canopy to store inter-
cepted precipitation and transpire water during the 
growing season. Leaf area index (LAI) is defined as: 

 LAI = Af /Ag (7)

where: Af is one-half the total surface area of  
foliage over a given unit of ground (Chen and  
Black 992), which for deciduous leaves equals the 
surface area of one side, and Ag is the ground area. 

Direct measurement of forest Af is a labour-in-
tensive task, so considerable work has been done 
to estimate it by indirect methods from below and 
above the canopy. Chen et al. (997) and Frazer et al. 
(997) discussed the use of hemispherical photogra-
phy, the Licor LAI-2000, and the Sunfleck Ceptom-
eter for estimating LAI from ground level and Turner 
et al. (999) discussed its estimation from satellite 
imagery. 

Canopy Photography

Canopy photography can be used to estimate any 
of the parameters described above. It is slower in 
the field than many of the previously described 
methods, and photo analysis requires time, but it 
provides a permanent and versatile record of the 
canopy. Depending on the purpose, a fisheye lens 
is not necessarily required. If a 80º field of view 
is not needed, a lens with a narrower field of view 
will provide higher resolution and image quality; 
however, hemispherical canopy photography is most 
common for research because it is the most versatile. 
In any case, the lens geometry must be known and 
camera orientation must be controlled in the field so 
that image pixels correspond with known locations 
in the celestial hemisphere during analysis. With a 
camera and lens mounted on a tripod with a bull’s-
eye level, the location of the zenith on the image can 
be determined by positioning the lens directly under 
a reference mark with a plumb bob and taking a 
photo. Repeatability of levelling can be determined 
empirically. Automatic gimballed levelling camera 
mounts are available but add considerable bulk. 
Horizontal orientation can be controlled by includ-
ing a compass-bearing reference in each photo. 
Electronic compasses with LEDs indicating direction 
are available for fisheye lenses or a visible target can 
be held in the field of view indicating a direction 
from the lens. Knowing the location of the zenith 
and a cardinal direction allows a photograph to be 
oriented for analysis. Lens geometry may be provid-
ed by the vendor or determined by photographing a 
geometrically known or marked-up space (e.g., Clark 
and Follin 988). Note that the wider a lens’s field of 
view, the more the resulting image deviates from an 
equal-area projection (Herbert 987). 

Digital cameras and lenses tend to be smaller and 
lighter than their 35-mm film counterparts, thereby 
facilitating use in the field. Film cameras offer the 
highest-quality hemispherical imagery but require 
the digitization of each image before analysis. Dif-
ferences in results between these two acquisition 
methods have been found (Englund et al. 2000; 
Frazer et al. 200), but these are not large enough 
to undermine the value and convenience of digital 
cameras for most purposes. 
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The ability to discriminate sky from canopy 
within an image is fundamental to all canopy photo 
analyses. This is usually referred to as “binarization” 
or “segmentation” and was traditionally based on 
a single threshold value for every image pixel, thus 
requiring a uniform overcast sky for accurate results. 
Edge detection algorithms work by determining 
local differences in brightness rather than abso-
lute values (Nobis and Hunziker 2004). Sidelook, a 
public domain software package that implements 
this algorithm for discriminating vegetation from 
sky, is available at www.appleco.ch. When working 
with colour images, Sidelook performs its operation 
in any of the three colour channels. The blue colour 
channel generally provides the best discrimination 

between sky and canopy (Frazer et al. 200; Nobis 
and Hunziker 2004; Teti and Pike 2005). 

Several commercial and public domain soft-
ware packages are available for extracting different 
canopy parameters and for estimating the amount of 
direct and diffuse solar radiation on different days of 
the year based on models of sun paths and atmos-
pheric conditions. Many of these are described by 
Roxburgh and Kelley (995), Frazer et al. (997), and 
Bellow and Nair (2003). Hardy et al. (2004) found 
that solar radiation calculated with Gap Light Ana-
lyzer (mentioned previously) was a good substitute 
for global radiation measured with pyranometers 
under a forest canopy. 
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Spatial Measures – Remote Sensing 

Nicholas C. Coops

REMOTE SENSING

This subsection provides readers with some practical 
guidelines to consider when seeking to use remote 
sensing imagery in hydrological applications, as well 
as a short overview of current applications and uses 
of remote sensing technology.

Since the invention of photography, it was appar-
ent that an aerial perspective provided important 
information on the spatial patterns on the Earth’s 
surface and therefore aerial imagery quickly became 
a critical tool for resource managers. When consider-
ing the use of remotely sensed data for hydrological 
applications, spatial and temporal scale need to be 
examined in association with the observed hydro-
logical patterns and processes. The characteristics of 
remotely sensed data (be it digital or photographic) 
are often referred to as the image resolutions and 
relate to four basic properties: () spatial, (2) spectral, 
(3) temporal, and (4) radiometric resolutions. 

The spatial resolution indicates the size of the 
minimum area that can be resolved by a detector at 
an instant in time (Strahler et al. 986; Woodcock 
and Strahler 987). In the case of digital sensors, an 
instrument that has a spatial resolution of 30 m is 
typically able to resolve any 30 × 30 m area on the 
landscape as one single reflectance response. When 
selecting a data source for hydrological applications, 
spatial resolution will be a critical factor and gener-
ally imagery with a spatial resolution near the size 
of the objects of interest is usually preferred (Lefsky 
and Cohen 2003). Table 7. and Figure 7.8 outline 
the optimal applications associated with different 
spatial resolutions. Generally, broad-scale phenom-

ena are best characterized by low spatial resolution 
imagery (e.g., for monitoring vegetation phenology 
across Canada). Conversely, high spatial resolution 
data are more appropriate for applications that re-

TABLE 7.  Relationship between scale and spatial resolution in satellite-based land cover mapping programs  
(adapted from Franklin and Wulder 2002)

Spatial resolution  Nature of suitable forest disturbance targets

Low  Small-scale disturbances (100–>1000 m); detectable with sensors such as NOAA AVHRR,  
 TERRA/AQUA MODIS, SPOT VEGETATION
Medium  Moderate-scale disturbances (10–>100 m); detectable with sensors such as Landsat Thematic Mapper™, 
 SPOT, RADARSAT I and II, and Shuttle platforms
High  Large-scale disturbances (0.1–10 m); detectable with aerial remote sensing platforms  
 (e.g., photography), IKONOS, QuickBird, Worldview

FIGURE 7.8  Illustration of spatial resolution and subsequent 
information content of three common image 
spatial resolutions: 30 × 30 m, 10 × 10 m, and 
2.5 × 2.5 m. The underlying image is a digital 
photograph. Image provided courtesy of J. Heath, 
Terrasaurus Ltd., Vancouver, B.C. Figure adapted 
from Wulder et al. (2006).
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quire a greater level of spatial detail, such as water-
shed-level leaf area index.

In addition, the spatial extent of each image data 
set and the revisit capacity of the satellite system 
need to be considered in conjunction with data costs. 
Low spatial resolution imagery typically covers larg-
er spatial extents and is less expensive than high- or 
medium-resolution data; however, trade-offs exist re-
lated to spectral and spatial resolution for increased 
spatial coverage. Likewise, lower spatial resolution 
sensors have the advantage of finer temporal resolu-
tion, as low-resolution satellite images have revisit 
times of days rather than weeks. Conversely, high 
spatial resolution data sets generally have smaller 
spatial extents, higher cost, and longer nadir revisit 
times (Coops et al. 2006). 

The temporal resolution is the time required 
for a sensor to return to the same location on the 
Earth’s surface. This revisit time is a function of the 
satellite orbit, image footprint, and the view angle 
of the sensor (off-nadir imaging). The timing of 
image acquisition should be linked to the target of 
interest. Some environmental processes may have 
specific time intervals  (e.g., snowfall, leaf defolia-
tion) when imagery must be collected to capture the 
required information (Wulder et al. 2006), whereas 
other disturbances may be less time specific, such as 
harvesting operations or land cover change, allowing 
increased flexibility in data acquisition.

The digital sensor or camera is sensitive to a wide 
range of wavelengths in the electromagnetic spec-
trum. The spectral resolution of a sensor indicates 
the number and the width of the spectral wave-
lengths captured by a particular sensor. By changing 
the number or spectral width of the sensor, charac-
teristic reflectance properties of the surface can be 
accurately portrayed. Sensors with more bands are 
described as having an increased spectral resolution 
(Lefsky and Cohen 2003). Currently, most opera-
tional satellite-based remote sensing systems have 
a small number of broad spectral channels (< 0). 
However, an increasing number of airborne and 
space-borne instruments can produce hyperspectral 
data (e.g., instruments with > 200 narrow spectral 
bands); as a result, these data are becoming more 
widely available. 

Finally, the radiometric resolution indicates the 
actual information content of an image and is often 
interpreted as the number of intensity levels that a 
sensor can use to record a given signal (Lillesand et 
al. 2004). Increased radiometric resolution increases 
the capacity of a sensor to detect finer changes in re-

flectance. In addition to considering the resolution(s) 
of the required imagery, sensors can also be catego-
rized as either active or passive. Passive, or opti-
cal, remotely sensed data are collected by sensors 
sensitive to radiation from 400–2500 nm as well as 
surface temperature (emittance at 0.4–2.5 µm). 
Aerial photography and imagery from the Landsat, 
SPOT, IKONOS, and QuickBird satellites, for example, 
are all passive sensors and are the most commonly 
applied in vegetation and forestry applications. Ac-
tive remote sensing systems emit energy and then 
measure the return energy that is reflected back to 
the instrument. These active sensors can therefore 
operate under a wide range of conditions not limited 
by the Sun’s illumination (Lefsky and Cohen 2003). 
Radar and lidar systems are both examples of active 
sensors. In the case of radar, microwaves with  mm 
–  m wavelengths are applied, whereas lidar typi-
cally uses pulses of near-infrared radiation. 

The choice of active versus passive systems for 
forest hydrological applications depends on the 
information required. In the case of radar, the longer 
wavelengths interact with forest canopy structure, 
with the signal backscatter correlated to the size of 
elements in the forest stand. Radar data are avail-
able on both airborne and space-borne platforms. 
Lidar systems emit pulses of infrared radiation and 
measure the time it takes for pulses to reach, and 
then be reflected from, the surface (Lefsky and Co-
hen 2003). Lidar data are typically collected as single 
points; therefore, the land surface is sampled rather 
than imaged, and so full coverage is not achieved. 
Most commonly found on airborne systems, lidar 
surveys typically have sampling densities of –5 m 
depending on the system, altitude, and speed (Lim et 
al. 2003). These points are then processed to extract 
the ground surface and canopy information. Lidar 
data can also provide detailed information on the 
vegetation canopy, as laser pulses also intersect with 
vegetation. As a result, very accurate information 
on tree height, and structural characteristics such as 
vegetation cover at different heights, can be predict-
ed using this technology (Lim et al. 2003). 

A detailed listing of remote sensing data sources 
is available at several Internet sites including the 
Canadian Centre for Remote Sensing (www.ccrs.
nrcan.gc.ca). Standards and guidelines for the use of 
remotely sensed data for vegetation resources inven-
tory purposes in British Columbia are available from 
the B.C. Ministry of Forests and Range (www.for.
gov.bc.ca/hts/vri/standards/index.html).

http://www.ccrs.nrcan.gc.ca
http://www.ccrs.nrcan.gc.ca
http://www.for.gov.bc.ca/hts/vri/standards/index.html
http://www.for.gov.bc.ca/hts/vri/standards/index.html
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Hydrological Applications of Remote Sensing Data

Over the past two decades, remote sensing technol-
ogy has played an increasing role in hydrological 
applications. Several techniques that apply remote 
sensing technology have become operational, includ-
ing estimation of snowmelt runoff and classification 
of land use. Other approaches are still the focus of 
ongoing research, including flood management, mi-
crowave forecasting of rainfall, and estimation of soil 
moisture profiles (Schultz and Engmann 2000). In 
addition to directly predicting hydrological process-
es, remotely sensed data can also play a secondary 
role by providing information on vegetation cover 
to help estimate vegetation water use such as tran-
spiration. Areas of hydrology where remote sensing 
technology is either routinely applied or under devel-
opment include prediction of precipitation, snow and 
ice, soil moisture, land cover, and terrain modelling 
(Schultz and Engmann 2000).

Since the 970s, significant progress has been 
made extracting precipitation rates from remotely 
sensed data; as a result, many state-of-the-art 
methods for estimating rainfall use remote sensing 
observations. In general, the approaches detect rain/
no rain boundaries and subsequently estimate the 
rainfall rates to provide an overall estimate of total 
accumulated rainfall at a location. Near-infrared 
temperature thresholds are often used with ground-
based observations and meteorological models. 
Other, more detailed techniques use the visible and 
near-infrared wavelengths as well as passive micro-
wave systems that incorporate information on cloud 
tops and reflectivity (Barrett 2000).

Snow and ice cover have been successfully 
estimated using medium to high spatial resolution 
optical satellite imagery in cloud-free areas, and 
algorithms have been developed to estimate a range 
of snow properties including snow area, extent, and 
snow surface characteristics. The NASA Moderate 
Resolution Imaging Spectroradiometer (MODIS) and 
the older Advanced Very High Resolution Radio-
meter (AVHRR) instruments use comparisons of 
two or more spectral bands in the visible, shortwave 
infrared, and thermal channels (Lucas and Har-
rison 990) to estimate snow cover with the current 
generation of MODIS outputs, including 8-day snow 
products at between 500-km and -km spatial resolu-
tion. (Data are available at http://modis.gsfc.nasa.
gov/data/.) Under cloudy conditions, techniques rely 
on passive microwaves that can successfully pene-
trate cloud cover. Passive microwave techniques look 

at frequency differences of two microwave channels 
(22–85 GHz or 9–37 GHz) (Fernandes and Rubin-
stein 2000).

Soil moisture is a critical variable in hydrology, 
and remote sensing data may assist predicting and 
extending moisture measurements over larger spatial 
areas. Microwave remote sensing has, to date, been 
used to predict surface soil moisture with varying 
degrees of success. Field-based point measurements 
are generally more accurate than satellite-based sys-
tems; however, subsequent averaging of these point 
measures over large areas can lead to significant er-
rors (Geng et al. 996). Using active microwave sen-
sors, short-wavelength radar (such as C band) can be 
highly sensitive to soil moisture, surface roughness, 
and vegetation moisture. The most successful results 
for predicting soil moisture from radar remote 
sensing therefore occur for applications in which 
several of these sensitivities are reduced, such as on 
bare ground and over flat areas. As vegetation cover 
increases, the capacity to assess soil moisture with 
remote sensing technology decreases significantly. 
Techniques using radar tend to incorporate multiple 
images where key parameters such as surface rough-
ness can be determined using ground-based obser-
vations. Then, using a combination of modelling 
and imagery, soil moisture can be estimated over a 
period of time. The Canadian satellites RADARSAT I 
and II have C-band radar instruments that have suc-
cessfully estimated soil water over bare ground, but 
results are limited in forested situations (Galarneau 
et al. 2000). 

Information on land cover can also be critically 
important for hydrological modelling. Numerous 
studies have confirmed that land cover (e.g., forests 
and agriculture) and water bodies can all be ac-
curately classified from remotely sensed imagery. 
Classification techniques include standard methods, 
such as supervised and unsupervised classifications, 
as well as the more recent the use of decision trees 
and neural networks. These land cover classifications 
are then often coupled with other models and data 
that allow the estimation of water use based on land 
cover and land cover change (Rango and Shalaby 
998; Kliparchuk and Collins 2003). 

Finally, remotely sensed imagery and aerial 
photography remain critical data sources for infor-
mation on the terrain surface. These layers can be 
critical for hydrological modelling (Ritchie 996). 
Photogrammetry remains the most commonly 
applied approach to measure height information; 
however, lidar ground return data have recently been 

http://modis.gsfc.nasa
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gridded into raster coverage using various surface-
fitting routines that allow the derivation of slope and 
aspect information. 

Future Perspectives in Remote Sensing 

Advances in computer power are ensuring that mod-
els are increasingly able to incorporate more com-
plexity in hydrology than previously was the case. 
Although this may not guarantee more accurate 
model results, it does allow the application of ongo-
ing modelling over larger areas and at finer spatial 
resolution. Furthermore, it is expected that advances 
in computer graphics and simulation will allow the 
computation and visualization of highly dynamic 
hydrological processes in time and space (Schultz 
and Engmann 2000). Given that remote sensing 
technology is often unable to directly measure key 
hydrological parameters, future research is likely to 

focus on the efficient integration of remotely sensed 
data and theoretical models. Becker (2006) provided 
the example of the prediction of evapotranspiration, 
which is currently measured through a combination 
of surface radiation in the visible, thermal, and radar 
backscatter combined with information on historical 
trends through data assimilation. In addition, prog-
ress in using remote sensing data in hydrological 
applications is often constrained by a lack of field ob-
servations with which to start up and provide limit-
ing conditions for models, as well as by the necessity 
to verify and validate the remote sensing predictions 
themselves (Lanza et al. 997). As the next generation 
of satellite and airborne remote sensing technologies 
becomes available, it is anticipated that advances 
such as improved radar sensors, enhanced spectral 
resolution, and the increased use of lidar-based tech-
nology will help solve these current difficulties.

Franklin, S.E. and M.A. Wulder. 2002. Remote 
sensing methods in medium spatial resolution 
satellite data land cover classification of large 
areas. Progr. Phys. Geogr. 26:73–205.

Galarneau, M., R. Leconte, F. Brissette, T.J. Pultz, 
and J. Rousselle. 200. Utilization of Radarsat 
in integrated catchment management. In: Proc. 
Int. Symp. Remote Sens. Hydrol. April 2–7, 
2000, Santa Fe, N.M. M. Owe, K. Brubaker, 
J. Ritchie, and A. Rango (editors). Int. Assoc. 
Hydrol. Sci., Wallingford, U.K. IAHS Publ. No. 
267, pp. 32–326.

Geng, H., Q.H.J. Gwyn, B. Brisco, J.B. Boisvert, and 
R.J. Brown. 996. Mapping soil moisture from 
C-band radar images. Can. J. Remote Sens. 
22:7–26.

Kliparchuk, K. and D. Collins. 2003. Using Quick-
Bird sub-metre satellite imagery for implemen-
tation monitoring and effectiveness evaluation 
in forestry. B.C. Min. For., Vancouver For. Reg., 
Nanaimo, B.C. TR-026. www.for.gov.bc.ca/
RCO/research/projects/applications/tr026.pdf 
(Accessed March 200).

REFERENCES

Barrett, E. 2000. Satellite remote sensing of pre-
cipitation: progress and problems. In: Proc. 
Remote Sensing and Hydrology 2000. M. Owe, 
K. Brubaker, J. Ritchie, and A. Rango (editors). 
April 2–7, 2000, Santa Fe, N.M. IAHS Publ. No. 
267, pp. 3–0. 

Becker, M.W. 2006. Potential for satellite remote 
sensing of ground water. Ground Water 
44:306–38.

Coops, N.C., M. Wulder, and J.C. White. 2006. Iden-
tifying and describing forest disturbance and 
spatial pattern: data selection issues and meth-
odological implications. In: Understanding 
forest disturbance and spatial pattern: remote 
sensing and GIS approaches. M. Wulder and 
S.W. Franklin (editors). Taylor and Francis, 
CRC Press, Boca Raton, Fla., pp. 3–6.

Fernandes, R.A. and I.G. Rubinstein. 2000. Use of 
sub-pixel information from optical sensors to 
adjust passive microwave based snow water 
equivalent estimates. In: Proc. Remote Sensing 
and Hydrology 2000. Santa Fe, N.M., April 2–7, 
2000. M. Owe, K. Brubaker, J. Ritchie, and A. 
Rango (editors). Wallingford, U.K. IAHS Publ. 
No. 267, pp. 2–6.

http://www.for.gov.bc.ca/RCO/research/projects/applications/tr026.pdf
http://www.for.gov.bc.ca/RCO/research/projects/applications/tr026.pdf


637

Lanza, L.G., G.A. Schultz, and E.C. Barrett. 997. 
Remote sensing in hydrology: some downscal-
ing and uncertainty issues. Phys. Chem. Earth 
22(3–4):25–29.

Lefsky, M.A. and W.B. Cohen. 2003. Selection of 
remotely sensed data. In: Methods and appli-
cations for remote sensing: concepts and case 
studies. M.A. Wulder and S. Franklin (edi-
tors). Kluwer Academic Publishers, Dordnecht, 
Netherlands., pp. 3–46.

Lillesand, T.M., R.W. Kiefer, and J.W. Chipman. 
2004. Remote sensing and image interpreta-
tion. 5th ed. John Wiley and Sons, Inc., New 
York, N.Y.

Lim, K., P. Treitz, M. Wulder, B. St-Onge, and M. 
Flood. 2003. LiDAR remote sensing of forest 
structure. Progr. Phys. Geogr. 27:88–06.

Lucas, R.M. and A.R. Harrison. 990. Snow observa-
tion by satellite: a review. Remote Sens. Rev. 
4:285–348.

Rango, A. and A.I. Shalaby. 998. Operational ap-
plications of remote sensing in hydrology: 

success, prospects, and problems. Hydrol. Sci. 
J. 43:947–968.

Ritchie, J.C. 996. Remote sensing applications to 
hydrology: airborne laser altimeters. Hydrol. 
Sci. J. 4:625–636. 

Schultz, G.A. and E.T. Engmann. 2000. Remote 
sensing in hydrology and water management. 
Springer-Verlag, Berlin, Germany.

Strahler, A.H., C.E. Woodcock, and J.A. Smith. 986. 
On the nature of models in remote sensing. 
Remote Sens. Environ. 20:2–39.

Woodcock, C.E. and A.H. Strahler. 987. The factor 
of scale in remote sensing. Remote Sens. Envi-
ron. 2:3–332.

Wulder, M.A., C.C. Dymond, J.C. White, D.G. 
Leckie, and A.L. Carroll. 2006. Surveying 
mountain pine beetle damage of forests: a 
review of remote sensing opportunities. For. 
Ecol. Manag. 22:27–4.





639

Introduction

British Columbia’s forests provide a wealth of eco-
nomic, social, and environmental benefits. Over the 
last century, however, as the extent of forest devel-
opment has expanded, so too have forestry-related 
disturbances that require restoration. Ecological 
restoration1 is the process of assisting in the recovery 
of ecosystems that have been damaged, degraded, 
or destroyed (Society for Ecological Restoration 
International 2004). Initially, the principal focus 
of restoration in British Columbia was on fish and 
fish habitat. More recently, concerns have broad-
ened to encompass a wider range of ecological and 
social values (e.g., threatened or rare species, climate 
change mitigation). 

This chapter provides a review of the various wa-
tershed, riparian, and stream restoration approaches 
that have been applied over the last 20 years in Brit-
ish Columbia. Although previous habitat restoration 
and compensation programs for mining, highways, 
and hydroelectric projects also contribute to this 
body of knowledge, the focus here is on methods 
applied in British Columbia to address forest disturb-
ances. This chapter provides a history of watershed 
restoration in British Columbia, outlines watershed 

restoration planning principles, and then specifically 
discusses various hillslope, road, riparian, flood-
plain, and stream channel restoration approaches 
that have been applied in the province. The chapter 
concludes with a discussion of several emerging 
watershed restoration topics. 

Note that content for this chapter was drawn from 
many key references, as well as the personal experi-
ences of the authors and their colleagues. Further-
more, some of the generalizations in this chapter 
may not be applicable to all areas of the province. 
As with every developing science, several schools of 
thought have emerged on restoration, and thus the 
methods covered in this chapter may not be uni-
versally accepted by all practitioners. Readers are 
encouraged to review the many supporting docu-
ments cited in this chapter and to review the specific 
watershed qualities and issues discussed to deter-
mine whether the information presented applies to 
their particular watershed restoration issues. 

Historic Forest Development Disturbances 

Forest practices have evolved dramatically over the 
last 40 years. Poor logging practices in the past left 
a legacy of watershed disturbances that have been 

Stream, Riparian, and Watershed 
Restoration

Chapter 8

David F. Polster, Glynnis M. Horel, 
Robin G. Pike, Mike Miles, J.P. (Hamish) Kimmins, 
Lars S. Uunila, David F. Scott, 
Gordon F. Hartman, and Russ H. Wong

HISTORY OF WATERSHED RESTORATION IN BRITISH COLUMBIA

 In this chapter, restoration means returning a site to a target condition. The target condition may not be the same as the pre- 
disturbance condition, but it is usually based on a desired level of function. Rehabilitation refers to the activities carried out  
to meet that primary goal.
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the focus of many restoration efforts in the province. 
Some of the more significant historic disturbances 
included () logging of floodplains, fans, and ripar-
ian forests; (2) cross-stream yarding and removal of 
wood from within stream channels; (3) harvesting 
terrain features that were susceptible to instability 
or erosion, such as gullied slopes, escarpments, and 
steep, unstable, or marginally stable slopes; and (4) 
poor road construction practices. 

Logging of floodplains, fans, and riparian forests
In many areas, the logging of floodplains, active 
fans, and riparian forests along alluvial streams led 
to increased channel bank erosion and subsequent 
channel destabilization, widening, and sediment ag-
gradation (Figure 8.; Wilford et al. 2005). In many 

cases, logging of riparian forests also resulted in a 
loss of large wood debris (LWD) recruitment. In addi-
tion to these physical channel effects, the removal of 
riparian vegetation resulted in short-term losses of 
shade, cover, and food sources.

Cross-stream yarding and wood removal
In some channel types, the loss of LWD through 
cross-stream yarding disturbance or direct removal 
resulted in long-term loss of channel structure (i.e., 
pools, habitat features) and increased sediment 
transport, which can cause a coarsening of channel 
bed material (Figures 8.2 and 8.3).

Harvesting unstable or marginally stable terrain
Landslides occur naturally in many British Columbia 

FIGURE 8.  Historical air photos showing the changes (increased channel width and increased 
sediment loading) associated with forest harvesting along Dewdney Creek, a tributary 
to the Coquihalla River near Hope in (a) 1948 and (b) 1996. (Image compilation: M. 
Miles)

a

b
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FIGURE 8.3  Where large woody debris has been lost or removed from alluvial streams, channel 
structure is lost, the channel bed becomes uniform (planar), and the bed material 
coarsens. Stream in second-growth forest on central Vancouver Island. (Photo:  
G. Horel)

FIGURE 8.2  In alluvial streams in natural coniferous forests, large woody debris stores sediment, 
creates pools and channel structure, and provides habitat elements. Tributary in an 
unlogged area of Doc Creek watershed, mainland coast. (Photo: G. Horel)
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road ditches and diversion/concentration onto 
slopes below the road;

• inadequate cross-drain culvert design; and
• use of stream crossing structures that impeded 

fish passage, restricted streamflow, and (or) had 
unstable approach cuts and eroding fills.

As a result of these issues, landslides and erosion 
from and below old roads has been a major source of 
increased sediment to streams (Figures 8.5 and 8.6). 

Evolution of British Columbia Forest Practices and 
Watershed Restoration

The recognition that poor forestry practices were 
having negative impacts led to the development 
and implementation of restoration strategies for 
degraded sites (Carr 985). Early restoration efforts 
in British Columbia sought to control damage, and 
consisted largely of hydro-seeding and silvicultural 
plantings of cut and fillslopes and landslide scars. 
Nevertheless, it soon became apparent that many 
of the watershed problems could not be adequately 
addressed by hydro-seeding and seedling planting 
alone (Homoky 987). In 987, the British Columbia 
Coastal Fisheries/Forestry Guidelines were intro-
duced (with full implementation in 988) with the 
intention of improving harvesting practices around 
streams (B.C. Ministry of Forests et al. 988). In con-
junction with these guidelines, incentives were pro-
vided through the stumpage system to do remedial 
work on roads (e.g., Action Assessment Plans). This 
was the first broad initiative in British Columbia to 

landscapes and are important sources of coarse sedi-
ment for stream substrates and spawning gravels. In 
some regions, however, sediment supply significantly 
increased because of logging on erodible or unstable 
terrain (Figure 8.4). Increases in sediment supply 
can result in higher rates of sediment loading, which 
causes pools to infill and channel changes in alluvial 
streams, including aggradation, changes in bed ma-
terial texture, widening, and dewatering at low flows, 
which affects habitat conditions. 

Road construction
Historically, road construction practices often did 
not consider the stability of road cuts and fills on 
steep slopes. Road cuts and ditches altered drainage 
and made no provision for fish passage or sedi-
ment and erosion control around stream crossing 
structures. Key problems associated with poor road 
construction practices include:

• oversteepened, unstable fills on steep terrain;
• high, unstable cutslopes;
• surface flow and groundwater interception by 

FIGURE 8.4  Examples of landslides related to forestry development in two harvested areas on the west side of Vancouver Island. 
(Photos: T. Millard)
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manage road-related erosion and instability through 
deactivation. Also in 988, forest companies became 
responsible for reforestation, and a strong effort to 
plant backlog areas helped reduce erosion and ac-
celerate the hydrological recovery of logged sites (W. 
Warttig, Interfor, pers. comm., Nov. 2007). 

In the early 990s, public concern over forest prac-
tices heightened as it became evident that landslide 
frequency had increased as a result of accelerated 
harvesting on steep terrain coupled with poor road-
building techniques (Chatwin et al. 994). The Forest 
Practices Code Act of British Columbia, enacted in 

July 995 and implemented in 996 after a transition 
period, dramatically changed forest practices to re-
duce the need for restoration. Key changes affecting 
watershed condition included:

• establishment of specified riparian management 
zones and reserves;

• avoiding destabilization of fans on the coast;
• identification of unstable or potentially unstable 

terrain for both roads and cutblocks, and avoid-
ance of harvesting or road construction that 
would lead to a high hazard of landslides;

• higher standards for road construction, main-
tenance, and deactivation; drainage design; and 
culverts, including the introduction of full-bench 
and end-haul construction as standard practice 
for roads on steep slopes (B.C. Ministry of Forests 
2002); and

• specific guidelines for stream crossings and fish 
passage to minimize sediment introduction to 
streams, to protect against erosion at the cross-
ing site, to prevent encroachment into the stream 
channel, to provide sediment and large woody de-
bris transport through structures, and to ensure 
that fish passage2 was not impeded (B.C. Ministry 
of Forests 2002).

Recognizing that a formal program was needed 
to improve the condition of disturbed watersheds, 
the British Columbia Ministry of Forests initiated 
the Watershed Restoration Program (WRP) in the 
fall of 993. In 994, Forest Renewal BC (FRBC) was 
established with funding from the stumpage sys-
tem. The purpose of FRBC was to provide a funding 
mechanism not only for watershed restoration activi-
ties, which were expanded to include the Terrestrial 
Ecosystem Restoration Program (TERP), but also 
for a wide range of other activities related to forest 
management, including research. Watershed restora-
tion projects under these programs have mostly been 
led by forest licensees, or had a forest licensee as a 
major partner. An important role of the WRP and 
FRBC and its successor programs has been to develop 
standards and guidelines for assessments and resto-
ration activities. 

FIGURE 8.5  Misery Creek in the mid-Coast Mountains of 
British Columbia illustrates landslide and erosion 
problems that can occur from road construction 
on steep, unstable terrain. (Photo: M. Miles) 

2 The free computer program, FishXing3 (www.stream.fs.fed.us/fishxing/index.html), was developed to assist engineers, hydrologists, 
and fish biologists in evaluating and designing culverts for fish passage.

http://www.stream.fs.fed.us/fishxing/index.html
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FIGURE 8.6 Example of road fill landslide, West Coast Vancouver Island. (Photo: T. Millard)

WATERSHED RESTORATION PLANNING

Restoration Goals 

For many forms of watershed development, such as 
mines, highways, railways, hydro-infrastructure, 
agriculture, and urban development, restoration 
measures are often compensatory since facilities and 
infrastructure are frequently established for the long 
term. Forest development, however, differs in that 
only a small portion of fixtures are permanent (e.g., 
major mainlines, log sorts); most are short term (e.g., 
branch and spur roads, landings, temporary camp 
sites). Additionally, considerable opportunity exists 
to minimize disturbances in future forest develop-
ment. For example, helicopter yarding can be used 
to avoid road construction in harvesting and access 
areas where winter roads or temporary roads on 
potentially unstable terrain would have tradition-
ally been used. These opportunities are typically not 
available to other kinds of development at fixed loca-
tions, such as transportation or utility corridors. 

Significant disturbance caused by infrastructure 
developments can be substantially mitigated, or the 
infrastructure can be decommissioned altogether. 
Even with permanent infrastructure, opportuni-
ties exist to mitigate problem sites (e.g., relocating 
sections of mainline). In forested settings, it is not 
unrealistic to plan for recovery to pre-disturbance 
conditions for processes that may take decades. It is 
also feasible to consider restoration approaches that 
employ short-term measures with the objective of 
having nature take over. In other kinds of develop-
ment, particularly in urban areas, this may not be 
possible if natural processes have been permanently 
altered. Hence, the type of watershed development 
that occurs will have a strong influence on restora-
tion goals and planning. 

Restoration goals provide the purpose of restora-
tion—that is, the end points that restoration efforts 
are to achieve and the basis for project evaluation. 
For example, an overarching restoration goal may be 
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to re-establish ecological processes and functions by 
means of the following objectives:

• promoting a recovery trend toward pre-disturb-
ance conditions,

• mitigating impacts where restoration is not fea-
sible, and

• improving or developing habitat to compensate 
for habitat permanently lost or irreversibly de-
graded.

Rehabilitation treatments should not be confused 
with restoration goals (Atkins et al. 200). Rehabili-
tation measures, such as road deactivation or the 
construction of off-channel habitat, are employed 
to help reach restoration goals but are not goals in 
themselves. 

Restoration Prioritization and Planning

A watershed or sub-unit may be selected for restora-
tion because of specific interests in the watershed 
and concerns over known impacts. Landscape-level 
assessments can also be done to select watershed 
units for restoration based on criteria for watershed 
disturbance and relative fish values. A number of ap-
proaches for prioritizing watersheds for restoration 
have been developed by government agencies, forest 
licensees, and watershed specialists. One example is 
illustrated in Figure 8.7.3 Green (2005) offers another 
example of watershed risk analysis. Conducting a 
risk analysis (e.g., Wise et al. 2004) is also strongly 
recommended as part of restoration planning.

Once restoration areas are prioritized, it is im-
portant to set specific restoration goals and project 
objectives. The next step is to characterize the hy-
drologic and geomorphic processes in the watershed 
and identify sensitive areas, disturbances that have 
occurred, and current watershed trends. Selection of 
sites for treatment and rehabilitation measures to be 
employed should consider the following factors.

• the severity of the existing disturbance at the site
• the present trend—for example, is the condition 

stable, worsening, or improving?
• in the case of roads on steep slopes, the potential 

for further landslides to occur, and the downslope 
consequences thereof

• geomorphic and hydrologic risk factors associ-
ated with treatment and the likelihood of success 
of remedial measures; for example, on landslide 
headscarps or on unstable fans or alluvial streams

• for vegetation treatments, silvicultural risk factors 
associated with treatment, and the likelihood of 
success

• subsequent maintenance requirements to ensure 
that the proposed measures will continue to be 
effective for their intended design life

• potential risks to the proposed measures from 
natural or development-related events such as 
landslides, windthrow, erosion, or flooding

• the cost of the proposed measures and the ex-
pected benefits 

• the extent to which the site and the proposed 
treatments contribute to achieving the restoration 
goals

• with respect to priorities and scheduling, the 
ranking of each site and the proposed measures 
compared to other sites/measures

Plans can then be developed to systematically ad-
dress the following types of restoration (as applica-
ble) in a particular watershed (Figure 8.8):
 
• hillslope and road restoration
• riparian and floodplain restoration
• stream channel restoration, including erosion 

control, and in-stream habitat, fish passage, and 
off-channel restoration

When implementing restoration activities, it is 
generally preferred to address upslope and headwater 
conditions first and then work progressively down-
slope and downstream. This is important where 
hillslopes and roads are directly coupled to streams 
so that riparian and stream treatments are not jeop-
ardized by further landslides or sediment transport 
from these upslope sources (Hartman 2004). John-
ston and Moore (995) proposed that it made little 
sense to invest in lower sections of a valley or river if 
landslides or fluvially transported sediment continue 
to adversely affect restoration efforts. Nevertheless, 

3 Horel, G. 2007. Tree Farm Licence 37 watershed indicators. FIA Investment Schedule COTFL376654, Project No. 6654004. B.C. Min. 
For., Forest Investment Account (FIA), Land Based Investment Invest. Program. Unpubl. report.

 Horel, G. 2008. Tree Farm Licence 9 watershed indicators. FIA Investment Schedule COTFL96649, Project No. 664902. B.C. Min. 
For., Forest Investment Account (FIA), Land Based Investment Program. Unpubl. report.
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a need may exist to improve stream channel condi-
tions or enhance fish habitat in the short term before 
all identified upslope work can be completed or the 
beneficial effects of restoration activities (e.g., conifer 
growth along riparian areas) are realized. Decisions 
on scheduling rehabilitation measures should con-
sider the urgency of short-term needs in conjunction 
with the level of hazard to which in-stream measures 
could be exposed if implemented in advance of the 
upslope work.

It is also important to integrate restoration plan-

ning with other planning processes, especially in 
multi-use watersheds. Failure to do so can result 
in rehabilitation measures that compromise, or 
are compromised by, other activities. For example, 
when forest development is ongoing or when other 
requirements for regular access exist, restoration 
approaches and rehabilitation activities require 
planning in conjunction with these other land uses. 
A good example is where roads were permanently 
deactivated at considerable expense under watershed 
restoration projects, only to be re-opened a year or 

Figure 8.8  Overview of watershed restoration implementation sequence (Johnston and Moore 
1995).
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two later for forest harvesting. Restoration activities, 
such as deactivation, planned in conjunction with 
other forest development can take advantage of op-
portunities—for example, the salvaging of logs from 
wood culverts or buried in fills, or the scalping of 
road ballast for use elsewhere.

Once rehabilitation activities are completed, 
the site information should be integrated into data 
sets that are regularly used for forest management 
and other planning processes. This is necessary to 
protect the restoration investment in site works. If 
rehabilitation measures will require maintenance, 
then planning needs to ensure that future site access 
is possible.

Rehabilitation Measures and Approaches

The incorporation of science is a key underpinning 
of all successful watershed restoration programs 
(Hartman 2004). Rehabilitation measures generally 
fall into two main categories: () process-based—
those that facilitate natural recovery processes 
(Polster 989; Walker and del Moral 2003; Walker et 
al. 2007); and (2) structure-based—those that utilize 
engineered works (see Slaney and Zaldokas [editors] 
997). These measures are discussed further in subse-
quent sections of this chapter.

Examples of process-based measures (Atkins et al. 
200) include:

• vegetation re-establishment to promote natural 
succession processes on gravel bars;

• riparian treatments to enhance conifer growth 
in second-growth stands, to promote conversion 
from disturbance-generated deciduous stands to 
conifer stands, or to establish a natural mix of 
species in single-species managed stands;

• revegetation of denuded slopes and escarpments 
using bioengineering techniques; and

• bioengineering measures in scoured gullies to 
create channel roughness, trap sediment, and 
promote revegetation.

Examples of structure-based measures include:

• armoured catchment basins to contain landslide 
material or eroded sediment;

• engineered logjams used for erosion control or 
flow deflection;

• rock armouring or rock groins to control bank 
erosion; and

• engineered fills or retaining structures to mitigate 
road instability.

Some practitioners see these two measures as 
competing philosophies, whereas most others con-
sider them as complementary, particularly at sites 
where the implementation of both is possible. Well-
designed plans for watershed restoration generally 
use both approaches, as a need often exists to address 
physical conditions (which may favour structure-
based measures) and facilitate ecosystem restoration 
(which may favour process-based measures). Fur-
thermore, the lines between the two approaches can 
be blurred because remedial works at an individual 
site may incorporate elements of both.

Regardless of the approach used, a thorough 
understanding of the watershed’s hydrologic and 
geomorphic processes and the scale (e.g., landscape, 
watershed, or site) at which these act is critical to de-
velop effective and achievable restoration goals and 
rehabilitation measures. Treatments that accommo-
date rather than attempt to change or control natural 
watershed processes are more likely to be successful 
(Kellerhals and Miles 996).

Numerous rehabilitation treatments have been 
developed through restoration efforts conducted 
in British Columbia and elsewhere (see Slaney and 
Zaldokas [editors] 997; Atkins et al. 200). Reha-
bilitation measures may be intended for short- or 
long-term reasons, and may have specific objectives 
that include:
• preventing further disturbance, such as remediat-

ing unstable or eroding roads;
• re-establishing structures to mimic natural condi-

tions that were lost through disturbance, such as 
the placement of LWD in streams where recruit-
ment of natural LWD has been reduced or delayed 
by loss of sources;

• enhancing or creating habitat, such as construct-
ing habitat in flooded gravel pits connected to 
streams to offset habitat loss through disturbance; 
and

• creating conditions that would allow natural 
processes to approach targeted levels of function, 
such as riparian treatments promoting the growth 
of a natural mix of species in the riparian forest.

An example of a measure with a short-term objec-
tive is the construction of artificial habitat features as 
an interim measure until natural recovery processes 
have re-established. Many long-term restoration 
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objectives entail the re-establishment of natural suc-
cessional trajectories on disturbed sites. These will 
differ depending on the site (i.e., restoration treat-
ments in riparian areas will differ from those applied 
to hillslopes). Permanent deactivation of steep, 
unstable roads is an example of a measure with both 
short- and long-term objectives. The greatest benefit 
is achieved by reduced landslide occurrence in the 
short term; further benefit is achieved in the long 
term when the deactivated sites become reforested.

At the planning stage, note that some rehabilita-
tion measures may require ongoing maintenance 
for the duration of the measure’s design life. The 
long-term success of these measures may hinge 

on the availability of funding for ongoing mainte-
nance, which is often uncertain. An example is the 
anchoring of LWD structures in areas of a stream 
where these features would not occur naturally (e.g., 
transport zone). Without maintenance, these types 
of structures are unlikely to persist and will ulti-
mately be lost; however, interim measures such as 
LWD placement can provide enhanced fish habitat 
and increased fish densities in degraded sites over 
the short term (e.g., Cleary 200; Slaney et al. 200). 
An important consideration in choosing these types 
of measures is whether continued site access will be 
available for maintenance purposes. 

HILLSLOPE AND ROAD RESTORATION

Hillslope and road restoration is an integral part of 
watershed restoration in British Columbia (Atkins 
et al. 200), and must be co-ordinated with other 
forestry or restoration activities. Hillslope and road 
restoration is normally used to reduce the sedimen-
tation in streams that results from disturbance-re-
lated increases in hillslope instability and erosion 
(see Chapter 8, “Hillslope Processes” and Chapter 9, 
“Forest Management Effects on Hillslope Process-
es”). In some cases, the primary purpose of this work 
is to protect downslope infrastructure or other high-
consequence sites from the effects of these events. 
Another purpose is to restore natural drainage 
patterns that have become disrupted, for example, 
by the diversion of water in road ditches; however, 
restoration of drainage, in the absence of instability 
or erosion, is rarely a primary goal. Hillslopes that 
do not exhibit these other hazards are rarely targeted 
for rehabilitation measures for drainage alone be-
cause of cost–benefit considerations and other higher 
priorities. For example, if road cuts, ditches, and 
altered drainage courses have substantially reveg-
etated, reopening these roads to re-establish natural 
drainage patterns can create more disturbance than 
the intended remedial measures would offset.

Hillslope features identified for rehabilitation 
measures can include:

• unvegetated or eroding landslide tracks,
• eroding or scoured gullies,
• excessive wood accumulations (logging slash) or 

debris jams in gullies,

• unvegetated or eroding escarpments,
• unstable road cuts,
• oversteepened unstable road fills (Figure 8.9), and
• eroding road ditches.

As mentioned previously, access management is a 
critical factor when developing hillslope restoration 
plans. Old roads have been a major source of water-
shed disturbance (Chatwin et al. 994), but many are 
vital infrastructure for long-term forest management 
and often provide access for recreation activities or 
to remote facilities (e.g., communications towers, 
weather stations, research and monitoring sites). In 
most cases, it is paramount to co-ordinate hillslope 
restoration and access management with forest plan-
ners, other restoration efforts, and other forest users. 
It is often necessary to weigh the benefits of main-
taining access against the hazard of further disturb-
ance from landslides. Some considerations include:

• the hazard of an event (landslide or severe ero-
sion), either from the road itself or initiated by 
drainage off the road, or from events upslope of 
the road that would render the road unsafe or 
unusable;

• the downslope consequences of maintaining ac-
cess;

• the degree to which hazard or risk can be reduced 
while retaining access;

• other alternatives for access;
• cost comparison of the access alternatives and 

remedial measures proposed; and
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• subsequent maintenance requirements for meas-
ures employed to retain road access or to protect 
the road.

Maintaining road access across hillslopes can 
also have implications for other hillslope restora-
tion plans (e.g., treatments of gullies and landslide 
tracks). Rehabilitation measures may need to accom-
modate not only the road prism but also incorporate 
protection of the road (e.g., from upslope sediment 
or debris sources). Landslide or gully treatments in 
proximity to the road should occur concurrently 
with remedial road treatments. This can involve 
structure-based elements such as debris catchments 
or rock buttressing of cutslopes (Figure 8.0), in 
addition to process-based elements such as revegeta-
tion or bioengineering measures (Figure 8.).

Although maintaining road access may be a 
complicating factor in hillslope restoration plans, it 
provides opportunities for treatment options at other 
hillslope sites (gullies, landslide tracks), which oth-
erwise might not be feasible (e.g., machine removal 
of debris jams in gullies). In selecting and prioritiz-
ing hillslope sites for treatment, the following factors 
should be considered, especially where site access is 
limited.

• likelihood of continued disturbance (e.g., ongoing 
erosion of landslide tracks or escarpments, fur-
ther sediment-generating events in gullies, release 
of debris jams)

• downslope consequences of the treatment
• existing state of recovery and trend
• likelihood of success of the treatment
• options and costs for attaining site access
• the extent of new disturbance if access is re-

opened weighed against the level of hazard reduc-
tion expected from the proposed measures

Road Rehabilitation Measures

The type of rehabilitation measures to be used on 
roads will depend on:

• whether the road is to be retained or permanently 
deactivated;

• the degree of access to be maintained; and 
• the specific terrain, soil, and drainage conditions 

along the road.

In this context, permanent deactivation means 
decommissioning of the road with no provision for 
future access.

Figure 8.9 An example of landslides caused by logging road development. (Photo: M. Miles)
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Figure 8.0  A retaining basin was constructed to capture materials that will fall from the slope 
above. (Photo: D. Polster)

Figure 8.  Soil bioengineering was used on this landslide to initiate the natural successional 
processes that will maintain a vegetation cover on this slope. The rock basin shown in 
Figure 18.10 can be seen on the left in this photo. (Photo: D. Polster)
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Typically, on roads that are to remain accessible 
for vehicle traffic, remediation of unstable fills in-
volves partial rather than complete fill retrieval, with 
endhaul of excavated material trucked to a spoil site. 
If significant endhaul is required and spoil sites are 
not located close by, then hazard mitigation may be 
very costly. In some cases, potential instability can 
be substantially mitigated while still maintaining vi-
able road access (Figure 8.2). This is most often the 
case where cutslopes are fairly stable. Even partial fill 
retrieval can result in a narrower road surface. The 
required road surface width depends on the class 
of road and volume and type of traffic; minimum 
drivable road widths may be acceptable for branch or 
spur roads but not for mainlines. 

To achieve sufficient road width after pullback, 
road widening into the cutslope is possible if the 
cutslope is sufficiently stable. Other options include 
using engineered fills and (or) retaining measures 
for fills and cutslopes; however, these measures can 
become very costly. Therefore, retaining old roads on 
steep slopes for future use often involves a trade-off 
with hazard mitigation. Some level of hazard may 
be acceptable, but in cases of severe cutslope insta-
bility or instability in the road bench, it may not be 
practical to keep the road safe for use or to mitigate 

stability hazards by means other than permanent 
deactivation. 

Mainlines
Many mainline roads in British Columbia were built 
decades ago and are part of the active long-term for-
est road infrastructure. Mainlines also serve remote 
communities, public campgrounds, and popular rec-
reation areas or are used regularly by public traffic. 
Mainlines were often built along lower valley slopes 
or valley floors. Common problems associated with 
old mainline roads include: 

• sections located along eroding streambanks,
• roads located in areas with unstable fills and cut-

slopes,
• drainage structures that impede fish passage, and
• sections that cross fans and debris flow channels.

Restoration for mainlines usually requires pro-
viding sufficient road width or turnouts and sight 
distance for two-way traffic, which may include both 
public vehicles and large industrial vehicles. Pub-
lic safety and liability can be significant issues on 
mainlines that are required to accommodate large 
industrial vehicles and/or the mix of traffic and an-

Figure 8.2  Fillslope instability has been substantially reduced by fill retrieval and endhaul; however, the remaining 
road surface is narrower. (Photo: D. Ostapowich)
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ticipated vehicle speeds. Certain options, such as ar-
moured fords or extended single-lane sections, may 
not be acceptable in these cases. In general, remedial 
measures for mainlines are of a higher standard 
than for other forest roads, and frequently involve 
engineered works. Because mainlines are regularly 
inspected and maintained, it is feasible to consider 
remedial measures that may require maintenance—
for example, sediment catchment basins (VanDine 
996), debris racks in front of drainage structures, 
and settling basins for ditchline sediment. For works 
in or adjacent to streams, such as drainage struc-
tures or streambank erosion measures, fish passage 
requirements and timing restrictions (fish windows) 
may apply.

Mainline realignment can be a viable restora-
tion option if requirements for grade and curvature 
can be met; however, in many cases alignment is 
constrained by control points (such as major stream 
crossings) and grades. The cost of realignment may 
also be prohibitive. Consequently, remedial meas-
ures on mainlines often involve accepting either 
some level of hazard or maintenance requirements  
at problem sites. 

Armoured fords are occasionally used as an 
alternative to pipe culverts or bridges at sites that 
experience regular debris flows or avalanches. On 
mainlines, the factor limiting ford use is usually 
vertical curvature—the dip required for the drainage 
way may not accommodate mainline traffic safely. 
Other alternatives on mainlines, such as low-level 
bridges designed to overtop in severe storms or de-
bris flows, may be preferred (Figure 8.3). Armoured 
fords normally require inspection and may need 
periodic maintenance. Therefore, these structures 

may be practical along actively used mainlines but 
may not be an option on other forest roads.

For mainlines that receive continuous use, deac-
tivation measures are usually not an option. Main-
lines that access remote valleys may be deactivated 
for periods of time or may have limited traffic other 
than logging-related vehicles. In more remote loca-
tions, options such as single-lane sections and ford 
crossings can also be viable in areas with reduced 
vehicular traffic. 

Other roads to be retained
For roads that are not regularly maintained and 
inspected, remedial measures that require main-
tenance, such as catchment basins or debris racks, 
have limited success and are likely to fail (Figure 
8.4). 

When not in active use, these roads are typically 
deactivated to some degree. Access requirements 
might be two-wheel drive, four-wheel drive, all-
terrain vehicle (ATV), or restricted vehicle access. 

Figure 8.3  Low-level bridge on active mainline, designed to be overtopped during major floods or debris flow events. Tyler Creek, 
south central Vancouver Island. (Photos: G. Horel)
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Deactivation of these roads usually involves partial 
fill retrieval, removal of drainage structures, con-
struction of cross-ditches (Figure 8.5), and armour-
ing, especially at the outlets of cross-ditches. Some 
landslides may occur from the residual fills on these 
roads (Forest Practices Board 2005).

In some cases, leaving drainage structures in 
place and backing them up with downgrade cross-

ditches (fail safes) is also an option. The steeper the 
grade, however, the more difficult it is to construct 
drivable cross-ditches, and at very steep grades (> 5–
20%), it becomes impractical to do so. Regular traffic 
through cross-ditches can make maintenance of the 
structures problematic, especially if coarse material 
for armouring is scarce or unavailable. With regular 
traffic, downgrade berms in fine-textured soils can 
become rutted. Regular traffic also retards vegeta-
tion growth, leaving the cross-ditch susceptible to 
erosion. Road users may compromise the function of 
cross-ditches by filling them with wood or stones to 
facilitate access. Combined with ruts in the down-
grade berm, this can cause the cross-ditch to fail. In 
these cases, other alternatives include leaving drain-
age structures in place and maintaining the road, 
constructing alternative drainage structures (such as 
cattle guards) instead of cross-ditches, or closing the 
road to vehicle access.

Outsloping is occasionally used as an alterna-
tive to constructing cross-ditches, particularly if 
specific drainage channels have not been disrupted 
and the intent is to disperse drainage across the road 
rather than concentrate and discharge it onto areas 
of potential downslope instability. This technique is 
limited to fairly flat grades (less than about 8%); at 
steeper grades, the water tends to run down the road 
rather than across it. Additionally, outsloped roads 

Figure 8.4  Debris rack upstream of culvert on unmaintained road. Debris rack had completely 
filled in and was starting to collapse. (Photo: D. Ostapowich)

Figure 8.5 Typical cross-ditch (sketch by G. Horel).
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may be acceptable for pickup-truck traffic but may 
be dangerous for large vehicles or for vehicle traffic 
during periods of snow or ice cover. 

Permanent deactivation
Permanent deactivation affords the greatest oppor-
tunity to mitigate hazards on unstable roads. The 
specific deactivation measures chosen will depend 
on:

• the potential hazard of further landslides or ero-
sion,

• the downslope consequences on specific values,
• the existing state of recovery, and 
• the existing access condition.

For substantially overgrown and inaccessible 
roads, the level of existing hazard should be weighed 
against the disturbance created by deactivation 
and the cost of reopening the site. Where stability 
hazards are not a concern, permanent deactiva-
tion measures may be limited to removing drainage 
structures, restoring channel alignments and gradi-
ents, and protecting exposed banks from erosion.

Where a significant hazard of instability exists 
from road fills or cuts, restoration generally involves 
completely de-building the road by retrieving all fill 
and drainage structures, and contouring the site to 

conform to the adjacent hillslope and channel align-
ments (Figures 8.6 and 8.7). Excavated fill mate-
rial is typically placed against the cutslope, although 
this may not be possible if upslope erosion or land-
slides have deposited material on the road. Where 
the road cut is unstable and regressing upslope, it 
may not be possible to place retrieved fill on top of 
the cutslope. In this case, any excess fill may require 
endhauling or transport to a suitable spoil site. Nev-
ertheless, slope drainage and soil strength may be 
irrevocably changed even with full road removal and 
complete contouring. Using measures such as scari-
fying the old road surface to ditch-bottom depth 
may not restore natural drainage conditions. 

Figure 8.6  Sketch illustrating full fill retrieval and  
contouring (sketch by G. Horel).

Figure 8.7  Permanent deactivation and hillslope contouring on a road in south-central Vancouver 
Island. (Photo: D. Ostapowich)
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With deep fills or long fillslopes, it is often neces-
sary to make two, or in some cases several, passes to 
retrieve most of the unstable fill. In these situations, 
using two machines in a double-bench configuration 
can improve the safety and the efficiency of the work 
(Figure 8.8).

The extent to which retrieval of all fill can be ac-
complished depends on the type and size of equip-
ment, operator expertise, and the ability to bench 
down. The latter can be limited by the presence of 
bedrock in the bench, instability of the bench itself, 
and hazardous conditions below the bench, such as  
a landslide scarp, which makes fill retrieval unsafe.

In practice, fill retrieval can be performed us-
ing several excavator types, sizes, and configura-
tions. The choice of machine and configuration 
will depend on topography, road geometry, soil 
conditions, footing conditions, other local site fac-
tors, and equipment availability as dictated by local 
construction activity. Although machines with 
extended booms have been used to reach farther 
down fillslopes, bucket loads must be smaller so that 
the machine does not overbalance, thus making the 
process slower and possibly creating delays in project 

completion times. An extended-boom machine can, 
however, allow fill to be safely retrieved when the 
ability to bench down is limited.

Large excavators (equivalent to the Hitachi 400 
series) can be effective on very wide roads with 
large fill volumes. On narrow roads, effectiveness is 
limited by the width required to swing the machine. 
Large, heavy machines require support on stable 
benches, and thus are usually not suitable when 
benching down is involved. Machines equivalent in 
size to the Hitachi 300 series are common in road 
construction and are generally practical for fill 
retrieval. A combination of a 200 series and a 300 se-
ries machine has yielded good results in deactivating 
roads with deep fills on steep slopes on south-central 
Vancouver Island (D. Ostapowich, Ostapowich Engi-
neering Services Ltd., pers. comm., March 2008).

The most important factor affecting the quality 
of deactivation is the expertise of the operator. Road 
deactivation on steep slopes is hazardous work that 
should be done only by highly experienced opera-
tors. Inexperienced operators cannot be expected to 
do the same work safely, which means that either the 
resulting work will not meet expectations, or worse, 

Figure 8.8  Two excavators using a double-bench approach to deactivate a road with deep fills on south-central 
Vancouver Island. The lower machine passes material to the upper machine, which places it against 
the cutslope. (Photo: D. Ostapowich)
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that the operator will imperil themselves. Safety 
plans, including rainfall shutdown thresholds where 
applicable, should always be in place for deactivation 
projects.

Despite good equipment and the most diligent 
work by highly skilled operators, it is often not pos-
sible to fully mitigate stability hazards on old roads. 
Many of these roads were built on naturally unstable 
or marginally stable terrain. Under today’s forest 
practices, roads would not be built in these types 
of locations. On these sites, the aim of deactivation 
should be to mitigate stability and erosion hazards 
to the extent that it is safely possible. Road deactiva-
tion, especially full deconstruction, has dramatically 
reduced landslide occurrence. Construction stand-
ards implemented under the Forest Practices Code 
significantly reduced the occurrence of landslides 
associated with new road construction (Horel 2006).

Use of explosives for deactivation
In some situations, deactivation using explosives is 
a viable option where vehicle access does not exist 
or would not be practical to re-establish. Explosives 
have been used for excavating cross-ditches, re-
moving wood and metal pipe culverts, dismantling 

timber cribs, dislodging wood debris in debris jams, 
removing sidecast fill, and resloping landslide scarps 
(Figures 8.9a and 8.9b). Because of the inherent 
danger associated with the use of explosives, blasting 
for deactivation measures should be done only under 
the supervision and control of a highly experienced 
explosives expert.

Blasting equipment and supplies may be carried 
in on foot or airlifted by helicopter. Blasting methods 
have involved various explosive products used in 
several configurations, including downhole load-
ing, surface loading, and attachment to individual 
features such as logs, stumps, or culvert pipes. Since 
access for normal drilling equipment is not usually 
available, downhole loading is limited to hand-drill-
ing methods.

Generally, the energy required to blast masses of 
soil or wood is very large and the outcome can be 
uncertain. Wood and soil tend to blast “dead” (i.e., 
they absorb much of the explosive energy). As such, 
downhole configurations are preferred because the 
blast is confined and more energy is transferred to 
the soil mass. If difficult hand-drilling conditions 
preclude downhole loading, then surface blasting 
may be an option, although the energy is largely un-

FIGURE 8.9  (a) Unstable fills and steep escarpments along 
a road section above Kennedy Lake on  
Vancouver Island. Road access to site was cut 
off by a large landslide (not visible). (b) Surface 
blast used to remove fill and trim landslide 
scarps. Photo shows site after blasting. (Archive 
photo from MacMillan Bloedel Limited, Kennedy 
Lake Division)

a b
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confined and enormous explosive power is required 
to dislodge large soil masses. Thus, surface blasting 
should be used only where equipment access is not 
possible and a strong justification exists for the deac-
tivation measures. Typically, an ammonium nitrate 
and fuel-oil (ANFO) combination is used for surface 
blasts because of its high gas expansion, whereas 
dynamite with high “crack” is used for downhole 
applications. 

The use of explosives has its limitations. In 
removing sidecast fills, for example, it is difficult 
to control blasting results, and some material may 
remain after blasting. Blasting can have effects at 
considerable distances from the site, and can create 
hazardous sites if unexploded charges remain be-
cause of misfires or lack of ignition.

Revegetation of deactivated roads
Numerous forest roads in British Columbia have 
been successfully reforested after deactivation. Spur 
roads are often planned as temporary roads that 
will be reclaimed and reforested soon after logging 
is complete to reduce site losses (Figures 8.20 and 
8.2). Revegetation methods used for deactivated 
roads will depend on site conditions after deactiva-
tion is complete, and on the objectives for revegeta-
tion, which may include:

• controlling surface erosion of newly exposed fine-
textured soils, 

• re-establishing conifer root networks to improve 
slope stability on steep slopes, 

• re-establishing forest stands as part of broader 
forest management objectives, and 

• re-establishing natural vegetation successional 
pathways. 

In deciding whether to plant deactivated roads, 
forest professionals may consider the following 
points (Scott Muir, Western Forest Products Inc., 
pers. comm., June 2008).

• What is the age of the adjacent stands? Will a 
merchantable crop of trees be established by 
the time the surrounding stand is available for 
harvesting (e.g., a time lag of 5–20 years may 
preclude simultaneous harvesting of the replanted 
and adjacent stands)?

• Will natural regeneration (e.g., by species such as 
alder) be sufficient to provide erosion and sedi-
ment control?

• Will shading of the road from the adjacent stands 
impair conifer growth if the road is planted for 
silvicultural objectives?

Figure 8.20  The culvert was removed at this crossing and the drainage course restored with an  
armoured swale. Pocket planting was used to establish vegetation in the riprap. 
(Photo: D. Polster)
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If fill retrieval has not been done and the ballasted 
road surface remains, the most appropriate revegeta-
tion approach depends on the objective. If no refor-
estation will occur, then revegetation may be limited 
to seeding cross-ditches for erosion control, with the 
rest of the site left to regenerate naturally. If refor-
estation is intended, then the road would usually be 
scarified to loosen the compacted surface; the ballast 
would either be removed (ideally for use elsewhere) 
or mixed with underlying soil material. In some situ-
ations, suitable spoil from other sites (e.g., endhaul 
road sections) may be placed on the deactivated road 
sections to enhance growing conditions, and then 
seeded or planted.

Where fill retrieval has been performed, revegeta-
tion approaches will depend largely on the surface 
condition. If the site is favourable for planting and 
reforestation is an objective, then revegetation may 
include both conifer planting and seeding to control 
soil erosion. If the contoured surface is unfavourable 
for planting (e.g., composed mainly of coarse rock), 
revegetation may be difficult (Atkins et al. 200). 

Seeding may be limited to cross-ditches where soil 
is exposed. If no reforestation will occur, then the 
site may be left to revegetate naturally. On sites such 
as steep gully sidewalls where crossings have been 
removed, soil bioengineering techniques can be used 
to stabilize shallow soils before seeding or conifer 
planting.

Hillslope Rehabilitation Measures

Measures to rehabilitate hillslope disturbances can 
include headscarp and sidescarp stabilization, runoff 
management and revegetation of landslides, clear-
ance of woody debris, installation of check dam 
structures, and revegetation and construction of 
catchment or deflection structures for destabilized 
gullies. Methods to stabilize landslide headscarps 
and sidescarps can include mechanical contouring 
(where equipment access is possible), installation of 
soil bioengineering structures (where the instability 
is relatively shallow), or possible removal of unstable 
material by blasting. 

Figure 8.2  This road section is undergoing full deconstruction by retrieving sidecast fill material and placing it against the cut, 
removing drainage structures, and placing salvaged wood on the regraded slope. (Photo: D. Ostapowich)
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Soil bioengineering treatments have been widely 
applied to restore degraded forest sites in British 
Columbia (see Polster 997).5 Soil bioengineering is 
the use of living plant materials to perform defined 
functions (Atkins et al. 200). This differs from bio-
technical treatments, such as vegetated riprap or live 
crib walls, which use both living and dead materi-
als to perform defined functions (Gray and Leiser 
982). Biotechnical treatments are commonly applied 
in situations where revegetation alone is unable to 
stabilize the stresses and degrading forces.

In some approaches, stabilization is achieved by 
rerouting upslope water and (or) re-establishing 
historic drainage patterns on the hillslope. Runoff 
management to reduce surface erosion on landslide 
tracks can be accomplished by:

• channelling surface flow (where channels have not 
yet developed naturally); 

• armouring existing surface channels with rock or 
bioengineering structures, such as live pole drains 
or live silt fences; or

• diverting surface flow off the landslide track and 
onto adjacent stable and non-erodible areas. 

In specific cases, containment of surface runoff 
within closed pipes is also practical. To control ero-
sion, landslide tracks can be revegetated by hydro-
seeding on steep slopes with harsh soil conditions, 
dry seeding on more gentle slopes where some 
organic material and (or) mineral soils remain, or in-
stalling soil bioengineering structures, such as brush 
layers and wattle fences (Figures 8.22 and 8.23). 

Figure 8.22  Modified brush layers have been developed to treat forest landslides and unstable 
slopes where normal tree planting would not provide effective stabilization. Cuttings 
are placed in position 1 under normal conditions, position 2 is used for very dry sites, 
and position 3 is used when soils are damp (D. Polster, unpublished course materials).

5 Polster, D.F. 2006. Soil bioengineering for land restoration and slope stabilization. Course materials for training professional and 
technical staff. Polster Environmental Services Ltd. Unpubl.

 Polster, D.F. 2008. Soil bioengineering for land restoration and slope stabilization. Course materials for training professional and 
technical staff. Polster Environmental Services Ltd. Unpubl.
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Soil bioengineering treatments are designed to 
avoid the need for maintenance, as these methods 
typically re-establish natural successional trajecto-
ries (Atkins et al. 200); however, where extreme sites 
are treated, some measure of inspection and main-
tenance is recommended. Modified brush layers 
(Figure 8.22) provide an initial treatment of forest 
landslides where slope and soil conditions preclude 
normal tree planting as a restoration treatment. 
Wattle fences (Figure 8.23) are effective for treating 
wet slides and slumps where ample moisture will 
ensure good growth of the cuttings. Where sites are 
very wet, live pole drains (Figure 8.24) are used to 
provide a preferred flow path for soil water, which 
enhances stability of the site. Properly applied soil 
bioengineering treatments can be very effective in 
treating disturbed sites where conventional planting 
and (or) seeding are likely to be unsuccessful.

 Several measures can aid in gully stabilization. 
At some sites, the restoration of natural drainage 
patterns to reduce the concentration of flow can be 
effective (i.e., where a gully is receiving additional 
surface or groundwater that has been diverted from 
its natural drainage). In some areas, reducing flow 
velocities by installing check dam structures is an 
effective option to reduce sidewall and channel ero-

sion. For large gullies, engineered check dams con-
structed of steel and concrete may be required. For 
smaller gullies, soil bioengineering structures such 
as live gully breaks (Figure 8.25) can be appropri-
ate, especially where previous events removed all of 
the vegetation and much of the soil material, leaving 
poor conditions for the growth of trees. To reduce 
the volume of possible future debris flow events and 
(or) to reduce the potential for sidewall erosion, 
excessive woody debris introduced during harvest-
ing activities (e.g., logging slash) can be removed 
manually or with the aid of a helicopter and grapple. 
Hydro-seeding to revegetate sidewall soils is another 
option if the potential for additional debris flows 
or floods is low. Structure-based options include 
debris flow control structures, such as catch basins 
or deflection berms (VanDine 996). These types of 
structures, however, are usually feasible only at sites 
that can be regularly inspected and maintained, such 
as on mainline forest roads or at other permanent 
facilities. Planting is also used to enhance vegeta-
tive coverage and provide deeper soil reinforcement. 
See Atkins et al. (200) for more information on the 
rehabilitation of landslide and gullies, including the 
application of various soil bioengineering tech-
niques.

Figure 8.23  Wattle fences can be used to treat steep slopes where surface ravelling is preventing plant growth.  
(Photo: D. Polster)
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Figure 8.24  Live pole drain schematic (D. Polster, unpublished course material).

Figure 8.25  Live gully breaks can slow flows down gullies and promote recovery. Right photo shows treatment with water flows. 
(Photos: D. Polster)
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RIPARIAN AND FLOODPLAIN RESTORATION

Riparian and Floodplain Function and Disturbance

Riparian and floodplain area function
Riparian and floodplain areas provide the connec-
tion between upslope areas and aquatic ecosystems. 
The importance of riparian and floodplain ecosys-
tems to the health of aquatic communities has long 
been recognized (Poulin et al. 2000). Floodplains in 
watershed systems may vary in size and degree of 
ecological importance depending on the size of the 
system and the relative amount of habitat. Stream 
and riparian ecology is discussed comprehensively in 
Chapters 3 and 4 of this compendium, and riparian 
management and effects on function are covered in 
Chapter 5. 

Riparian vegetation has both geomorphic and 
ecological functions. In alluvial streams, a complex 
relationship exists between the riparian forest, the 
large wood debris and litter it supplies, and channel 
morphology, substrate, and structure. The riparian 
forest is important for maintaining microclimate 
as well as channel integrity and structure, which in 
turn affect the physical quality of aquatic habitat. 
The root systems of riparian vegetation also provide 
critical erosion resistance and structural support to 
streambanks that are in erodible alluvial deposits. 
Trees falling into the stream but remaining par-
tially rooted in the streambank act as flow deflec-

tors, which slow bank erosion. Downed trees create 
habitat features and provide cover for fish (Hartman 
and Bilby 2004; Figure 8.26), and root networks 
can provide habitat features such as undercut banks 
(Figure 8.27). 

The character and role of the bank-rooting 
system, and the presence, mobility, and function 
of wood in streams varies with the type of natural 
forest that occurs in riparian areas across British 
Columbia. For example, northern aspen forests have 
a different rooting structure and bank influence 
than coastal conifers. The structural role of wood 
in the channel is also different for an aspen riparian 
forest than for a riparian forest of large conifers. The 
size and type of riparian forest that will effectively 
control bank erosion on alluvial streams depends 
on the size and energy of the stream. For example, 
along some small alluvial streams, alders or conifer 
saplings may be sufficient to stabilize the banks (see 
Figure 8.3). Large alluvial streams may need fully 
mature conifer riparian forests with old-growth root 
characteristics to provide adequate bank erosion 
resistance and maintain channel stability. Second-
growth riparian forests are typically even-aged, 
high-density stands of tall trees with small rooting 
masses (Bancroft and Zielke 2002); therefore, these 
stands lack the necessary root network to resist bank 
erosion along large alluvial channels (Figure 8.28).

Figure 8.26  Downed trees in streams act as flow deflectors and provide habitat features.  
Old-growth riparian forest along reach of Nimpkish River, Vancouver Island. (Photo:  
G. Horel)
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Figure 8.27  Root networks sustain undercut banks, which provide habitat features. Tributary in 
unlogged area of Doc Creek watershed, Mainland coast. (Photo: G. Horel)

Figure 8.28  Even-aged thrifty (second-growth) conifer stands do not have the root network 
needed to control bank erosion along large alluvial streams (compare to Figure  
18.26). (Photo: G. Horel)
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On the British Columbia coast, different tree 
species have different rooting characteristics, and 
therefore perform differently in providing bank 
strength and large woody debris in stream chan-
nels (depending on channel size). Indeed, the debate 
amongst restoration practitioners over the role of red 
alder versus conifers in riparian areas has become 
polarized. Much of this debate focusses on the func-
tional role and desired densities of red alder. Some 
practitioners view red alder as an important species 
for early stages of recovery where conifer regenera-
tion is delayed or unsuccessful. This is because red 
alder naturally and quickly revegetates disturbed 
areas and hosts nitrogen-fixing species, which play 
an important role in the soil nutrient cycle. Other 
practitioners believe that red alder has a limited 
effect in nutrient-rich areas (e.g., floodplains), but 
acknowledge that it is quite beneficial on severely 
disturbed, nutrient-poor sites such as slide tracks. 
Red alder may not be as effective as larger conifers in 
controlling bank erosion because it has a compara-
tively shallower (and hence weaker) rooting system 
(Figure 8.29). Furthermore, in many cases, red alder 
will not provide near-term or long-term functioning 
LWD because these trees are more easily undercut 
and broken up, rot more quickly, and are transported 
more readily than conifers. 

Silvicultural perspectives on red alder are also 
mixed. Some practitioners state that, once estab-
lished, red alder can suppress conifer growth and 
delay conifer regeneration, which results in poor 
vigour, small crowns, inadequate rooting, and poor 
height-to-diameter ratios (Poulin and Warttig 2005). 
As well, in certain cases, vigorous competition be-
tween alder and conifers may lead to suspended seral 
states with limited conifer colonization for 200 years 
or more (W. Warttig, pers. comm., Nov. 2008). Con-
versely, other practitioners maintain that red alder is 
an important early seral species, which can enhance 
the growth of conifers. For example, shade-tolerant 
species such as western redcedar and hemlock can 
benefit significantly from a canopy of alder during 
the early years of growth. 

The debate over the role of red alder (or any 
other tree species for that matter) in any restoration 
project should be tempered by the restoration goals 
and objectives, and specifically, by the time frame in 
which the near- and long-term restoration goals are 
to be achieved. In some instances, it may be possible 
to employ the opinions of both camps to reduce the 
time required for system recovery. Thus, in setting 
riparian restoration goals, it is important to consider 
the following.

Figure 8.29  Shallow-rooted alders are easily undercut in alluvial streambanks. This stream in 
south-central Vancouver Island was logged in the 1950s. (Photo: G. Horel)
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• What is the reference (or most likely) species mix?
• What were the characteristics of the pre-disturb-

ance riparian forest?
• What influence does the riparian forest have on 

stream channel stability and supply of LWD?
• What is the nature of the disturbance?
• Is channel instability or bank erosion still occur-

ring? If so, to what extent?
• What other site-specific objectives (e.g., species 

use, ecosystem representation) may be important? 

Riparian and floodplain disturbances
Valley floors and floodplains were among the earli-
est areas developed for settlement, agriculture, and 
logging because the flat terrain and river channels 
afforded easy access. Riparian forests were logged, 
which caused a critical loss of bank erosion resis-
tance; LWD was often removed from the channels; 
roads and sometimes logging railways were con-
structed on the floodplains; and streams were di-
verted or channels altered for transport (sluicing) of 
logs or other purposes (see Chapter 5, “Forest Prac-
tices”). Agricultural development also resulted in 
the logging and ditching of tributary streams within 
floodplains, and in some cases introduced sediment 
and contaminants into the streams. Riparian forests 
have also been affected by natural disturbances that 
vary from region to region. For example, large-scale 
disturbance from wildfire may be part of the natural 
regime in watersheds in dry climatic regions of the 
British Columbia interior but not in coastal water-
sheds. Consequently, alluvial streams with riparian 
forests that are inadequate or marginally adequate 
to resist bank erosion are more vulnerable to disturb-
ance from severe floods or major inputs of sediment 
than undisturbed floodplains. 

In many cases, the combined activities of set-
tlement, agricultural development, and logging 
have had profound effects on channel morphology, 
including accelerated bank erosion, channel widen-
ing, increased sediment transport (Millar 2000), and 
in some cases, abrupt shifts in channel morphology. 
For example, Figure 8.30 shows the changes that 
have occurred in Elk River in Strathcona Park on 
Vancouver Island. The valley-flat area was harvested 
in the 940s (Tredger et al. 980). A landslide in 946 
increased the sediment load in the river (Mathews 
979), and a headwater diversion in 957 increased 

the 2-year return period flow by 20% or more.6 The 
pre-diversion channel gradient and discharge plots 
are near the upper limit of conditions observed on 
single-thread, gravel-bed channels (see Church 992 
and Figure 8.3). Following the 946 landslide and 
the increase in flow, the channel plots (Figure 8.3) 
above the threshold for a stable, single-thread chan-
nel and the river shifted to a braided channel.

The effects of the combined disturbances shifted 
the channel into a braided configuration, which has 
undergone little recovery over a period of 50 years 
(Bailey et al. 2005). These impacts have significantly 
degraded riparian and channel habitats and resulted 
in a loss of fish productivity. 

Fan disturbances
Fans occur where a confined stream becomes uncon-
fined—for example, where a tributary valley enters a 
main valley floor, lake, or ocean shoreline (see Chap-
ter 8, “Hillslope Processes”). Fan stability is related 
to the relative proportion of water and sediment 
delivered to the fan. The active part of the fan may 
be all or part of the fan surface. Many fans in British 
Columbia were essentially formed during deglacia-
tion; thus, contemporary fan-building or fan-erod-
ing activity is limited to only a portion of the fan 
surface. Further information on fan characteristics 
and responses to forest development are provided in 
Wilford et al. 2005 and in Chapter 8 (“Hillslope Pro-
cesses”) and Chapter 9 (“Forest Management Effects 
on Hillslope Processes”). 

On an active fan, the forest stores and controls 
the spread of sediment (Figure 8.32), and its root 
network is critical in limiting channel bank ero-
sion and stream avulsion (Figure 8.33). Logging the 
surface of an active fan can thus cause accelerated 
channel erosion and avulsion because of the loss of 
root reinforcement and the increased spread of sedi-
ment and debris caused by the loss of standing trees. 
These sites can be difficult to revegetate because 
treatments such as planting or seeding can be buried 
by subsequent sediment deposition. Therefore, before 
any rehabilitation treatments are undertaken on 
fans, it is essential to have a thorough understanding 
of the watershed processes above the fan, the rate of 
sediment delivery, and the consequent level of fan 
activity.

6 M. Miles and Associates Ltd. 999. Preliminary assessment of the effects of the Crest Creek and Heber River diversions on channel 
morphology. Consultant’s report prepared for BC Hydro and Power Authority, Burnaby, B.C.
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Figure 8.30  The lower section of Elk River on Vancouver Island changed from a single-thread to a 
multi-thread channel following valley-flat forest harvesting and roading in the 1940s. 
(Image compilation: M. Miles)
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FIGURE 8.3  The pre-1957 Elk River channel plots near the upper limit of conditions for single-
thread channels. Riparian harvest, diversion, and increased sediment yield have 
caused the channel to “shift” into a braided configuration (M. Miles and Associates 
Ltd. 1999 [unpublished report] after Church 1992).
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Figure 8.32  On an active fan, the forest limits the spread of sediment and debris. (Photo: D. Wilford)
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Riparian and Floodplain Rehabilitation Measures

This section outlines a few of the many restoration 
approaches used for riparian forests, and the reveg-
etation techniques employed on floodplain gravel 
bars. Measures for bank erosion protection are 
discussed below in the section on “Stream Channel 
Restoration.” As previously mentioned, opinions 
about appropriate riparian rehabilitation measures 
vary among practitioners and depend on restoration 
goals. The following publications provide infor-
mation on the wide range of riparian restoration 
measures that may suit a particular application or 
watershed (Table 8.).

Riparian and floodplain rehabilitation measures 
are frequently used for the following purposes.

• Stabilizing gravel bars in streams with excess 
erosion of logged alluvial channel banks, or which 
have been affected by sedimentation from devel-
opment-related landslides and upslope erosion.

• Accelerating the trend toward old-growth char-
acteristics in second-growth coniferous or mixed 
riparian stands to provide functioning LWD and 

to restore biodiversity and ecological function in 
riparian habitats.

• Promoting conversion from disturbance-gener-
ated stands (e.g., red alder) on floodplains or fans 
to conifer-dominated stands with a species mix 
that is more consistent with the pre-disturbance 
riparian forest as a means to achieve natural levels 
of erosion resistance in alluvial streambanks and 
to provide long-term sources of functioning LWD.

If available, historic air-photo series can be used 
to identify characteristics of the pre-disturbance 
riparian forest and stream condition and the subse-
quent response to logging or sedimentation. 

Treatment of riparian stands
Where logged riparian forests have regenerated 
extensively to alder, planning of treatments to pro-
mote conversion to conifers must be done with care. 
Wholesale removal of the alder will simply recreate 
the original disturbance; therefore, it is not a recom-
mended treatment. 

Example treatments of alder-dominated riparian 
forests include the following:

Figure 8.33  The root network is critical in limiting bank erosion and channel avulsion on active fans. (Photo:  
D. Wilford)
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• Where conifers are present in the stand, a por-
tion or patch of overstorey alders can be felled or 
girdled to increase light to the conifers.

• Where few or no conifers are present in the stand, 
conifers can be planted in conjunction with fell-
ing or girdling some of the alders.

Additional measures can be used to temporarily 
improve riparian and stream habitat until natural 
recovery occurs. These include:

• placing some of the felled trees in channels that 
are deficient in LWD; and

• in thrifty conifer stands, topping or scarring trees 
to promote mortality and create standing dead 
trees for biodiversity.

Although the degree of success achieved with 
these treatments may not be fully known for many 
years, early results from treated sites are promising 
(Poulin and Warttig 2005).

Gravel bar revegetation
Live gravel bar staking (Figure 8.34) is used to initi-
ate natural successional processes on gravel bars that 

Table 8. Riparian restoration references

Reference Title

Bancroft and Zielke 2002  Guidelines for Riparian Restoration in British Columbia: Recommended 
 Riparian Zone Silviculture Treatments

Bentrup and Hoag 1998 The Practical Streambank Bioengineering Guide: User’s Guide for 
 Natural Streambank Stabilization Techniques in the Arid and Semi-arid 
 Great Basin and Intermountain West

Montgomery et al. [editors] 2003 Restoration of Puget Sound Rivers

Muhlberg and Moore 1998  Streambank Revegetation and Protection: A Guide for Alaska 

Polster 2001  Streambank Restoration Manual for British Columbia

Poulin and Warttig 2005 Learning by Doing: Post-Treatment Responses Noted at Four British 
 Columbia Riparian Restoration Sites

Taccogna and Munro [editors] 1995 The Streamkeepers Handbook: A Practical Guide to Stream and Wetland 
 Care

U.S. Department of Agriculture, Natural  Stream Corridor Restoration: Principles, Processes and Practices
Resources Conservation Service 1998 

U.S. Department of Agriculture, Natural  Stream Restoration Design
Resources Conservation Service 2007 

Washington State Aquatic Habitat Guidelines  Integrated Streambank Protection Guidelines
Program 2003  

Figure 8.34  Live gravel bar staking can be used to initiate 
natural successional processes on gravel bars 
that form from excess sediment accumulation 
associated with development-related landslides 
or erosion. (Image: D. Polster)
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7 Polster, D.F. 2008. Soil bioengineering for land restoration and slope stabilization. Course materials for training professional and 
technical staff. Polster Environmental Services Ltd.

Figure 8.35  Live gravel bar staking on the San Juan River, 
March 12, 1998. The red arrow indicates a 
reference cottonwood. (Photo: G. Switzer)

formed as a result of excessive bedload accumula-
tion. The live staking locks the gravel in place and 
provides an area where flood flows can overtop and 
deposit additional sediment. As the treated gravel 
bars become more terrestrial, the stream thalwag 
deepens. Natural successional processes initiated 
by live gravel bar staking will eventually lead to the 

development of highly productive riparian forests. 
By way of example, Figures 8.35–8.4 show a site on 
Vancouver Island’s San Juan River where live gravel 
bar staking was used to transform a bare, low-eleva-
tion gravel bar to a productive riparian habitat where 
forest species are starting to appear.7 

Figure 8.36  Live gravel bar staking starting to grow (May 
19, 1998). (Photo: D. Polster)

Figure 8.37  Live gravel bar staking traps small woody 
debris, creating a flow disruption and allowing 
sediment to collect (March 12, 1999). (Photo: 
D. Polster)

FIGURE 8.38  A total of 80 cm of new sediment was deposited 
on this gravel bar on the San Juan River (March 
12, 1999) during the first high flows following 
treatment. (Photo: D. Polster)
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Figure 8.39  The cuttings planted on this gravel bar on the San Juan River in 1998 continue to 
grow and provide habitat for later successional species (June 2, 2006). (Photo: D. 
Polster)

Figure 8.40  Live gravel bar staking on the San Juan River has resulted in the accumulation of 
substrate on the gravel bar surface (right) and a deepening of the river channel (left) 
(June 2, 2006). (Photo: D. Polster)
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STREAM CHANNEL RESTORATION

Stream channel restoration may be carried out for 
a number of reasons. For example, a need may exist 
to improve the quality of aquatic habitat or create 
additional habitat (see Chapters 3–5 for detailed 
discussions of aquatic ecology and management). In 
some cases, restoration may focus on increasing the 
extent of fish access, especially where fish passage 
has been impeded by artificial barriers. Stream chan-
nel restoration measures can also be implemented 
to protect stream-adjacent infrastructure, property, 
or sites of high ecological or cultural value that are 
threatened by channel instability or erosion.

Numerous treatments can be applied to stream 
channels, including:

• channel bank erosion control measures;
• instream works to improve fish habitat;
• off-channel works to create or enhance fish habi-

tat;
• replacement of road drainage structures that 

impede fish access; 

• removal of unneeded streambank revetments, 
which reduce floodplain connectivity or prevent 
channel shifting; and

• constructing engineered stream works to control 
streamflow, sediment, and other channel pro-
cesses.

An essential first step in planning stream channel 
restoration activities is to understand the geomor-
phic, hydrologic, and hydraulic behaviour of the 
stream system. This is paramount, as investments in 
stream treatments may be lost if treatment measures 
are inadequate to withstand stream processes or are 
inappropriate for the site. In particular, high-energy 
streams, active fans, and unstable alluvial channels 
are high-risk sites for instream treatments, which 
can result in treatment failure. For example, even 
very large boulder structures are subject to scour, 
which causes the rocks to sink and become buried in 
the channel bed (see Figures 8.42 and 8.43, below; 
also Miles 998). 

Figure 8.4  Understorey on the San Juan River gravel bar that was staked in 1998. The occurrence 
of riparian species, including cow parsnip and salmonberry, indicate that successional 
processes are occurring on the site (June 2, 2006). (Photo: D. Polster)
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Figure 8.42  Coquihalla River, 1984: these boulder structures were constructed along the  
Coquihalla River using the largest rocks that could be moved with highway  
construction equipment. (Photo: M. Miles)

Figure 8.43  Coquihalla River, 1991: Local scour associated with flood flows caused the boulders to 
sink and become buried in the channel bed. (Photo: M. Miles)
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Specific restoration objectives should be estab-
lished at the outset and should consider the follow-
ing factors.

• What is the intended life of the treatment (short 
or long term)?

• What are the potential risks to the treatment 
from geomorphic and hydrologic factors, such as 
landslides, channel instability, erosion, scour, and 
sediment deposition?

• What is the likelihood that the measures will 
achieve the stated objectives?

• What maintenance or retreatment activities are 
required to ensure that the measures continue to 
perform as intended?

• Will future funding be available for maintenance?
• Will the site be accessible in the future for main-

tenance and performance monitoring purposes?

Performance evaluations of instream rehabilita-
tion measures have not been routinely conducted for 
watershed restoration projects in British Columbia; 
however, a few studies conducted elsewhere have 
provided important feedback on the performance 
of these measures. For example, a study in southern 
Alberta investigated the factors that affected the 
performance of instream structures constructed 
by the “Buck for Wildlife” program (see Fitch et al. 
994). The results indicated that instream structures 
commonly failed in river reaches that were vertically 
or laterally unstable, were transporting significant 
quantities of bedload, and (or) had alluvial banks 
that were less than 2 m high. In British Columbia, 
these characteristics commonly occur on alluvial 
channels that have been destabilized by logging 
activity. Similar studies have been undertaken to 
evaluate the efficacy of the BC Habitat Conservation 
Fund’s instream restoration projects (Hartman and 
Miles 995), and to develop compensatory trout habi-
tat for mine sites (Hartman and Miles 200). 

Channel Bank Erosion Control Measures

Channel bank erosion can result from natural 
causes, removal of riparian vegetation, upstream 
changes to the channel, or a combination of these 
factors. Control measures can be used to:

• protect adjacent property or infrastructure from 
bank erosion, 

• reduce sediment input from sources that are caus-
ing channel changes or habitat degradation, and

• restore channel bank stability by re-establishing 
bank vegetation on sites where vegetation removal 
has increased the rate of erosion and sediment 
introduction to the stream. 

As previously mentioned, selected erosion control 
measures should be suitable for the stream char-
acteristics and the measures’ required design life. 
Three common erosion control measures are () rock 
armouring (also called “revetment” or “riprap”), (2) 
vegetation treatments, and (3) engineered logjams.

Rock armouring
Rock armouring is commonly used to reduce ero-
sion hazards around stream crossings or along road 
encroachments. It is an effective form of erosion 
control for high-energy streams, and if properly 
designed, is essentially a permanent installation. 
However, this treatment requires an understanding 
of potential future channel morphology evolution 
and appropriate hydraulic analysis. Rock armour can 
fail to function as intended if applied improperly, or 
it can create increased instability in adjacent sections 
of the channel. A loss of riparian function and habi-
tat complexity can also occur where rock armour 
is used over long bank lengths. These shortcomings 
can be overcome by designing rock armouring in 
conjunction with revegetation techniques and other 
habitat measures (see below). Interstitial spaces in 
the rock armouring can provide cover for fish fry 
when suitably coarse material is used. If it includes 
spurs or other hydraulically rough features, rock 
armouring can also create pools and other useful 
habitat features (see Lister et al. 995; Schmetterling 
et al. 200; Quigley and Harper [editors] 2004; Fig-
ure 8.44). Other measures can include varying the 
alignment of the streamside edge of the armour, and 
anchoring LWD into the rock mass (Figure 8.45). 

Live bank vegetation techniques for erosion control
Live bank protection (Figures 8.46 and 8.47) uses 
vegetation cuttings to support eroding streambanks. 
This measure is of use only where soil moisture 
conditions are sufficient for the cuttings to grow 
and develop into riparian cover. In addition, careful 
attention to detail at the upstream end of a soil bio-
engineering treatment is required to ensure that the 
structures are durable through periods of high flow. 

Engineered logjams
Engineered logjams (ELJs) are constructed by ca-
bling and anchoring logs in configurations that are 
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Figure 8.44  Hydraulically rough riprap formed of large rock and short spurs can be used to  
enhance fisheries habitat values along short sections of the riprap. (Photo: M. Miles)

Figure 8.45  Habitat complexity was added to this channel by varying the alignment of the 
streamside face of the revetment and by anchoring large woody debris into the  
revetment. (Photo: G. Horel)
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Figure 8.46  Live bank protection can be used to support eroding streambanks. This drawing 
shows installations without backfill. (Image: D. Polster)

Figure 8.47  Cross-section of live bank protection showing 
normal backfill. Note that the bank is trimmed 
back to provide the backfill. (Image: D. Polster)

intended to mimic natural logjams. This measure is 
becoming increasingly popular in stream restoration 
projects because it combines bank erosion protection 
and habitat features. An ELJ can also be used strictly 
for habitat applications (see “Instream and Off-chan-
nel Measures” below). As an erosion protection mea-
sure, it is often placed at the eroding outside bends 
of streams, in locations where wood accumulations 
would not be found naturally. An ELJ is not designed 
as a permanent structure because the wood even-
tually decomposes and the structure comes apart; 
therefore, the required design life and liability of the 
ELJ must be considered (see discussion below). If the 
value to be protected is permanent infrastructure, a 
more durable treatment (e.g., rock armour) may be 
more appropriate.

In a review of ELJ performance in Washington 
State, Southerland and Reckendorf (2008) found that 
of 43 installations reviewed, 8 failed completely and 
another 22 were compromised in some way. When 
ELJs are intended primarily for erosion control, these 
structures should be engineered to resist shear forc-
es, scour, buoyancy, and flanking (eroding behind 
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the structure). An ELJ for erosion control can be 
effective when it is intended only as an interim meas-
ure until other processes take hold (Figure 8.48). 

In streams used for recreational purposes, liabili-
ties can be associated with ELJ construction. An ELJ 
may pose a hazard to swimming, tubing, and rafting, 
as can the cable and other materials left behind in 
the stream when the wood decomposes.  

Instream and Off-channel Measures

Numerous instream and off-channel measures can 
be used to achieve specified restoration goals in Brit-
ish Columbia. Common instream measures include: 

• adding habitat elements such as LWD or boulders;
• constructing features such as undercut banks and 

ponds;
• rearranging or removing existing logjams to im-

prove fish passage;
• widening choke points where debris jams regu-

larly occur and impede fish access;

• removing old dams or other artificial barriers;
• realigning channels that were previously ditched 

or diverted;
• altering beaver dams to allow fish passage where it 

has been impeded by the dam;
• providing enticements to beavers to build dams at 

certain locations, to store water for habitat, or to 
avoid damming up drainage structures;

• removing excess sediment in aggraded channels; 
and

• placing gravel in streams that are sediment-de-
ficient (e.g., where natural sediment supply is 
cut off by dams, works associated with drainage 
structures, or other barriers). 

Off-channel measures are frequently used to cre-
ate additional habitat. Common treatments include:

• reopening and enhancing abandoned flow chan-
nels on fans or floodplains;

• creating new channels or ponds on a floodplain or 
a fan; and

Figure 8.48  A series of engineered logjams placed to reduce flow velocities at the base of the embankment allows 
vegetation to become established on the slopes. (Design by M. Sheng; site supervision by M. Wright; 
photo: G. Horel)
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• constructing ponds or opportunistically reme-
diating features such as flooded gravel pits or 
quarries on adjacent terrain where it is feasible to 
construct fish access from the stream.

Extensive information is available on approaches 
to instream and off-channel restoration measures 
(see Tables 8.2 and 8.3). Many case studies of in-
stream and off-channel projects have also been used 
in British Columbia to rehabilitate or create replace-
ment fish habitat (e.g., Underhill [editor] 2000; 
Cleary and Underhill [editors] 200).

When designing and constructing instream and 
off-channel rehabilitation measures, it is impor-
tant to fully understand the behaviour and habitat 
requirements of the fish (and [or] other species) in 
the restoration area of interest, as well as the natural 

processes that shape and maintain the habitat and 
the frequency of disturbances. Different species and 
different life stages of fish require different habitat 
features within the stream. A particular kind of fish 
at a particular age may use different habitats dur-
ing the day and night. For example, during winter, 
- and 2-year-old steelhead in the lower reaches of 
the Chilliwack River were observed to occupy large 
collections of rootwads during the day but move into 
wide, shallow riffle sections adjacent to the rootwads 
at night (G. Hartman, field observations). Conse-
quently, built habitats must fit the age of, and critical 
time periods for, the species of interest in the restora-
tion area. In a multi-species situation, it may be most 
desirable to restore a stream channel to conditions 
that mimic a productive natural stream section. 

Table 8.2 Stream restoration references

Authors Title

Alberta Transportation and Utilities 2009  Fish Habitat Manual: Guidelines and Procedures for Watercourse Crossings 
 in Alberta

Biedenharn et al. 1997 The WES Stream Investigation and Streambank Stabilization Handbook

Fischenich 2001  Stability Thresholds for Stream Restoration Materials

Hunter 1991  Better Trout Habitat: A Guide to Stream Restoration and Management

Newbury and Gaboury 1993  Stream Analysis and Fish Habitat Design: A Field Manual

Saldi-Caromile et al. 2004  Stream Habitat Restoration Guidelines

Slaney and Zaldokas 1997  Fish Habitat Rehabilitation Procedures

The River Restoration Center 2002  Manual of River Restoration Techniques

U.S. Department of Agriculture 2007 Stream Restoration Design

TABLE 8.3 Stream restoration web resources

Title URL

eWater CRC Catchment Toolkit www.toolkit.net.au/

National Center for Earth Surface Dynamics  www.nced.umn.edu/content/tools-and-data
Stream Restoration Toolbox  

River Restoration Northwest www.rrnw.org

Streamline Watershed Management Bulletin www.forrex.org/streamline/streamline.asp

The Nature Conservancy www.nature.org/initiatives/freshwater/conservationtools/ 

U.S. Army Corps of Engineers. Engineer  http://el.erdc.usace.army.mil/publications.cfm?Topic=TechNote&
Research and Development Center Technical Code=emrrp
Notes 

U.S. Forest Service Stream System Technology  www.stream.fs.fed.us
Centre 

U.S. Natural Resources Conservation Service  www.nrcs.usda.gov/
(National and Oregon) www.or.nrcs.usda.gov/technical/technology.html

http://www.toolkit.net.au/
http://www.nced.umn.edu/content/tools-and-data
http://www.rrnw.org
http://www.forrex.org/streamline/steamline.asp
http://www.nature.org/initiatives/freshwater/conservationtools/
http://el.erdc.usace.army.mil/publications.cfm?Topic=TechNote&Code=emrrp
http://el.erdc.usace.army.mil/publications.cfm?Topic=TechNote&Code=emrrp
http://www.stream.fs.fed.us
http://www.nrcs.usda.gov/
http://www.or.nrcs.usda.gov/technical/technology.html
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Instream treatments
Many kinds of instream treatments are used to 
improve habitat. In coastal streams, woody struc-
tures (LWD) or boulder groups are commonly used 
to provide cover and mimic channel conditions 
found in old-growth streams. Remedial measures 
may incorporate other engineered stream works to 
address site-specific problems; for example, instream 
treatments are used to maintain flow to drainage 
structures, to split stream flows, to create channel 
bed roughness that reduces flow velocity, or to limit 
bedload mobilization and transport.

Large woody debris in a stream reach can come 
from several natural sources depending on the 
physical processes that occur in the watershed and 
on the transport capacity of the stream. Natural 
sources of LWD include adjacent streambanks, areas 
upslope from landslides or debris flows that deposit 
into the stream, and transport from stream reaches 
farther up the watershed (see Chapter 0, “Channel 
Geomorphology: Fluvial Forms, Processes, and For-
est Management Effects”).

To achieve the greatest long-term success of in-
stalled LWD structures, it is necessary to understand 
the source of wood that is deposited in streams and 

the manner in which the wood functions in different 
stream types. Several information sources are avail-
able on designing stream rehabilitation structures. 
For example, D’Aoust and Millar (999, 2000) pro-
vide guidelines for determining ballasting require-
ments, and Herrera Environmental Consultants Inc. 
(2006) provides additional advice on constructing 
multi-level or complex engineered logjams.

Installations that conform to natural LWD occur-
rence are most likely to achieve success in provid-
ing habitat and influencing geomorphic processes. 
In small streams, LWD may extend partially into or 
fully across the channel, or may form steps or flow 
diversions. In low-energy streams, LWD can per-
sist until it decomposes and breaks apart. In large 
alluvial streams, natural LWD typically forms jams 
that aggregate on bars and then become mobile to 
disperse and reform farther downstream. These jams 
create channel complexity and form habitat features 
such as scour pools. If the jams persist for periods 
of time, they may also protect gravel bars, and allow 
revegetation to occur downstream of the jam (Figure 
8.49). In high-energy streams confined by non-allu-
vial banks, LWD may be highly mobile and have little 
influence on channel morphology or habitat features. 

Figure 8.49  Large woody debris accumulations deflect flow, which can create scour pools. Large 
woody debris also protects the gravel bar behind, allowing revegetation to occur. 
(Photo: G. Horel)
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Large woody debris installations are likely to be 
most durable in streams with low transport capacity. 
Additional considerations in using LWD for instream 
treatments are the source of natural LWD supply 
and the length of time that the installation may be 
required to function before natural LWD recruitment 
can take place. For example, if the main source of 
LWD to a stream reach is the adjacent banks, then 
the LWD installation will need to persist until the ad-
jacent riparian forest is of sufficient size and species 
composition to provide functioning LWD.

Depending on the characteristics of the stream, 
maintenance or retreatment may be necessary to 
keep the LWD installation functioning for the in-
tended design life. Figures 8.50 and 8.5 show LWD 
structures that have been cabled to trees growing on 
the bank or anchored in place using cables and large 
rocks. 

Similar to ELJs (see “Engineered logjams” above), 
liability issues may be associated with cabled LWD 
structures and with leaving cables and other non-
natural material in the stream when the structures 
decompose. For example, concern surrounds the 
possible movement of introduced wood downstream 
to bridges, reservoirs, control gates, or other struc-

tures. In these cases, other instream measures may 
be more appropriate, such as placing individual 
boulders or drilling and cabling boulders together in 
strings to mimic LWD function.

Stream crossings
Road deactivation at stream crossings most often 
includes full removal of the crossing structure. In 
the case of wood bridges or log culverts, this includes 
removing sills and cribs that form part of the footing 
structures. In some cases, it may be preferable to 
leave all or part of the footing structures in place, 
especially if the stream channel has adapted to the 
structure and beneficial habitat features have devel-
oped. Figure 8.52 shows an example of an old log 
crib that has collapsed into the stream. A scour pool 
developed in front of the structure and a gravel bar 
developed on the downstream side. Removing the 
structure would cause the gravel bar to remobilize 
and might also result in the loss of the scour pool. 

Where existing drainage structures impede fish 
passage, it is sometimes possible to create fish access 
by constructing fish ladders around the structure 
or creating stepped ponds up to the outlet. Often, 
restoring fish access requires replacing the struc-

Figure 8.50  This large woody debris structure was constructed to narrow and deepen a degraded 
channel and provide fish habitat. (Photo: M. Miles)



682

Figure 8.5  Large rocks and cables can be used to anchor large woody debris placed in channels for 
habitat improvement. (Site work by W. Pollard; photo: G. Horel)

Figure 8.52  An old crib has distorted and settled, creating a scour pool in front of the logs; a gravel 
bar has developed on the downstream side of the collapsed crib. (Photo: G. Horel)
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ture altogether. Fish access can also be improved 
by removing or modifying natural barriers. Before 
undertaking any work of this nature, the ecologi-
cal implications of providing certain species (e.g., 
invasive species) with increased access should be 
thoroughly considered.

Off-channel measures
Off-channel habitat measures (e.g., Figure 8.53) 
located away from high-energy flows in the main 
stem provide refugia for fish and other organisms 
during high flows and reduce the likelihood of flood 
damage to the remedial measures. These structures 
are typically excavated in areas of floodplains where 
tributary inflow or valley wall seepage can provide a 
source of suitable water (e.g., groundwater). One of 
the benefits of using groundwater as a water source 
for off-channel habitat is that it is frequently cooler 
in the summer and warmer in the winter than water 

in adjacent main-stem channels. Groundwater or 
tributary water may also be, at least seasonally, less 
turbid than main-stem river water. In some situ-
ations, it can be possible to construct gravel plat-
forms in off-channel areas to provide spawning 
habitat. Woody debris can also be incorporated into 
these structures to provide refuge cover, and gravel 
introduced to stream channels8 to provide spawn-
ing habitat if, for example, the upstream supply has 
been cut off by dam construction. Sometimes, with 
the use of sites such as old quarries or gravel pits, it 
is possible to develop off-channel habitat if suitable 
groundwater conditions exist (Figures 8.54, and 
8.55). Before developing such off-channel habitat, 
however, it is important to determine the site’s suit-
ability by using test excavations or pump tests to 
confirm water availability and quality (particularly 
dissolved oxygen levels).
 

Figure 8.53  Off-channel development has the benefit of providing useful habitat in areas with some protection 
from flood damage. (Photo: M. Miles)

8 This type of project requires hydrologic and hydraulic calculations to determine the size of the bed material the 
stream can move (i.e., substrate), and potential transport rates. Free programs are available to assist with this  
analysis, such as WinXSPRO (available at www.stream.fs.fed.us/publications/software.html) or HEC-RAS (available  
at www.hec.usace.army.mil/software/hec-ras/).

http://www.stream.fs.fed.us/publications/software.html
http://www.hec.usace.army.mil/software/hec-ras/
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Figure 8.54  Off-channel habitat created in groundwater-fed gravel pit and connected to Taylor 
River, south-central Vancouver Island. (Site work by M. Wright; photo: G. Horel)

Figure 8.55  Channel excavated to connect gravel pit to 
Taylor River. (Site work by M. Wright; photo:  
G. Horel)
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 MONITORING AND EFFECTIVENESS EVALUATIONS

The final component of restoration is monitoring. 
This step enables the incorporation of adaptive 
management into the restoration process and is es-
sential to achieve success in watershed restoration 
projects (Hartman 2004). Assessing the performance 
of projects over relevant time periods also provides 
important information for use in future projects 
designed to protect aquatic resources (Hartman 
and Miles 995; Harper and Quigley 2000; Gustav-
son and Brown 2002;). Techniques to evaluate the 
performance of projects can be varied and complex. 
Koning et al. (998) provided a review of the tech-
niques available up to 998. Gaboury and Wong 
(999) provided a discussion of monitoring and effec-
tiveness evaluations within the context of watershed 
restoration. See Corner et al. (996), Wilford and 
Lalonde (2004), and the references listed in Table 
8.4 for discussions of various monitoring strategies.

Providing information on experimental designs, 
techniques, and monitoring is an important part of 
improving restoration projects (Keeley and Walters 
994). Ideally, monitoring strategies and effective-
ness evaluation criteria are determined at the project 
outset and incorporated throughout the planning 

and implementation phases. The identification of key 
field indicators and the frequency or level of detail 
to be monitored is of critical importance. Unfortu-
nately, although effectiveness evaluation may be the 
greatest source of restoration information9 for adap-
tive management, few funding agencies are willing 
to commit to years of monitoring.

To truly understand the effectiveness of restora-
tion projects and rehabilitation treatments, it is criti-
cal to evaluate the effectiveness of the work against 
the original objectives and overall goal(s). For 
example, if the objective is to increase the number 
of fish in a system or stream reach, then this is the 
variable that should be quantified (before and after 
treatment).

In general, monitoring of restoration projects 
should:

• be done independently of the original design and 
construction;

• check the physical integrity of the works against 
the intended design life;

• determine whether the works are meeting the 
original objective; and 

Table 8.4 References for monitoring and effectiveness evaluations

Authors Title

Bryant 1995  Pulsed Monitoring for Watershed and Stream Restoration

Gaboury and Wong 1999 A Framework for Conducting Effectiveness Evaluations of Watershed Restoration 
 Projects

Harper and Quigley 2005 No Net Loss of Fish Habitat: A Review and Analysis of Habitat Compensation in 
 Canada

Harris 2005  Monitoring the Effectiveness of In-stream Substrate Restoration

Kondolf 1994 Learning from Stream Restoration Projects

MacDonald et al. 1991  Monitoring Guidelines to Evaluate Effects of Forestry Activities on Streams in the 
 Pacific Northwest and Alaska

Palmer et al. 2005  Standards for Ecologically Successful River Restoration

Pearson et al. 2005 Monitoring and Assessment of Fish Habitat Compensation and Stewardship 
 Projects: Study Design, Methodology and Example Case Studies

Roni [editor] 2005  Monitoring Stream and Watershed Restoration

Roni et al. 2005 Habitat Rehabilitation for Inland Fisheries: Global Review of Effectiveness and 
 Guidance for Rehabilitation of Freshwater Ecosystems

9 Polster, D.F. 2008. Soil bioengineering for land restoration and slope stabilization. Course materials for training professional and 
technical staff. Polster Environmental Services Ltd.
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• determine whether unintended consequences 
have occurred as a result of the rehabilitation 
treatments (e.g., unanticipated scour associated 

with instream measures, or unanticipated wind-
throw in riparian treatments).

EMERGING TOPICS IN WATERSHED RESTORATION

Several topics of interest or concern have emerged in 
the field of watershed restoration. This section briefly 
examines six such emerging topics: () alien invasive 
species, (2) rehabilitation of areas affected by wild-
fire, (3) rehabilitation of areas affected by the moun-
tain pine beetle infestation, (4) restoration designs 
for long-term site nutrient balances, (5) liability, and 
(6) inconsistencies in design methodologies.

Alien Invasive Species

The introduction and spread of alien invasive species 
is a critically important issue in most restoration 
projects (Polster et al. 2006). Although non-native 
fish can be introduced to streams (not necessarily 
by restoration activities), the following discussion 
focusses on invasive plants. Invasive plant species 
can be introduced to a site by using poor-quality 
seed during revegetation of road cuts and fills, by 
using equipment or vehicles that have been working 
in infested areas, or by using contaminated hay. The 
use of poor-quality seed during revegetation (grass 
seeding) is particularly problematic. Species such 
as Canada thistle (Cirsium arvense) are often found 
in low-quality seed. Therefore, many practitioners 
purchase “customer specified Canada No.  mix” 
seed from reputable dealers and avoid using seed 
labelled “forage” or “ground cover,” as the standards 
of purity associated with those designations are often 
significantly lower. 

Some species that are commonly used for recla-
mation of disturbed sites can also become invasive. 
Orchardgrass (Dactylis glomerata), crested wheat-
grass (Agropyron cristatum), and reed canarygrass 
(Phalaris arundinacea) can all become serious 
pests in some parts of the province. Care should be 
exercised where these species are used so that these 
plants do not establish and outcompete other species 
that would compose a balanced ecosystem. The In-
vasive Plant Council of BC (www.invasiveplantcoun-
cilbc.ca/) provides detailed information on invasive 
species and treatments that are available throughout 
the province.

Invasive species can also be moved onto a res-
toration site by contaminated equipment that has 
worked in infested areas. Seed of species such as 
marsh plume thistle (Cirsium palustre), knapweeds 
(Centaurea spp.), and oxeye daisy (Leucanthemum 
vulgare) is easily transported in the mud on the 
tracks of excavators or other equipment. Sometimes 
weed seeds are moved by ATVs and other motor 
vehicles. Where ATVs are used on deactivated roads, 
care must be taken to ensure the vehicle is clean (i.e., 
no weed seeds in any mud on the vehicle or flower 
parts containing seed caught on the vehicle). Where 
hay is used for sediment control or as mulch (e.g., 
erosion mitigation after wildfires), care must be 
taken to ensure that it is weed-free. Inexpensive hay 
can be seriously contaminated with various invasive 
species. For example, toadflax (Linaria spp.), orange 
hawkweed (Hieracium aurantiacum), and scent-
less mayweed (Matricaria perforata) are commonly 
found in low-quality hay. Once established in an 
area, invasive species are difficult to control.

The management of alien invasive plants can 
be difficult and costly, and rarely has a successful 
conclusion. Millions of dollars are spent annu-
ally in controlling alien invasive species in British 
Columbia. In planning restoration projects, the 
most effective strategy is to prevent alien invasives 
from establishing. Part of this strategy is to become 
familiar with the common invasive species that 
might occur on local sites, and to then use appropri-
ate eradication methods if these plants appear (www.
invasiveplantcouncilbc.ca; see the Targeted Invasive 
Plant Solutions [TIPS] series on “Resources” web 
page). The Invasive Plant Council of BC provides 
information on common invasive species by region. 
Where invasive species have been established for 
several years, restoration plans often include the 
eradication of plants in the least-infested areas first, 
and then work towards areas of greatest infestation. 
By controlling the spread of these plants, the harm-
ful effects can be minimized. Persistence is the key 
to effective invasive species management.

http://www.invasiveplantcouncilbc.ca/
http://www.invasiveplantcouncilbc.ca/
http://www.invasiveplantcouncilbc.ca
http://www.invasiveplantcouncilbc.ca
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Rehabilitation of Areas Affected by Wildfire

The province of British Columbia has a legal require-
ment to repair damage resulting from fire-fight-
ing operations. Therefore, post-fire rehabilitation 
is commonly taken to mean the rehabilitation of 
fireguards, camps, access routes, and other scars 
left by fire-fighting operations. Rehabilitation also 
includes re-seeding fireguard zones after contouring 
and drainage restoration activities. In 2004, the B.C. 
Ministry of Forests Protection Branch (now Wildfire 
Management Branch) updated its fire site rehabilita-
tion manual to better plan for and address post-fire 
rehabilitation. Pike and Ussery (2006, 2007) also 
published two documents that address key points to 
consider when planning for post-wildfire rehabilita-
tion.

From a broader perspective, the risk of erosion 
and flooding after a watershed has been burned 
should be considered. In the aftermath of wildfires, 
large areas may be left bare and vulnerable to erosive 
forces. Under certain circumstances, these burned 
areas have a greatly increased hazard of overland 
flow occurring during rain events, and an associated 
hazard of flooding, erosion, and sedimentation from 
the catchment as a whole. Considerable experience 
with wildfire effects in the United States has led to 
the general recognition of a “fire–flood–erosion” 
sequence. Consequently, assessments are undertaken 
immediately after the fire on sites determined to be 
at risk from floods and erosion, and rehabilitation of 
burned hillslopes is prescribed. 

Numerous rehabilitation measures have been 
used over the last couple of decades (see Napper 
2006). Robichaud et al. (2000) documented and 
assessed the usefulness of these methods; however, 
many rehabilitation efforts are applied in haste, so a 
full assessment of the costs and effectiveness is not 
possible. 

The more intensive post-fire rehabilitation 
methods involve installing contour barriers across 
steep hillslopes. The barriers are intended to slow 
overland flow and trap eroded soil. Contour logs are 
created by felling trees, fixing them in place on the 
contour using wooden stakes, and filling the gaps 
beneath the logs by excavating above the log. The 
installation of contour barriers requires significant 
financial resources and effort, and involves consider-
able disturbance of the hillslope. Alternatively, straw 
wattles (long “sausages” of straw) may be used. These 
barriers mould to the slope surface easily and can 
filter water that flows slowly through them.

Another very expensive rehabilitation method, 
used on highly vulnerable slopes close to roads, is 
hydro-mulching or hydro-seeding. This involves 
spraying a slurry of seeds, mulch, and a sticking 
agent (or tackifier) onto the soil surface. Probably 
the least expensive rehabilitation method (aside 
from doing nothing) involves simply seeding with a 
mixture of quick-growing grass and pasture seeds, 
often of annual cover crops. These mixtures are ap-
plied from the air by fixed-wing aircraft or helicopter 
at rates of 5–0 kg of seed per hectare. This option 
is quick and cheap but may be of little use if rains 
arrive before a good cover crop establishes. The seed 
mixtures are also a possible source of alien invasive 
species (see discussion above).

The most successful and cost-effective rehabili-
tation methods involve mulching. The quickest of 
these is straw mulching, in which large stocks of 
straw are chopped and then dropped from a heli-
copter, with the downdraft helping to spread the 
mulch across the landscape. As with seeding, this 
method carries the risk of introducing alien plant 
and weed seeds. Another mulching method involves 
chipping trees on-site and distributing the mulch 
across the burned slope. These methods mimic the 
effect of needle-fall, which occurs naturally when 
trees are killed by a ground fire but the foliage is not 
consumed. In the weeks and months following the 
fire, the dying foliage falls from the canopy and cre-
ates an even ground cover, which is highly effective 
in protecting slopes from erosion (Robichaud et al. 
2000; Giest and Scott 2006). 

Rehabilitation of Areas Affected by the Mountain 
Pine Beetle Infestation

The mountain pine beetle (Dendroctonus ponderosae 
Hopkins [MPB]) has killed and will continue to kill 
pine trees over huge tracts of forest across British 
Columbia. This has the potential to both directly and 
indirectly affect watershed processes and values. For 
example, if affected pine trees are located within the 
riparian zone, tree mortality can directly increase 
the risk of windthrow into streams, resulting in LWD 
loading and possibly decreased bank strength and 
increased sediment delivery. Furthermore, if dead 
pine stands are salvaged, there are risks associated 
with conventional forest harvesting and road con-
struction practices. Indirectly, pine mortality (with 
or without subsequent salvage harvesting) reduces 
overall evapotranspiration losses, which at the wa-
tershed-scale is likely reflected in increased annual 
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water yield, increased groundwater levels, and pos-
sibly increased peak flows (Uunila et al. 2006). 

Strategies to address the impacts of MPB are 
evolving, although some suggest that the best 
strategy for MPB sites is just to leave them alone. 
Active rehabilitation of streams and riparian areas 
affected by MPB involves two principal objectives: () 
to reduce the potential increase in the amount and 
rate of runoff generated by the watershed; and (2) to 
ensure that the drainage network (including streams 
and stream crossings) has adequate capacity to 
handle potentially higher flows or water levels in the 
future without causing adverse effects (e.g., channel 
instability and increased turbidity). The increase in 
flows may be considerable (Uunila et al. 2006), and is 
a topic of active research (e.g., Luo et al. 2006). 

Achieving the first objective involves the accelera-
tion of hydrologic recovery through stand rehabilita-
tion, but only where this is justified (Burton 2006). 
This likely would include conventional planting 
strategies, but attempts should be made to minimize 
impacts on (live) understorey vegetation and to 
encourage the establishment of rapidly growing pio-
neer species (e.g., cottonwood). Achieving the sec-
ond objective involves the identification of areas and 
(or) sites that are sensitive to increased streamflows 
or groundwater levels, followed by the development 
of specific strategies to pre-emptively address any 
issues that could arise. This may include upgrading 
stream crossings and ditches, stabilizing vulnerable 
streambanks, or selectively removing dead trees and 
(or) LWD. Although many of these strategies have 
been used successfully over the years, it may take 
time to determine how effective these measures are 
in MPB-affected watersheds, as the full hydrologic 
impacts of MPB have yet to be observed in much of 
British Columbia.

Long-term Site Nutrient Balances

Working with nature to rehabilitate areas in which 
undesirable conditions have been created can be 
more successful and cost-effective than engineer-
ing approaches that work against natural processes. 
The restoration of long-term site nutrient balance 
focusses on re-establishing patterns of ecological 
succession. This involves establishing physical eco-
system conditions that facilitate succession (creating 
an appropriate “ecological stage” using the metaphor 
of ecological theatre10; Figure 8.56). Unless the spe-

cies to be established match the physical and chemi-
cal conditions present, the establishment efforts may 
fail.

 One of several conditions that must be met for 
the successful re-establishment of succession is the 
availability of soil resources—moisture, soil aeration, 
and nutrients. The first two components are a func-
tion of topography, slope hydrology, and soil texture 
and architecture, some of which may have been de-
graded, although some of these are a relatively fixed 
site feature. The third component, the soil nutrient 
legacy and its pattern of change over time, can be the 
most affected by ecosystem disturbance; therefore, 
the nutrient requirements of the successional stages 
to be established require consideration. If nutritional 
reserves are thought to be inadequate for the species 
being established, then some management actions 
(e.g., fertilization, organic matter amendments, or a 
change in species) may be needed.

One of the challenges of site nutritional assess-
ment is the dynamic nature of nutrient availability. 
The relatively short “assart period” of increased 
nutrient availability following disturbance can 
mask long-term biogeochemical issues related to 
significant disturbance-induced losses of nutrient 
legacies. These legacies are important for ecosystem 
productivity and for the success of seral vegetation 
in providing slope stability and the re-establishment 
of hydrological function. Young trees have relatively 
high requirements for nutrient uptake. Once trees 
have accumulated sufficient nutrients to support the 
leaf biomass and to provide the nutritional require-
ments for foliage and fine root replacement through 
internal nutrient recycling, the tree population or 
community can prosper with reduced levels of soil 
nutrient availability. If the assart period ends before 
this critical accumulation of nutrients is reached, 
then tree growth, foliage production, and litter fall 
will decline and the desired plant community func-
tion may not be achieved.

Fortunately, many early-seral tree species have ad-
aptations that help maintain the supply of soil nitro-
gen, the nutrient normally most depleted following 
erosion and other forms of soil disturbance. Alders, 
and to a lesser extent cottonwoods and some early-
seral conifers, have nitrogen-fixation adaptations 
that increase the availability of nitrogen, acidify the 
soil, and thereby accelerate mineral weathering. This, 
in turn, increases the availability of other nutrients.

Qualitative assessments of long-term site nutri-

0 For an elaboration of this conceptual approach, see Kimmins 2005, 2007.
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ent balance can be undertaken by a soil scientist or 
ecosystem ecologist. When a quantitative assessment 
of long-term nutritional inventories and dynamics is 
deemed critical to the success of restoration efforts, 
ecosystem management models can be used that 
incorporate biogeochemical processes and tree spe-
cies nutritional requirements (see Figure 8.57; www.
forestry.ubc.ca/ecomodels/; Kimmins et al. 999).

Liability

Another emerging topic related to watershed restora-
tion is the need to better specify design criteria for 
restoration projects (Slate et al. 2007) and to deter-
mine liability associated with such projects. Table 
8.5 shows the probability of exceeding design crite-

ria as a function of project lifespan. Many restora-
tion (or compensation) projects require considerable 
investment of time and resources. Therefore, a need 
exists to better define the expected lifespan of the 
restoration measures, the acceptable risk of failure, 
and the liability that will accrue to the proponent /
design team if project objectives are not achieved 
because of unforeseen events.

By way of example, while floating down a placid 
stream, a child drowned after becoming entangled 
in an instream LWD structure. Who accepts respon-
sibility for this tragedy and what qualifications and 
(or) insurance should the designer or sponsoring 
agency be expected to possess? These issues can sig-
nificantly affect who undertakes restoration projects 
and the liability that is assumed.

  

Figure 8.56  Diagrammatic representation of the concept of “ecological theatre.” Only one or a few 
plant species (“actors”) are shown for each “act” (seral stage and its biotic community) of 
the ecological “play” (the successional sequence of communities/seral stages), whereas in 
reality many species (“actors”) are “on stage” in each “act.” This diagram implies that the 
“script” or “storyline” for the “ecological play” is constant and will be repeated exactly  
following ecosystem disturbance. In reality, it can vary according to different types,  
severities, spatial scales and timing of disturbances, differences in ecosystem character  
and condition, differences in the availability of species to colonize the area, and the 
resultant variation in the processes of ecosystem development. For watershed restoration 
efforts to be successful using natural process–based approaches, species must be closely 
matched to the present physical and chemical conditions and ecosystem processes (after 
Kimmins 2007). Note that the ecosystem condition “old growth” can occur as each seral 
stage evolves into the next—not only as ancient, late successional, or climax communities. 
(Kimmins 2007, after Kimmins 2005)
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Table 8.5  Probability of exceeding design criteria (%) as a function of project lifespan. (Table prepared by M. Miles and Associates 
Ltd. using a formula in Kite 1976)

Average 
return
period Anticipated project lifespan (years)

(years) 2 5 8 10 15 20 25 30 40 50 60 70 80 90 100 150 200

2 75 97 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
5 36 67 83 89 96 99 100 100 100 100 100 100 100 100 100 100 100
10 19 41 57 65 79 88 93 96 99 99 100 100 100 100 100 100 100
20 10 23 34 40 54 64 72 79 87 92 95 97 98 99 99 100 100
25 8 18 28 34 46 56 64 71 80 87 91 94 96 97 98 100 100
30 7 16 24 29 40 49 57 64 74 82 87 91 93 95 97 99 100
40 5 12 18 22 32 40 47 53 64 72 78 83 87 90 92 98 99
50 4 10 15 18 26 33 40 45 55 64 70 76 80 84 87 95 98
60 3 8 13 15 22 29 34 40 49 57 64 69 74 78 81 92 97
100 2 5 8 10 14 18 22 26 33 39 45 51 55 60 63 78 87
200 1 2 4 5 7 10 12 14 18 22 26 30 33 36 39 53 63
500 0.4 1 1.6 2 3 4 5 6 8 10 11 13 15 16 18 26 33
1000 0.2 0.5 0.8 1 1.5 2 2 3 4 5 6 7 8 9 10 14 18
1500 0.1 0.3 0.5 0.7 1 1.3 1.7 2 3 3 4 5 5 6 6 10 12
2000 0.1 0.2 0.4 0.5 0.7 1 1.2 1.5 2 2 3 3 4 4 5 7 10

Figure 8.57  The major elements of production ecology. These elements should be incorporated 
into assessments of potential biogeochemical limitations on the success of restoration 
activities. The competition for resources includes herbs and shrubs, as well as all the 
tree species present. The FORECAST ecosystem management model is one decision- 
support tool used for this purpose (Kimmins et al. 1999; Seely et al. 1999, 2004). 
(Modified from Kimmins 1993)
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Design Methodology

Restoration is an emerging science; consequently, 
the most appropriate techniques for accomplishing 
desired objectives are the subject of many active de-
bates. The difference in opinion among practitioners 
over the importance and role of red alder in restor-
ation is discussed above; however, the combined 
approach of both “sides” can provide very effective 
treatments. For instance, the Aquatic Conservation 
Strategy of the Northwest Forest Plan, as applied in 
the U.S. Pacific Northwest by federal land manage-
ment agencies, provides an example of an integrated, 
whole-watershed approach in which multiple goals 
are achieved by using a variety of treatments (Reeves 
et al. 2006). 

As this chapter indicates, stream restoration 
methodologies are becoming increasingly sophisti-
cated, and the engineering profession is beginning 
to see this type of work as within their regulated 
scope of practice. Some conflicts may be unavoid-
able, given that stream restoration work is currently 
designed mainly by community “stream keepers”—
environmentally concerned citizens or biologists 
who have varying levels of “classic engineering” 

training. This disparity in background and outlook 
also applies at the professional level. For example 
a well-known stream classification system (Rosgen 
996) is commonly employed to define “reference 
reaches” and identify suitable restoration strategies 
(see Rosgen and Fittante 986). In contrast, many 
fluvial geomorphologists and river engineers base 
their analyses on hydraulic geometry relationships, 
hydraulic and sediment transport calculations, and 
numerical models (e.g., Kondolf 995; Ashmore 999; 
Walker et al. 2005). Again, this particular disparity 
in approach is actively being debated.

The liability issues described previously may 
inevitably lead to increasingly sophisticated design 
procedures and an evolution in both the methods 
by which these are derived and the qualifications of 
the people who prepare them. In addition, increas-
ing demands by regulatory agencies (e.g., Fisher-
ies and Oceans Canada, Transport Canada [i.e. 
Navigable Waters Protection Act], B.C. Ministry of 
Environment, B.C. Ministry of Forests and Range) 
and standards set by these agencies will lead to an 
increased sophistication of design. In the future, en-
suring that this transition is achieved in an amenable 
manner will likely require considerable effort.

SUMMARY

In British Columbia over the last 20–25 years, and 
especially since 993, substantial experience has 
been gained in physical watershed assessments and 
rehabilitation treatments to address impacts from 
historic forest development. The success of restora-
tion projects depends on setting clear goals for the 
project and specific objectives for individual reme-
dial measures. It is critical to understand the physi-
cal and ecological processes at work in the watershed 
and to work with these processes in designing and 
implementing restoration measures.

Some measures, such as reducing sediment sourc-
es to streams by deactivating roads on steep slopes, 
have achieved considerable success in the short term. 
Other rehabilitation measures, such as promoting 
conversion to conifers in disturbance-generated 
alder riparian forests, will take many years to realize 
the full benefits. Perhaps the most daunting chal-
lenge involves the destabilization of large alluvial 
streams by riparian logging and other development. 
Decades later, little recovery is evident in some of 

these streams, and no short-term solutions are avail-
able to achieve floodplain stability.

As with many fields of developing science, there 
are divergent views on restoration approaches and 
treatment methodologies. For this reason, it is essen-
tial to set specific objectives and select the approach 
most likely to achieve those objectives and the 
overarching restoration goal. The type of treatment 
selected may also depend on other factors, such as 
legislated requirements for site remediation or refor-
estation and the expected time frames for different 
approaches to achieve the desired results.

An important consideration in restoration 
planning is the availability of future funding for 
measures that require ongoing maintenance or re-
treatment to meet project objectives. The availability 
of long-term funding for monitoring rehabilitation 
treatments may be uncertain, yet monitoring needs 
to critically evaluate performance. As well as con-
firming successful strategies, monitoring identifies 
cases where treatments did not work, either through 
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a loss of integrity of the measures or through a 
failure to achieve the desired results. Lessons learned 
from these cases will inform future restoration ac-
tions. Forest development (as well as many other 
activities) continues in many watersheds in which 

restoration projects were undertaken. An important 
goal for current forest management is to manage 
ongoing development in a manner that allows for 
continued recovery from past impacts.
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INTRODUCTION

A changing climate in British Columbia is expected 
to have many important effects on watershed pro-
cesses that in turn will affect values such as water 
quality, water supplies, slope stability, and terres-
trial and aquatic habitats. In many parts of British 
Columbia, the effects of too much or too little water 
have already been observed and it is possible that 
an increased probability of droughts, floods, and 
landslides will result in considerable socio-eco-
nomic, biological, and (or) physical changes in the 
future (Spittlehouse and Stewart 2004; Walker and 
Sydneysmith 2007). The influence of climate change 
on watershed processes is critically important to un-
derstand and to manage for now and in the future, as 
these functions directly determine human well-being 
in terms of public health, the economy, communi-
ties, and cultures.

In this chapter, we provide a summary of research 
detailing recent climate changes in British Columbia 

and possible future climate scenarios. We then dis-
cuss how watershed processes may be affected by cli-
mate change, and the implications of these changes 
to hydrology, geomorphology, and aquatic ecology in 
British Columbia. We conclude with a discussion of 
requirements for incorporating climate change– 
affected watershed processes into hydrologic models 
used at the forest management scale. 

This chapter does not provide an overview of 
the causes of climate change, global climate model 
projections, downscaling models, or the key issues 
surrounding them. Further information on these 
topics can be found in Barrow et al. (editors, 2004), 
Intergovernmental Panel on Climate Change (2007), 
Parry et al. (editors, 2007), Parson et al. (2007), Ran-
dall et al. (2007), and Solomon et al. (editors, 2007). 
For material specific to British Columbia, the reader 
is referred to Rodenhuis et al. (2007), Spittlehouse 
(2008), and Chapter 3 (“Weather and Climate”). 

Climate Change Effects on Watershed 
Processes in British Columbia

Chapter 9

Robin G. Pike, Katrina E. Bennett, 
Todd E. Redding, Arelia T. Werner, 
David L. Spittlehouse, R.D. (Dan) Moore, 
Trevor Q. Murdock, Jos Beckers, 
Brian D. Smerdon, Kevin D. Bladon, 
Vanessa N. Foord, David A. Campbell, and 
Peter J. Tschaplinski
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HISTORICAL TRENDS IN BRITISH COLUMBIA

Historical Trends in Air Temperature and 
Precipitation 

Historical trends1 in air temperature and precipita-
tion provide important context against which future 
climate projections may be evaluated. Trend results, 
however, vary with the time period of analysis (i.e., 
30, 50, 00 years), and in particular with the starting 
point of any trend calculation. Climate variability 
from atmosphere-ocean oscillations, such as El 
Niño–Southern Oscillation (ENSO), Pacific Decadal 
Oscillation (PDO), Arctic Oscillation (AO), and Pa-
cific North American Pattern (PNA), can also com-
plicate historical trends, and may amplify responses 
(Gershunov and Barnett 998; Storlazzi et al. 2000) 
or cause changes of the same or greater magnitude 
than those in historical, long-term trends (Roden-
huis et al. 2007). For example, the 00-year trend 
analysis conducted over British Columbia is sensitive 
to the early 920s drought period that occurred dur-
ing a warm-PDO phase (Zhang et al. 2000). Further 
discussion of the influence of sea surface tempera-
tures and large-scale atmospheric circulation pat-
terns on British Columbia’s climate can be found in 
Chapter 3 (“Weather and Climate”). 

Analyses of historical climate records for British 
Columbia show a rise in annual air temperatures, 
with the greatest warming occurring in the win-
ter (Rodenhuis et al. 2007). Across the province, 
warming has been greater in the north than in the 
southern and coastal regions (Table 9.; Figure 
9.). For example, temperature trends from 97 to 
2004 (updated from Rodenhuis et al. 2007) show 
increased annual mean temperatures and increased 
winter mean temperatures over British Columbia 
(Table 9.). Nighttime temperatures have increased 
more than daytime temperatures (Vincent and 
Mekis 2006). This change may be associated with 
an increase in high clouds2 occurring at nighttime 
and a decrease in low–middle cloudiness that might 
have contributed to the warming of daily minimum 
and maximum temperatures (Milewska 2008). The 
changes in temperatures over the past 50 years also 
have been linked to increased atmospheric water va-
pour and associated dew point and specific humidity 

trends during the winter and spring (Vincent et al. 
2007). 

Changes in daily extreme temperatures have also 
been observed in Canada. A global study found 
significant decreases in the number of days with 
extreme low daily temperatures, while increases in 
the number of extreme warm days were not signifi-
cant over the 20th century (Easterling et al. 2000). 
In Canada, Bonsal et al. (200) investigated seasonal 
extremes in southern Canada from 900 to 998. 
These authors found that fewer extreme low-tem-
perature days occurred during winter, spring, and 
summer, and that the number of extreme hot days 
did not change from 900 to 998 (Bonsal et al. 200). 
Some of these changes are related not only to climate 
change, but also to climate variability, such as ENSO 
(Bonsal et al. 200). The warm (cold) phase of ENSO 
was associated with a significant increase (decrease) 
in the occurrence of warm (cold) spells and the 
number of extreme warm (cold) days across most 
of Canada over the 950–998 period (Shabbar and 
Bonsal 2004). 

Trends in annual precipitation across British 
Columbia for the 00-, 50-, and 30-year periods are 
variable both spatially and through trend periods, as 
compared to temperature trends (Table 9.; Fig-
ure 9.2). In general, average annual precipitation 
has increased (.4 mm/month per decade) over the 
past 00 years (Table 9.), with larger percentage 
increases occurring in regions with comparatively 
lower annual precipitation (Rodenhuis et al. 2007). 
Precipitation indices compiled for Canada over the 
20th century illustrate an increase in annual snow-
fall from 900 to 970, followed by a considerable 
decrease until the early 980s (Vincent and Mekis 
2006). Generally, precipitation over the past 50 years 
has decreased over the southern portion of the 
province, most notably in the south coastal region, 
the Columbia River basin, and in the Peace water-
shed regions during winter. Conversely, precipitation 
has increased in spring, particularly in the southern 
regions (Rodenhuis et al. 2007). 

Climate oscillations play a role in the above-
mentioned precipitation trends, as presented and 
discussed in Chapter 3 (“Weather and Climate”). The 

 Paleoclimatic trends in precipitation and temperature are not considered in this chapter.
2 Clouds with a base height of 6–2 km above the Earth’s surface, referred to as cirrus, cirrocumulus, or cirrostratus clouds.



70

TABLE 9.  Historical trends in 30-, 50-, and 100-year periods (1971–2004, 1951–2004, and  
1901–2004, respectively). Temperatures and precipitation trends calculated from mean 
daily values as seasonal (winter as December–February and summer as June–August) and 
annual averages. Values provided for the province as a whole, and for the Coastal, South, 
North, and Georgia Basin regions (see Figure 19.1).  

 Time period British    Georgia
Season  (years) Columbia South North Coastal  Basin

Temperature (° C per decade) 
Winter 30 0.77 0.77 0.90 0.60 0.44 
 50 0.45 0.38 0.59 0.35 0.22 
 100 0.22 0.22 0.25 0.18 0.15 

Summer 30 0.33 0.28 0.32 0.40 0.52 
 50 0.18 0.21 0.14 0.19 0.30 
 100 0.07 0.08 0.07 0.05 0.06 

Annual 30 0.41 0.41 0.41 0.42 0.45 
 50 0.25 0.25 0.27 0.22 0.22 
 100 0.12 0.12 0.13 0.10 0.11

Precipitation (mm/month per decade) 
Winter 30 –4.28 –4.90 –2.47 –6.08 –8.06 
 50 –1.90 –2.44 –0.55 –3.06 –5.35 
 100 1.77 1.26 1.19 3.39 1.78 
Summer 30 1.41 1.83 0.05 3.50 –1.80 
 50 1.31 1.28 0.97 2.11 –0.27 
 100 1.18 1.37 1.21 0.91 0.93 
Annual 30 0.75 1.06 0.07 1.63 –0.42 
 50 0.67 0.86 0.41 1.01 –0.43
 100 1.41 1.22 1.06 2.25 1.20

impact of the 976 positive PDO phase shift has been 
well documented in British Columbia and the Pacific 
Northwest (i.e., reduction in snowpack: Moore and 
McKendry 996; fisheries effects: Mantua et al. 997). 
The recent 30-year trend period (97–2004) falls 
almost entirely within this positive phase of the PDO. 
The positive phase of the PDO in British Colum-
bia has been noted to cause warming throughout  
western Canada and decreased precipitation in the 
mountainous and interior regions of the province 
(Stahl et al. 2006). 

Trends in extreme events for the past 50 years in-
dicate that seasonal patterns of precipitation in west-
ern Canada are changing. In the Pacific Northwest, 
recent shifts in the occurrence and magnitude of 
extreme rainfall intensities have been observed, with 
storms becoming more frequent and of a greater 
magnitude for a given frequency. Madsen and Figdor 
(2007) observed an 8% increase in extreme precipi-
tation events over the 948–2006 period. Similarly, 

Rosenberg et al. (2009) observed significant in-
creases in extreme precipitation events in the Puget 
Sound, with increases up to 37% from the 956–980 
period to the 98–2005 period. These increases 
represented a shift in which the 50-year storm event 
became an 8.4-year storm event. Stone et al. (2000) 
found a significant increase in heavy rainfall events 
during May, June, and July from 950 to 995. Zhang 
et al. (2000) examined the differences between the 
first and the second half of the century and found an 
increase in both extreme wet and extreme dry condi-
tions in summer (950–998). Although the national 
trend shows that only the number of days with heavy 
precipitation increased significantly over the past 
50 years, some stations in southern British Columbia 
show significant increases in two extreme indices: 
() the highest 5-day precipitation, and (2) very wet 
days (the number of days with precipitation ≥ 95th 
percentile) (Vincent and Mekis 2006).
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FIGURE 9. Map of British Columbia regions used in Table 19.1.

FIGURE 9.2  Mean of all trends across British Columbia for (a) minimum temperature (nighttime low) and maximum temperature 
(daytime high), and (b) precipitation based on CANGRID3 gridded time series of historical climate. (Data from  
Environment Canada)

��������� ��������� ���������

����������������������������������������

������������� ������������

��
��

��
��
�
��
��

��
��

��
��

����

����

����

����

����

����

����

����

����

��

3 CANGRID is a gridded 50 km2 product developed by Environment Canada, based on Adjusted Historical Canadian Climate Data 
(AHCCD).

��������� ��������� ���������

������������������������������������������

������ ������

��
��

��
��

�
��

��
��

��
��

��
��

��
��

�

�

�

�

��

��

��

��

��

a b



703

Historical Trends in Snow, Seasonal Ice Cover, 
Permafrost, and Glaciers

The interactions between increased temperature and 
shifts in precipitation form (i.e., snow to rain) in 
British Columbia are complex and not fully under-
stood. Research in the western United States sug-
gests that the snow-to-rain ratio is changing and less 
snow is falling during winter at lower elevations on 
the west coast of the United States (Knowles et al. 
2006). Mote et al. (2005) reported a general decline 
in snowpacks over much of western North America 
from 950 to 997, despite increases in precipita-
tion. Between the mid-980s and 2008, McCabe 
and Wolock (2009) reported above-average winter 
temperatures and below average snow water equiva-
lent (SWE) in the western United States. In British 
Columbia, the Ministry of Environment reported 
overall decreasing trends in April st SWE from 956 
to 2005 based on data from 73 long-term snow cours-
es (63 decreased, 0 increased). The largest decreases 
occurred in the mid-Fraser Basin, whereas the Peace, 
Skeena, and Nechako Basins had no notable change 
over the 50-year study period, and overall the pro-
vincial average SWE decreased 8% (B.C. Ministry of 
Environment 2007). 

Increasing temperatures have also affected the 
length and date of seasonal lake ice cover. A Canada-
wide study showed significantly earlier lake “ice-
free” dates for the 95–2000 period (Duguay et al. 
2006). In several British Columbia lakes, the first 
melt date and ice-free date decreased by 2–8 days per 
decade from 945 to 993, whereas the duration of ice 
cover decreased by up to 48 days over the 976–2005 
period (B.C. Ministry of Environment 2002; Roden-
huis et al. 2007). 

Permafrost in Canada is also changing. In British 
Columbia, sporadic discontinuous permafrost exists 
in the northern latitudes, whereas isolated patches 
of permafrost exist south of Prince Rupert and Fort 
St. John and at higher elevations to the United States 
border through the Coast and Rocky Mountain 
ranges. Recent analysis has shown that permafrost in 
many regions of North America is warming (Brown 
et al. 2004). In looking at recent trends from the 
Canadian Permafrost Thermal Monitoring Network, 
Smith et al. (2005) reported that while the timing 
and magnitude of warming varied regionally, warm-
ing trends in permafrost were largely consistent with 
air temperature trends observed since the 970s. In 
their analysis, Smith et al. (2005) noted that local 

conditions importantly influenced the response of 
the permafrost thermal regime. 

Glaciers in British Columbia are also out of equi-
librium with the current climate and are adjusting 
to changes in seasonal precipitation and elevated 
temperatures, with widespread glacial volume 
loss and retreat in most regions. For example, the 
Illecillewaet Glacier in Glacier National Park has 
receded over  km since measurements began in the 
880s (Parks Canada 2005). In general, glaciers have 
been retreating since the end of the Little Ice Age 
(mid-9th century), although some glaciers have ex-
hibited periods of stability at the terminus and even 
advances (Moore et al. 2009). For example, Moore et 
al. (2009) reported that the terminus of Illecillewaet 
Glacier remained stationary from 960 until 972, 
and then advanced until 990. It has subsequently 
resumed its retreat. This behaviour is consistent with 
the decadal time scale of glacier terminus response 
to climate variability (Oerlemans 200). Schiefer et 
al. (2007) reported that the recent rate of glacier loss 
in the Coast Mountains is approximately double that 
observed for the previous two decades. A compila-
tion of glacier area changes in the period 985–2005 
indicates glacier retreat in all regions of the province 
(Bolch et al. 200), with an % loss in total glacier 
area over this period. On Vancouver Island, the 
central Coast Mountains, and the northern Interior 
ranges, ice-covered areas have declined by more than 
20% over this period (Bolch et al. 200).

The dominant trend of glacier retreat has in-
fluenced streamflow volumes, leading to declines 
in late-summer streamflow (Moore et al. 2009). 
However, Moore et al. (2009) also noted that some 
exceptions exist, particularly in glacier-fed water-
sheds in northwest British Columbia and the Yukon 
that experienced increased flows over recent decades 
(due to ice melt), consistent with the findings of 
Fleming and Clarke (2003). This is a function of the 
glacier-covered area in a catchment; runoff per unit 
area from glaciers is higher as glaciers retreat, but 
the total glacier contribution to a basin declines with 
reductions in glacier area. This is discussed further 
in “Glacier Mass Balance Adjustments and Stream-
flow Response,” below.

Historical Trends in Landslides and Other 
Geomorphic Processes

In British Columbia, much of the contemporary 
landscape has been shaped by previous glacial 
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large storms. Egginton et al. (2007) noted that large 
cyclonic storms and convective thunderstorms have 
triggered recent landslides in the north, but large 
slides (greater than 0.5 Mm3) are more typically pre-
ceded by long periods of wetter or warmer climate. 
Large rock slides appear to have responded to warm-
ing trends of the past few decades by destabilizing 
from snow and ice melt and increasing freeze thaw 
processes (Egginton 2005; Geertsema et al. 2007). 
Larger soil slides are more common during long 
periods (years to decades) of above-average precipi-
tation, likely from soil saturation (Egginton 2005; 
Geertsema et al. 2007). Prolonged periods of in-
creased precipitation or temperature have increased 
the vulnerability of slopes to failure in these areas, 
whereas large or intense storms are often the trigger. 
All of these conditions are expected to be further 
enhanced under current climate change scenarios.

Historical Trends in Groundwater Levels

Spatial and temporal variations in groundwater 
levels are caused by both human and natural factors. 
Human factors often involve groundwater extraction 
(e.g., pumping and irrigation) or land use change 
(urbanization or deforestation). Natural factors may 
include the effects of tides on coastal aquifers, the 
influence of seasonal variations in precipitation and 
recharge, and the effects of longer-duration climatic 
cycles. Historical time series of groundwater levels 
(groundwater hydrographs) often illustrate cyclic 
behaviour ranging from short term (i.e., hours, days) 
to long term (i.e., years, decades). Long-term moni-
toring of groundwater levels is therefore necessary 
to quantify groundwater trends and discern the 
effects of climatic changes on groundwater hydrol-
ogy. (A brief introduction to groundwater hydrology 
is provided in Chapter 6, “Hydrologic Processes and 
Watershed Response”).

Across British Columbia, groundwater levels and 
quality are monitored in 45 observation wells (as of 
July 2009).4 These observation wells are located pri-
marily in developed aquifers to examine the effects 
of water extraction and development on groundwa-
ter availability and quality. Unfortunately, because of 
a short data record, and location in areas influenced 
by human activity, many of the wells are likely un-
suitable for climate change detection purposes.5 Fur-
thermore, British Columbia contains a wide range of 

periods (see Chapter 2, “Physiography of British 
Columbia”). Persistent paraglacial effects exist in 
British Columbia whereby secondary remobilization 
of Quaternary sediments has led to a relationship of 
increasing contemporary sediment yield (sediment 
yield per unit area) with increasing drainage area 
(Church and Slaymaker 989). This suggests that, at a 
landscape level, British Columbia is still responding 
to the last Cordilleran glaciation. 

Alpine glacial retreat has led to a variety of 
geomorphic processes in periglacial (proximal to 
glaciers) and alpine environments (O’Connor and 
Costa 993; Evans and Clague 997; Ryder 998; 
Moore et al. 2009). For example, debuttressing of 
support to lateral slopes caused by glacial retreat 
has led to deep-seated rock failures in some areas 
(Holm et al. 2004). Flooding attributed to the failure 
of moraine-dammed lakes impounded by Little Ice 
Age deposits has also been observed throughout 
the Coast Mountains (McKillop and Clague 2007). 
Glacial lake outburst floods (jökulhaups) have oc-
curred in areas of the province, predominantly along 
the British Columbia–Alaska border and in the 
southwest Coast Mountains (Clague and Evans 997; 
Geertsema 2000). Though the relationship to climate 
variability and change in the region is not completely 
understood, in recently exposed glacial forefield 
areas, sediment production rates have increased 
from both primary erosion of exposed slopes and re-
mobilization of stored channel deposits (Orwin and 
Smart 2004; Schiefer and Gilbert 2007).

Landslides in British Columbia are often triggered 
by major storm events (see Chapter 8, “Hillslope 
Processes,” and Chapter 9, “Forest Management 
Effects on Hillslope Processes”). Septer and Schwab 
(995) summarized extreme rainstorm and land-
slide events in northwest British Columbia over 
the 98–99 period. Guthrie and Brown (2008) 
estimated the variability in landslide rates over the 
Holocene and suggested that increases in landslide 
rates doubled during shifts from drier to wetter peri-
ods. Shifts in landslide rates attributed to changes in 
climatic regimes are thought to be of a similar order 
of magnitude or smaller when compared to landslide 
responses to forest management in the 20th century 
(Campbell and Church 2003; Guthrie and Brown 
2008). 

In northern British Columbia, shallow slides 
and debris flows have occurred during infrequent 

4 For details about the observation well network, go to: www.env.gov.bc.ca/wsd/data_searches/obswell/index.html. 
5 Moore, R.D., D.M. Allen, and K. Stahl 2007. Climate change and low flows: influences of groundwater and glaciers. Nat. Resour. 

Can., Can. Climate Action Fund, Ottawa, Ont. Can. Climate Action Fund Proj. No. A875. Unpubl. report.

http://www.env.gov.bc.ca/wsd/data_searches/obswell/index.html
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aquifer types (Wei et al. 2009) with varying physical 
properties that have a strong control on groundwater 
response to climatic changes.

Most recently, declining groundwater levels 
trends have been reported at 35% of the provincial 
observation wells for the 2000–2005 period (B.C. 
Ministry of Environment 2007). This represents a 
percentage increase in the rate of decline compared 
to groundwater level declines reported for only 
4% of wells for the 995–2000 period. The greater 
decline was attributed to human activities rather 
than climate causes, as the majority of monitor-
ing wells showing declines were located in regions 
with intense urban development and groundwater 
use (i.e., Vancouver Island, Gulf Islands, and the 
Okanagan Valley). Unravelling such complexity of 
causal factors is confounded by climate variability; 
however, analysis of groundwater hydrographs in 
combination with climate and streamflow data offers 
some insight. Fleming and Quilty (2006) investi-
gated groundwater and stream hydrographs for a 
small area of the lower Fraser Valley (four observa-
tion wells) and found that groundwater levels tend 
to be higher during La Niña years and lower during 
El Niño years because of the associated variations 
in precipitation and recharge. These results also 
indicate that groundwater levels can lag in response 
to climate variation. Moore et al.6 examined a larger 
subsample of the provincial well-monitoring data-
base and correlated groundwater levels with nearby 
streamflow and precipitation records over a 20–30  
year period. Their results indicate that groundwa-
ter levels have decreased over the areas examined, 
whereas winter precipitation and recharge increased 
over the same time period. The results are highly 
variable, however, and likely related to differences in 
aquifer properties, surface water–groundwater inter-
actions, and the effects of water withdrawals.7

Historical Trends in Streamflow

Province-wide studies examining historical (un-
disturbed) streamflow patterns are not generally 
available. This is likely related to the limited avail-
ability of long-term hydrologic records and the large 
variability in hydrologic regimes occurring across 
British Columbia. An important component of 
diagnosing the changes in streamflow is the isolation 
of natural and human-caused disturbance effects 

(e.g., forest harvesting) from those effects attributed 
to climate changes and variability. In many areas in 
British Columbia, this is a challenge because of the 
predominance of watershed disturbances.

Several studies have documented streamflow 
trends for provincial watersheds. Important docu-
mented changes include observations of earlier 
spring peak freshets and prolonged, dry late-summer 
periods for streams in south-central British Colum-
bia (Leith and Whitfield 998; Whitfield and Cannon 
2000). These changes are attributed to a greater per-
centage of rain falling versus accumulating as snow, 
although this hypothesis was only recently verified 
using standard statistical approaches (P. Whitfield, 
Environmental Studies, Meteorological Service of 
Canada, pers. comm., 2007). One recent study using 
trends in sequential 5-day periods observed that ris-
ing air temperatures in December and early January 
led to decreased snowpack, increased runoff from 
fall to early winter, and decreased flows from May 
through August (976–2006) in the Little Swift River 
Basin, near Barkerville (Déry et al. 2009).

In a Canada-wide survey, Zhang et al. (200) 
documented declining trends in annual mean 
streamflow for the past 30–50 years (three time peri-
ods: 967–996, 957–996, and 947–996); however, 
these results were variable across seasons, with an 
increase in mean monthly streamflow across Canada 
in March and April, and decreases in summer and 
fall. For many of the variables studied, Zhang et al. 
(200) identified southern British Columbia as a sig-
nificantly affected region. Several important stream-
flow metrics, including the date of spring high-flow 
season, annual maximum daily mean streamflow, 
centroid (date) of annual streamflow, and spring ice 
break-up, occurred earlier in the season (Zhang et al. 
200). 

Advances of 0–30 days in the centre of mass of 
annual streamflow (i.e., the date by which half of the 
annual total streamflow runoff has occurred) have 
been measured in streams in Pacific North America 
from 948 to 2002 (Stewart et al. 2005). Other analy-
ses of changes in the date of the centre of volume (a 
similar metric), gave varying results when computed 
for the calendar year and hydrologic year (Déry et al. 
2009). These varying results illustrate that analyses 
can be strongly affected by the date metrics used to 
identify trends in streamflow. 

6 Ibid.
7 Ibid.
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The magnitude and direction of the changes to 
streamflow vary across British Columbia depending 
on the time period of analysis and the hydro-cli-
matic region. For example, Rodenhuis et al. (2007) 
reported differing trends in mean annual streamflow 
for British Columbia than those reported by Zhang 
et al. (200). Rodenhuis et al. (2007) attributed these 
differences to the different PDO phases that occurred 
during their analysis period (976–2005) compared 
to the 967–996 period used by Zhang et al. (200). 

Analyses conducted for this chapter at several sta-
tions (Table 9.2) representative of different regions 
in British Columbia (updated from Rodenhuis et 
al. 2007) indicate that the largest amount of change 
appears to be occurring in coastal watersheds. Re-
gimes are shifting towards increased winter rainfall, 
and declining snow accumulation, with subsequent 
changes in the timing and amount of runoff (i.e., 
weakened snowmelt component). This, coupled 
with decreased summer precipitation, is shifting the 
streamflow pattern in coastal watersheds. In other 
systems throughout British Columbia, increasing 
temperatures over the past 5 years and changing 
precipitation patterns have altered the magnitude 
and timing of snowpack and spring melt. In the 
Okanagan region, for example, changes in snowpack 
accumulation are resulting in an earlier spring peak 
streamflow and leading to declining maximum flows 
and extended minimum flows in late summer and 
early fall. The Fraser and Columbia River nival-gla-
cial systems show increased peak flows and lower re-
cessional flows, illustrating changes in the associated 
watersheds, perhaps away from a glacier-dominated 
regime towards a snow-dominated regime with an 
earlier freshet and faster recessional period. 

Trend analysis of sequential 5-day average runoff 
values was conducted at a collection of stations 
representative of several hydro-climatic regimes 
in British Columbia (Table 9.2). Two periods were 
investigated: () 959–2006 (48 years, Figure 9.3a), 

and (2) 973–2006 (34 years, Figure 9.3b). Analysis 
results for the longer record (959–2006; Figure 9.3a) 
show that the nival-supported pluvial Chemainus 
River in British Columbia’s coastal region had a 
varied response over the record, with predomi-
nantly increased flow in winter and decreased flow 
during May. The nival–glacial Adams River had 
increased flow in spring and decreased flow in all 
other seasons. The nival/hybrid Similkameen River 
located in the Okanagan and the nival Swift River in 
the northwest had increased winter and spring flows 
and decreased summer flow. In the Peace region, the 
nival Sikanni Chief had increased flow in Decem-
ber through April and decreases in May through 
November.

For the more recent years of record (973–2006; 
Figure 9.3b) the above-mentioned stations and 
one additional record for Fry Creek, located in the 
Columbia River Basin, were analyzed. Fry Creek is 
a small, nival–glacial system that had decreases in 
flow in June, July, August, and September over this 
period, similar to the Adams River in the Interior, 
another glaciated system. Decreased flow in Septem-
ber was most prominent in the Adams. Decreases 
in streamflow also occurred for the nival-hybrid 
Similkameen River and the nival Swift River dur-
ing the summer months. In these more recent years 
of record (973–2006), increased streamflow was 
observed from November to April and decreased 
streamflow from June to September across all sta-
tions, with the exception of the Sikanni Chief River, 
which had decreases in October through December, 
and the Chemainus River, which had decreases in 
February.

The trend analysis shown here employed tech-
niques developed by Déry et al. (2009). Déry et al. 
(2009) found that in the pluvial systems of the Yak-
oun, Zeballos, and San Juan Rivers, positive trends 
(increasing streamflow) were observed in winter and 
negative trends (decreasing streamflow) were ob-

TABLE 9.2 Water Survey of Canada gauging station information for various streamflow regimes in British Columbia

     Continuous
 WSC station  Streamflow Basin  years Period of
Name  no. Region  regime  size (km2) of record record

Chemainus River 08HA00 Coastal nival supported pluvial 355 52 1955–2006
Similkameen River 08NL007 Okanagan nival/hybrid 1185 62 1945–2006
Adams River 08LD00 Interior nival–glacial 3080 58 1949–2006
Fry Creek 08NH30 Columbia nival–glacial 586 34 1973–2006
Sikanni Chief River 0CB00 Peace nival 2160 47 1960–2006
Swift River 09AE003 Northwest nival 3320 48 1959–2006



707

FIGURE 9.3  (a) Streamflow sequential 5-day average runoff trends for the long-term historical 
period 1959–2006 for five streams located in different regimes throughout British 
Columbia; and (b) streamflow sequential 5-day average runoff trends for the recent 
historical period 1973–2006 for six streams located in different regimes throughout 
British Columbia (see Table 19.2 for information on gauging stations). Solid circles 
are significant results, open circles are non-significant results at the 95% confidence 
interval. Standardized results above zero indicate increased streamflow, whereas results 
below zero indicate decreased streamflow.
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served in summer from 972 to 2006. The nival and 
glacial systems (Dore, Tuya, and Little Swift Rivers) 
had large positive trends (increasing streamflow) 
during spring followed by strong negative trends 
(decreasing streamflow) in summer, which suggests 
a phase shift towards earlier spring freshets. Surprise 
Creek, a nival–glacial system, showed a pronounced 
positive discharge trend throughout the summer, 
unlike many other similar rivers in western Canada 
(Déry et al. 2009).

Although trends illustrate how streamflow is 
changing over long periods, events caused by climate 
variability may result in short-term shifts in stream-
flow. (Streamflow variability is discussed in Chapter 
3, “Weather and Climate.”) The influence of the 
modes of climate variability (e.g., ENSO and PDO)  
on streamflow is evident and often confounds iden-
tification of historical trends. On the south Coast, 
some streams that are normally rainfall-dominated 
have snowmelt runoff in the spring during cool La 
Niña years (Fleming et al. 2007). This can result 
in years with two streamflow peaks in watersheds 

where normally only one would occur (e.g., Figure 
9.4a, Chemainus River). During El Niño years, 
substantially less streamflow may occur from May 
to August in snowmelt-dominated basins, especially 
those in the Okanagan Basin (e.g., Figure 9.4b, 
Similkameen River; Rodenhuis et al. 2007) but may 
have little effect in the north of the province where 
ENSO signals are less pronounced (e.g., Figure 9.4c, 
Swift River). Warm PDO phases, such as the one that 
occurred from 977 to 998, advance the spring or 
summer freshet, lower peak flows, and cause drier 
summer periods for many streams in British Co-
lumbia (Zhang et al. 2000). Some exceptions occur 
in northern British Columbia where the opposite 
response can occur during warm PDO phases (e.g., 
Figure 9.4d, Sikanni Chief River; Rodenhuis et al. 
2007). This is important to note because climate and 
streamflow responses during different climate oscil-
lations are not necessarily uniform across regions, 
and often depend on (or are related to) the hydro-
logic regime, physiography, and climate of the region 
under consideration.
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FIGURE 9.4  Monthly average streamflow occurring during ENSO periods (left-hand plots) and 
PDO-cool (right-hand plots) for: (a) Chemainus River, (b) Similkameen River,  
(c) Swift River, and (d) Sikanni Chief River. See Table 19.2 for information on  
gauging stations. The grey and black triangles indicate significant differences at 
the 95% (0.95 CI) and 99% (0.99 CI) confidence levels, respectively.
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British Columbia Projections by Emissions Scenario

Projections of future climates are available from 
numerous global climate models (GCMs) and for a 
range of greenhouse gas emissions scenarios. These 
emissions scenarios8 depend on future population, 
technology, economic growth, and international 
trade (Intergovernmental Panel on Climate Change 
2007), but do not consider intentional co-operation 
to prevent climate change. Importantly, each GCM 
can project different future climates for the same 
emissions scenario because each models specific 
processes (e.g., evaporation) differently. 

In general, GCM projections agree in the direc-
tion and magnitude of temperature changes, but 
projections of precipitation change are more varied 
in both direction and magnitude (Barnett et al. 
2005; Rodenhuis et al. 2007). Figures 3.24–3.28 in 

Chapter 3 (“Weather and Climate”) illustrate antici-
pated climate changes for British Columbia, based 
on simulations by the Canadian Global Climate 
Model (CGCM2) for the A2 scenario.9 The Canadian 
model tends to project warmer and wetter sum-
mers compared with the United Kingdom’s Hadley 
Centre model (Spittlehouse 2008). Even under the 
low emissions scenario (B), the amount of climate 
change projected for British Columbia by the end of 
the century (> 2° C; Figure 9.5, teal line) is compara-
ble to the historical differences between the coldest 
of the cold years and the warmest of the warm years 
(troughs and peaks of solid black line); in other 
words, an entirely different temperature regime is 
projected for British Columbia than that of the last 
century.

The University of Victoria’s Earth System Climate 
Model (ESCM; Eby et al. 2009) has also been run for 

PROJECTIONS OF FUTURE TEMPERATURE AND PRECIPITATION REGIMES IN BRITISH COLUMBIA

FIGURE 9.5  Mean annual temperature anomalies for British Columbia using 1961–1990 baseline 
of the UVic ESCM over the 21st century for emission reduction scenarios compared to 
median of AR4 GCM projections for the A2, B1, and A1B SRES emissions scenarios. 
The GCM projections are displayed as 20-year centred means to remove annual and 
decadal variability. The 50% and 100% lines represent percent reductions by 2050; 
that is, to half of 2006 greenhouse gas emissions (blue) and to zero net emissions 
(carbon neutral; green). Sources: Environment Canada (historical data – CANGRID), 
Lawrence Livermore National Laboratory (GCM projections), and UVic Climate  
Modelling Lab (ESCM projections).
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8 SRES refers to the Special Report on Emissions Scenarios, published by the Intergovernmental Panel on Climate Change (IPCC) in 
2000. For summary information about these scenarios, see Intergovernmental Panel on Climate Change (2007).

9 The A2 scenario is one of the highest emissions scenarios of the SRES group. In contrast, the B emission scenario represents roughly 
half of the emissions of A2.
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several emissions that incorporate emissions reduc-
tions (Figure 9.5). It is reasonable to expect that the 
ESCM projections would be similar to those of an en-
semble of several GCMs for similar emissions, as the 
ESCM follows the median of these GCMs for trajecto-
ries leading to similar greenhouse gas concentrations 
(not shown). These lower emissions are important 
because they represent the concentrations now 
the subject of serious policy debate. Importantly, 
Figure 9.5 shows that considerable climate change is 
projected for the province by the end of the century 
even under large emission-reduction scenarios, thus 
requiring adaptation. 

2050s Projections for British Columbia

An ensemble of 30 projections from 5 GCMs was 
used to compute a range of projections for the 2050s 
(204–2070) climate of British Columbia (Rodenhuis 
et al. 2007). Based on these results, the provincial 
annual average temperature is projected to warm 
by .7° C compared with the recent 96–990 period 
(Table 9.3; Figure 9.6). Uncertainty is represented 
by the range .2–2.5° C (the 0th–90th percentile 
of projections). The 2050s annual precipitation is 

projected to increase by 6%, with a range of 3–%. 
The seasonal temperature projections were relatively 
uniform, but seasonal precipitation projections 
varied from 2% drier to 5% wetter for winter and 9% 
drier to 2% wetter for summer. Further information 
on model projections can be found in Rodenhuis et 
al. (2007). All models and emissions scenarios pro-
ject an increase in winter and summer temperatures 
with the greatest increases for the higher emissions 
scenarios.

Regional 2050s Projections 

At a regional scale, the same ensemble of 30 pro-
jections described above in “2050s Projections for 
British Columbia” (above) show that projected 
warming will be greater in the Interior than on the 
Coast (Table 9.3). Changes in precipitation will vary 
spatially as well as temporally. Southern and central 
British Columbia are expected to become drier in 
the summer, whereas northern British Columbia will 
likely become wetter (Table 9.3; see also Chapter 3, 
Figures 3.27 and 3.28). Overall, wetter winters are 
expected across British Columbia (Rodenhuis et al. 
2007).

TABLE 9.3  Changes in seasonal a and annual air temperature and precipitation by the 2050s for regions in 
British Columbia for the ensemble of 30 GCM projections described above in “2050s Projections for 
British Columbia” (updated from Rodenhuis et al. 2007)

 Air temperature change (°C)
Region Winter Spring Summer Fall Annual

Columbia Basin 1.8 1.5 2.4 1.8 1.9
Fraser Plateau 1.9 1.6 2.0 1.8 1.8
North Coast 1.5 1.3 1.4 1.5 1.4
Peace Basin 2.4 1.7 1.8 1.8 1.9
Northwest 2.0 1.6 1.8 1.7 1.8
Okanagan 2.0 1.8 2.6 2.0 2.1
South Coast 1.5 1.3 1.7 1.6 1.5
British Columbia 1.9 1.6 1.8 1.7 1.7

 Precipitation change (%)   

Columbia Basin 7 9 –8 8 4
Fraser Plateau 8 10 –4 11 7
North Coast 6 7 –8 9 6
Peace Basin 9 9 3 10 7
Northwest 10 9 4 8 8
Okanagan 5 12 –8 8 5
South Coast 6 7 –13 9 6
British Columbia 7 8 –3 9 6 

a Winter = December–February; Summer = June–August; Spring = March–May; Fall = September–November.
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Although we primarily present mean changes 
in climate in this chapter, future changes in the 
variability or the extremes of temperature and pre-
cipitation are anticipated to have many important 
effects on watershed processes. Changes in warm 
temperature extremes generally follow changes in 
the mean summer temperature (Kharin et al. 2007). 
This suggests that extreme maximum temperatures 
would be higher than at present and cold extremes 
would warm at a faster rate, particularly in areas 

that experience a retreat of snow with warming. An 
increase in the intensity and maximum amount of 
precipitation is also expected (Kharin et al. 2007); 
however, changes in extreme events may not be pro-
portional to mean changes, and the changes may not 
be equal in both directions. For example, increas-
ingly frequent extreme maximum temperatures are 
anticipated; however, the frequency of extreme cold 
temperatures is anticipated to decline in the future 
(Tebaldi et al. 2006; Kharin et al. 2007). 

FIGURE 9.6  Range of 2050s annual temperature and precipitation averaged over British Columbia 
from 140 GCM projections. The larger/darker diamonds represent the 30 projections in 
the ensemble described in the section “2050s Projections for British Columbia.”
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 It is expected that the effects of a changing climate 
on watershed processes will vary across British Co-
lumbia, depending on which specific watershed pro-
cesses and responses are sensitive to change. In this 
section, we discuss the potential effects of a changing 
climate on watershed processes and outputs. Specifi-
cally, the following changes in watershed processes 
may be expected in British Columbia. 

• Increased atmospheric evaporative demand
• Altered vegetation composition affecting evapora-

tion and interception processes

• Decreased snow accumulation and accelerated melt
• Accelerated melting of permafrost, lake ice, and 

river ice 
• Glacier mass balance adjustments 
• Altered timing and magnitude of streamflow 

(peak flows, low flows)
• Altered groundwater storage or recharge 
• Changes in frequency and magnitude of hillslope 

and geomorphic processes 
• Changes in water quality, including increased 

stream or lake temperatures and altered chemical 
water quality 

WATERSHED PROCESSES AFFECTED BY A CHANGING CLIMATE
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Atmospheric Evaporative Demand

Evaporative demand is a function of air and sur-
face temperature, solar radiation, humidity, and 
wind speed (see Chapter 3, “Weather and Climate,” 
and Chapter 6, “Hydrologic Processes and Water-
shed Response”). The climate scenarios previously 
described could increase the atmosphere’s ability to 
evaporate water (Huntington 2008). This will occur 
if the saturation vapour pressure of the air (a func-
tion of air temperature) increases more rapidly than 
the actual vapour pressure (i.e., the vapour pressure 
deficit increases). It will also increase if net radiation 
and wind speed increase. An increase in evaporative 
demand would significantly affect water resources 
through evaporative losses from water bodies, vege-
tation, and soils, and through subsequent changes in 
water demands. Increased evaporative demand will 
also affect vegetation survival and growth through 
changes in water availability and fire risk. For exam-
ple, Spittlehouse (2008) estimated the magnitude of 
change in evaporative demand (calculated following 
methods in Allen et al. 998) for the Campbell River, 
Cranbrook, and Fort St. John areas using current 
weather station data and climate change model out-
put for the B and A2 scenarios from the Canadian 
General Circulation Model (CGCM3). Evaporative 
demand, which is calculated for months when the air 
temperature is above 0° C, increased at all locations 
because of an increase in the length of time that air 
temperature remained above 0° C and an increase in 
the vapour pressure deficit (drier air). By the 2080s, 
evaporative demand increased by about 8% under 
the B scenario and by 5–20% under the A2 scenario 
(Spittlehouse 2008).

Estimates of evaporative demand and precipita-
tion can be combined to give indicators of plant 
water stress and to predict water demand for ag-
ricultural irrigation and domestic use. A climatic 
moisture deficit occurs when the monthly precipi-
tation is less than the evaporative demand

 
for the 

month; conversely, if precipitation is greater than 
the evaporative demand,

 
a moisture surplus occurs. 

By the 2080s under the B scenario, Spittlehouse 
(2008) reported that the deficit at Campbell River 
increased by 20%,10 at Fort St. John by 25%, and at 
Cranbrook by 30%. For the A2 scenario, Campbell 

River and Fort St. John increased by 30%, whereas 
Cranbrook increased by 60%. The larger increase at 
Cranbrook reflects the decrease in summer rainfall 
and an initially relatively low average deficit for the 
96–990 reference period. A moisture surplus did 
not occur during the summer at any of the locations 
for the climate change scenarios examined (Spittle-
house 2008). 

Vegetation Composition Affecting Evaporation and 
Interception

Terrestrial vegetation influences water balance 
through the interception of rain and snow and the 
removal of water from the root zone as a result of 
plant transpiration and evaporation from the soil 
surface. As vegetation composition responds to 
climate change, so too will the amounts of water in-
tercepted, evaporated, and transpired, thus altering 
snow accumulation and melt processes (see “Snow 
Accumulation and Melt,” below), water balance, 
groundwater recharge, and ultimately streamflow 
and mass wasting processes. Increases in the length 
of the snow-free season and changes in atmospheric 
evaporative demand are likely to increase plant 
transpiration, assuming soil water is available. For 
example, Spittlehouse (2003) estimated that transpi-
ration from a coastal Douglas-fir forest could rise 
by 6% with an increase of 2° C and by 0% with an 
increase of 4° C. The projected changes in climate 
are sufficient to affect forest productivity and species 
composition (Barber et al. 2000; Hamann and Wang 
2006; Campbell et al. 2009). Changes may also occur 
in age-class distribution and in the form of vegeta-
tion (e.g., forest die-off, alpine encroachment, grass-
land expansion) (Breshears et al. 2005; Hebda 2007). 
Thus, changes to the amount of plant biomass on a 
site and the physiological characteristics of the new 
vegetation will have an important effect on water 
balance in the future.

Snow Accumulation and Melt

By the 2050s (204–2070) increased air temperatures 
will lead to a continued decrease in snow accumu-
lation (Rodenhuis et al. 2007; Casola et al. 2009), 
earlier melt (Mote et al. 2003), and less water stor-

0 Deficits are calculated for the months with an air temperature greater than 0°C. For Cranbrook, this is March to November, for Fort 
St. John, April to October, and for Campbell River, January to December. Formula are not appropriate for snow cover situations. 
Deficits occur only if monthly evaporation is greater than monthly precipitation. Cranbrook and Fort St. John have deficits in all  
months, whereas Campbell River has deficits only from May through September. 
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age for either spring freshet (Stewart et al. 2004) or 
groundwater storage. Changes in air temperature 
and wind may also affect snow adhesion in the 
snowpack and the subsequent amount of snow drift 
or scour that occurs in an area. “Wetter” snowpacks 
may be more resistant to redistribution by wind, 
which could be important for avalanche forecasting 
and management. The influence of vegetation on 
snow accumulation and melt processes (see Chapter 
6, “Hydrologic Processes and Watershed Response”) 
will also be an important factor to consider as the 
composition of vegetation  on the landscape changes. 
To simplify the discussion, we next consider the 

implications of increased temperature on snow 
processes.

Projected declines in snow are most notable on 
the central and north coast of British Columbia and 
at high-elevation sites along the south coast (Roden-
huis et al. 2007). Watersheds that may be the most 
sensitive to change are those occupying the bound-
ary between rainfall and snow deposition in the win-
ter (mixed regimes). For example, recent work in the 
Fraser River Basin (Figure 9.7) illustrates the 2050s 
changes in SWE projected by six different GCM emis-
sions scenarios as a percentage difference from the 
96–990 historical baseline period. These six sce-

FIGURE 9.7  Six GCM emissions scenarios projecting April 1st snow water equivalent (SWE) change 
to the 2050s in the Fraser River, British Columbia. Historical (1961–1990 April 1st)  
average SWE (mm) is illustrated in the top left-hand panel. The six scenarios are  
shown as 2050s (2041–2070) anomalies (mm) from the 1961–1990 baseline period 
on April 1st. For more information see “Case study: Fraser River Basin climate change 
projections,” page 719.
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narios include: Geophysical Fluid Dynamics Labora-
tory, version 2. (GFDL2.-A2); Canadian Centre for 
Climate Modelling and Analysis, Canadian Global 
Climate Model, version 3 (CGCM3-B, -AB, -A2); Max 
Planck Institute for Meteorology, European Centre 
Hamburg Model, version 5 (ECHAM5-AB); and Had-
ley / United Kingdom Meteorological Office, Hadley 
Centre Coupled Model, version 3 (HADCM3-AB). 

Snowpack is projected to decline in the central 
plateau region of the basin and increase in the upper 
reaches of the Rocky Mountains and at high eleva-
tions in the Coast Mountain ranges (Figure 9.7). 
Some variation is evident in the spatial distribution 
of change but, on average, models project a 28% 
decline in SWE by the 2050s across the Fraser River 
Basin. Projected increases in precipitation will only 
slightly offset the changes resulting from increased 
temperature alone (Table 9.3); however, if a large 
portion of winter precipitation shifts to rain, the 
amount and timing of discharge will significantly 

change (see discussion in “Streamflow: Peaks, Lows, 
Timing,” below). For nival regimes, especially in 
southern British Columbia, the warming trend may 
result in an earlier freshet, leading to lower flows 
in late summer and early autumn (Loukas et al. 
2002; Merritt et al. 2006). Hydrologic scenarios for 
snowmelt-dominated basins in the Okanagan are 
projected to change in this way (Merritt et al. 2006); 
however, the degree of change projected depends 
on the GCM used. Simulations performed by this 
chapter’s authors found that, on average, snow 
disappeared 6 days earlier under 2° C of warming 
and 37 days earlier under 4° C of warming in the 
Okanagan Plateau region (Figure 9.8). The length 
of the snow season was reduced, on average, by 25 
and 60 days under 2° C and 4° C of warming, respec-
tively. Changes in seasonal snow accumulation and 
melt will result in changes to the streamflow regime, 
which has important implications for water supply, 
hydroelectric power, and fish and aquatic habitat. 

FIGURE 9.8  Simulated winter snow water equivalent (SWE) in the mature lodgepole pine forest at 
the Upper Penticton Creek Experimental Watershed (1600 m elevation) under typical 
winter temperature and precipitation (2005–2006) conditions (solid blue line) and 
three climate change scenarios: (1) 2°C warming with no precipitation change (dotted 
red line); (2) 4°C warming with no change in precipitation (dashed and dotted purple 
line); and (3) 4°C warming with a 10% increase in precipitation (dashed green line).
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Less snow also has major implications for winter 
recreation and associated tourism activities (i.e. ski 
hills, Scott et al. 2006).

Permafrost, Lake Ice, and River Ice

Ice-related hydrologic features will be affected by 
rising temperatures. Projections of milder winter 
temperatures indicate that river and lake ice could 
occur later and disappear earlier than normal. These 
hydrologic changes will have implications for forest 
harvest scheduling (e.g., operable ground, seasonal 
water tables, timing), and transportation (e.g., ice 
bridges). In northern British Columbia, discontinu-
ous permafrost is also expected to respond to tem-
perature and precipitation changes. As with glaciers, 
all permafrost that exists today is not necessarily in 
equilibrium with the present climate. Unlike gla-
ciers, however, adjustment to present climate lags on 
a longer time scale because of the insulating effects 
of the ground. 

In the discontinuous permafrost region where 
ground temperatures are within –2° C of melting, 
permafrost will likely disappear as a result of ground 
thermal changes associated with global warming 
(Geological Survey of Canada 2006). In areas where 
the ice content is high, thawing permafrost can 
lead to increased thaw settlement and thermokarst 
activity, whereas reduced soil strength related to 
melting will lead to ground instability, increasing the 
incidence of slope failures (Smith and Burgess 2004). 
The integrity of engineered structures such as bridge 
footings, building foundations, roads, railways, and 
pipelines will also be affected (Woo et al. 2007). 

Thawing permafrost may also affect aquatic eco-
systems through changes to the storage and release 
of soil water (i.e., increasing the storage capacity) 
caused by the melting of ice. Under climate warm-
ing, the permanent thawing of permafrost may also 
add another source component to the hydrologic 
cycle. The overall thermal response of permafrost to 
increased temperatures will depend on the charac-
teristics of the permafrost and surface buffer factors 
(e.g., snow, vegetation, and organic ground cover), 
which can attenuate temperature changes (Smith 
and Burgess 2004). The continuation of warming 
trends will likely increase the prevalence of thaw-
related landslides in British Columbia and cause 
changes in soil water balances affecting the storage 
and release of water. About 50% of the Canadian 
permafrost region could ultimately disappear or be-

come thinner in response to future climate warming 
(Smith et al. 2005). 

Glacier Mass Balance Adjustments and Streamflow 
Response

Over the last few decades, the province’s glaciers 
have dominantly had a negative mass balance (i.e., 
ablation of snow and ice exceeds the accumulation 
of snow) and continue to lose mass (Moore et al. 
2009; Bolch et al. 200; see also “Historical Trends 
in Snow, Seasonal Ice Cover, and Glaciers,” above). 
Given future climate scenarios, glaciers will ulti-
mately retreat under sustained conditions of negative 
net balance, although a lag is often associated with 
glacier dynamics (e.g., Arendt et al. 2002). Glacier 
retreat will continue until the glacier loses enough of 
its lower-elevation ablation zone that total ablation 
matches total accumulation. In some cases, climate 
warming can result in ablation exceeding accumula-
tion over all elevations on a glacier, in which case the 
glacier would ultimately disappear. This will likely 
occur for glaciers in Montana’s Glacier National Park 
and the North Cascades in Washington (Hall and 
Fagre 2003; Pelto 2006). 

Projections based on future climate scenarios 
indicate that a negative net balance will continue 
over at least the next few decades. Hall and Fagre 
(2003) modelled glacier response to climate change 
in Montana’s Glacier National Park under two cli-
mate scenarios. In the first scenario, with a doubling 
of CO2 and a summer mean temperature increase of 
3.3° C, all glaciers disappeared by 2030. In the second 
scenario, with a linear increase in temperature over 
time and a 0.47° C increase in summer mean tem-
perature, glaciers remained until 2277. Stahl et al. 
(2008) used three scenarios to model the response of 
the Bridge Glacier in the southern Coast Mountains: 
one was a continuation of current climatic condi-
tions until 250, and two others were based on the A2 
and B emissions scenarios developed by the Inter-
governmental Panel on Climate Change (IPCC 2007) 
and simulated by the CGCM3. Even with no further 
climate warming, the Bridge Glacier is sufficiently 
out of equilibrium with current climatic conditions 
that it is projected to lose approximately 20% of its 
current area, reaching a new equilibrium by about 
200. Under the two warming scenarios investigated, 
glacier net balance remained negative and the glacier 
continued to retreat over the next century, with a 
projected loss of over 30% of its current area by the 
end of this century. 
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If glaciers are initially in equilibrium with current 
climatic conditions (i.e., snow accumulation bal-
ances ablation of snow and ice), then the onset of 
climatic warming will produce an initial increase in 
glacial melt and runoff contributions to streamflow 
(Hock et al. 2005; Moore et al. 2009). This increase 
in melt results from a lengthening of the melt season 
(i.e., advanced onset of melt in spring, delayed onset 
of accumulation in autumn) and an increase in melt 
intensity, particularly as firn (snow deposited in pre-
vious years) melts away, exposing the less reflective 
glacier ice to solar radiation. Eventually, however, the 
loss of glacier area will reduce total meltwater gen-
eration, resulting in a decrease in glacier runoff con-
tributions to streamflow. Although this pattern of 
response to climate warming is generally accepted, 
the time scale over which the response shifts from 
increasing to decreasing discharge is not known.

Negative trends have been documented for sum-
mer streamflow in glacier-fed catchments in Brit-
ish Columbia, with the exception of the northwest, 
where streamflow has been increasing in glacier-fed 
catchments (Fleming and Clarke 2003; Stahl and 
Moore 2006). Similar negative trends have been 
documented for the late summer to early autumn 
“transition to base flow” period for glacier-fed head-
waters draining the eastern slopes of the Canadian 
Rocky Mountains (Demuth and Pietroniro 200; 
Comeau et al. 2009). Thus, it appears that the initial 
phase of streamflow increases associated with accel-
erated glacier melt has already passed for most of the 
province, whereas the northwest is still experiencing 
augmented streamflow. Stahl et al. (2008) found that 
future glacier retreat produced continuing declines 
in summer flows for Bridge River, particularly for 
July to September.

In addition to changes in streamflow, future 
glacier retreat will influence a range of aquatic habi-
tat characteristics, including stream temperature, 
suspended sediment concentrations, and stream 
water chemistry. It is possible that the number and 
rates of geomorphic events or processes associated 
with glacial retreat will also increase in the future 
(see “Changes in Geomorphic Processes,” below). 
Reduced glacier cover will also affect tourism and 
outdoor recreation activities in much of the prov-
ince. Physical considerations and empirical evidence 
consistently indicate that summer stream tempera-
tures should increase as a result of glacier retreat; 
however, the magnitude of this change is difficult to 
predict. Changes in other aspects of aquatic habitat 
will depend on a range of site-specific factors, and 

generalizations, even about the direction of change, 
cannot be made with confidence (Moore et al. 2009).

Altered Groundwater Storage and Recharge

The most direct interaction between climate and 
groundwater is through the process of recharge, 
which occurs when water from the ground surface 
(i.e., precipitation inputs, surface water bodies) has 
percolated to the water table. Recharge is the net 
result of energy and moisture transfer that occurs 
at the land surface, and is controlled by climate, 
vegetation, topography, soil characteristics and 
physical characteristics of the aquifer (i.e., geology). 
Thus, the recharge process will exhibit different 
degrees of sensitivity to the state of climate in a given 
region. Decreased recharge and persistent declines 
in groundwater storage can lead to a reduction in 
water supplies, degradation of water sources for 
groundwater-dependent ecosystems, land subsid-
ence, increased conflicts between water users, and 
saltwater intrusion in coastal areas (Rivera et al. 
2004). Groundwater discharge to streams is a critical 
factor governing low flows across much of British 
Columbia, with steeper mountain areas typically 
having little groundwater storage capacity (periodi-
cally leading to drying streams in the summer), and 
larger valleys with deeper alluvial sediments provid-
ing greater groundwater contributions through the 
low-flow period (Burn et al. 2008). 

Changes in recharge fluxes will be influenced 
by several of the previously discussed processes, 
including increased atmospheric evaporative 
demand, changes in vegetation composition, snow 
accumulation and melt, and streamflow. Changes 
in the amount, timing, and form of precipitation 
(snow vs. rain) will all affect the rate and timing of 
groundwater recharge. Changes to streamflow will 
also affect groundwater recharge in locations where 
surface water is the main recharge source (i.e., allu-
vial valley-bottom aquifers recharged by streamflow 
during periods of high flow and discharge to streams 
during low flow periods). Depending on aquifer size 
and depth, any changes in groundwater hydrology 
caused by change in climate will likely occur more 
slowly than surface water changes. 

The physical characteristics of aquifers have 
a strong influence on how groundwater systems 
respond to climatic changes. For example, shal-
low aquifers with highly permeable sediments (e.g., 
fractured bedrock or unconsolidated coarse sedi-
ments) are more responsive to climatic changes than 
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deeper bedrock aquifers (Rivera et al. 2004). Deeper 
aquifers have a greater ability to buffer short-term 
perturbations; however, these aquifers will also pre-
serve the signature of longer-term trends in climate 
change. 

Relatively little research has been directed toward 
the effects of climate change on groundwater in Brit-
ish Columbia (Allen 2009) or elsewhere in the world 
(Dragoni and Sukhija [editors] 2008; GRAPHIC Team 
2009). Provincial research consists of case studies of 
the Grand Forks Aquifer (Allen et al. 2003; Scibek 
and Allen 2006a, 2006b; Scibek et al. 2007), the Ab-
botsford-Sumas Aquifer (Scibek and Allen 2006a), 
the Okanagan Valley (Toews and Allen 2009; Toews 
et al. 2009), and the Gulf Islands (Appiah Adjei 
2006). From these studies, the authors concluded 
that groundwater resources in the southern Interior 
are potentially the most sensitive to climate change 
in British Columbia. This is because of the strong 
influence of snow accumulation and melt on re-
charge and the potential changes in the magnitude 
and timing of nival processes under future climates 
(Allen 2009). Nevertheless, the estimated changes in 
groundwater storage and recharge are within the un-
certainty range of the groundwater and GCM models 
(Allen 2009), which makes it difficult to identify or 
predict actual climate change influences (GRAPHIC 
Team 2009).

For the Grand Forks Aquifer, research combining 
GCM projections and groundwater models indicates 
that peak runoff in the Kettle River would occur ear-
lier, and that the shift in peak streamflow would be 
accompanied by an earlier annual peak in ground-
water levels. Away from the floodplain, groundwater 
recharge is predicted to increase in spring and sum-
mer months, and decrease in winter months (Scibek 
et al. 2007). 

Research in the Okanagan Valley shows that 
direct (vertical) recharge along the valley bottom is 
driven largely by regional precipitation (e.g., frontal 
precipitation) rather than localized precipitation 
(e.g., convective storms) (Toews et al. 2009). When 
combined with future climate scenarios, peak re-
charge is expected to occur earlier in the year when 
evaporative demand is lower. The net effect is a mi-
nor increase in annual recharge for predicted future 
climate scenarios (Toews and Allen 2009), which 
could possibly buffer higher water demand in hotter 
and drier summer months in this region.

The potential effects of climate change on ground-
water levels and recharge in the Lower Mainland and 
coastal regions generate fewer concerns. A modelling 

study of the Abottsford-Sumas Aquifer indicates 
only small absolute decreases in water levels, which 
are generally limited to upland areas (Scibek and 
Allen 2006a). However, lower groundwater levels 
will result in decreased base flow during low flow 
periods, which may have a negative influence on 
fish habitat. For aquifers on the Gulf Islands and in 
other coastal locations, concerns about decreasing 
recharge and declining water levels are related to 
the potential for saltwater intrusion (Rivera et al. 
2004), a problem that may be compounded by rising 
sea levels (Allen 2009). In combination, a decrease 
in groundwater recharge and increase in sea level 
will cause the interface between seawater and fresh 
groundwater to move further inland, potentially 
increasing aquifer salinity to a point where its water 
is not fit for human consumption or use in irrigation.

Assessing the effects of climate change on 
groundwater is a difficult task because highly de-
tailed subsurface information is required to develop 
quantitative models (Allen 2009). The aquifer class-
ification system for the Canadian Cordillera (Wei et 
al. 2009) could be used as a starting point to identify 
the aquifer types with the greatest potential to be af-
fected by climate change. Several successful attempts 
have been made to quantify areal or regional changes 
in groundwater storage using the Gravity Recov-
ery and Climate Experiment (GRACE). Essentially, 
GRACE satellites record changes in Earth’s gravity 
field that are then related to changes in terrestrial 
water storage (Rodell and Famiglietti 2002). This 
technique has been applied on the Canadian Prairies 
(Yirdaw et al. 2008) and the Mackenzie River basin 
(Yirdaw et al. 2009). Although these applications of 
GRACE data are encouraging, further research and 
testing is required to determine whether the method 
is appropriate for the complex physiography and ge-
ology of British Columbia and whether the impact of 
climate variation on groundwater can be determined 
at a resolution useful for water management.

Streamflow: Peaks, Lows, and Timing

Streamflow regimes are controlled primarily by 
seasonal patterns of temperature and precipitation, 
as well as watershed characteristics such as glacier 
cover, lake cover, and geology. In British Columbia, 
the four main hydrologic regimes are: () rain-domi-
nated, (2) snowmelt-dominated, (3) mixed/hybrid, 
and (4) glacier-augmented (see Chapter 4, “Regional 
Hydrology”). The relative importance of climatic 
changes, therefore, will vary by region and depend 
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on the current sensitivity of the hydrologic regime 
to regional temperature and precipitation changes. 
Also, groundwater storage and release strongly 
control streamflow (particularly low flows) in some 
watersheds (see discussion above). Variations in 
underlying geology that influence whether snow-
melt goes into groundwater reserves or directly into 
runoff can determine the magnitude and timing of 
late-summer streamflow, and thus affect the overall 
response to climate change (Thompson 2007; Tague 
and Grant 2009). 

The hydrologic effects of climate change will have 
an important influence on all types of watersheds, 
not just those with cold-season precipitation storage 
as snowpack. The response of rain-dominated re-
gimes will likely follow predicted changes in precipi-
tation (Loukas et al. 2002). For example, increased 
magnitude and more numerous storm events will 
result in increasingly frequent and larger storm-
driven streamflow (including peaks) in the winter. 
Projected warmer and drier summers also raise 
concerns about a possible increase in the number 
and magnitude of low flow days. 

Projected warming will result in less snow stored 
over winter (Figures 9.7 and 9.8) and more winter 
precipitation falling as rain. In these situations, hy-
brid/mixed regimes might transition to rain-domi-
nated regimes through the weakening or elimination 
of the snowmelt component (Whitfield et al. 2002). 
Similarly, snowmelt-dominated watersheds might 
exhibit characteristics of hybrid regimes and glacier-
augmented systems might shift to a more snowmelt-
dominated pattern in the timing and magnitude of 
annual peak flows and low flows. For example, in the 
southern Columbia Mountains at Redfish Creek, an 
increase is evident in the incidence of fall to early- 
winter peak streamflow events, which up to 0 years 
ago were relatively rare in the hydrometric record (P. 
Jordan, Research Geomorphologist, B.C. Ministry 
of Forests and Range, pers. comm., Dec. 2007). With 
projected elevated temperatures, the snow accumula-
tion season will shorten (Figure 9.8) and an earlier 
start to the spring freshet in snowmelt-dominated 
systems will likely occur, which may lengthen the 
period of late-summer and early-autumn low flows 
(Loukas et al. 2002; Merritt et al. 2006). Where 
snow is the primary source of a watershed’s sum-
mer streamflow, loss of winter snowpack may reduce 
the late-summer drainage network, transforming 
once perennial streams into intermittent streams 
(Thompson 2007). Conversely, where groundwa-
ter is the primary source of a watershed’s summer 

streamflow, flows will still continue but with volume 
reductions in response to changes in the seasonal 
snowpack accumulation that recharges groundwater 
(Thompson 2007). 

In glacier-augmented systems, peak flows would 
decrease and occur earlier in the year, similar to 
snowmelt-dominated regimes. In the long term, the 
reduction or elimination of the glacial meltwater 
component in summer to early fall would increase 
the frequency and duration of low flow days in these 
systems. 

In hybrid regime watersheds on the Coast, some 
snowpacks above 000–200 m can be up to 4–5 m 
deep (e.g., Russell Creek), especially in north-facing 
open bowls or subalpine forests (B. Floyd, Research 
Hydrologist, B.C. Ministry of Forests and Range, 
pers. comm., 2007). Normally, snowpacks in these 
hybrid regimes are deep enough to store a significant 
amount of rain, thus dampening the response of 
watersheds to large midwinter rain events. If these 
snowpacks no longer form or are very shallow, and 
increases in temperature and wind speeds occur, 
large midwinter snowfall events will become large 
rain or melt events, and thereby increase the fre-
quency of high flows occurring throughout the win-
ter in these watersheds. Subsequently, spring peak 
flow volumes will decrease and occur earlier because 
less precipitation is stored as snow during the winter, 
and winter flows will increase because precipitation 
will fall as rain instead of snow. 

For all streamflow regimes, a complex relation-
ship will likely develop between rain-on-snow events 
and changes in regional air temperature and pre-
cipitation patterns. This is because the magnitude of 
rain-on-snow floods fluctuates depending on the du-
ration and magnitude of precipitation, the extent and 
water equivalent of the antecedent snowpack, and 
the variations in freezing levels (McCabe et al. 2007). 
Climatic changes will influence all of these factors. 
For example, McCabe et al.’s (2007) modelling study 
showed that as temperatures increase, rain-on-snow 
events decrease in frequency primarily at low-eleva-
tion sites. Higher elevations are likely less sensitive 
to changes in temperature as these sites remain at 
or below freezing levels in spite of any temperature 
increase that would affect snow accumulation (Mc-
Cabe et al. 2007). 

Case study: Fraser River Basin climate change 
projections
The Fraser is one of British Columbia’s largest rivers, 
and one of the most productive salmon rivers in the 
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world. Approximately two-thirds of B.C.’s popula-
tion resides in the basin, and 80% of the provincial 
economy is generated within the basin. Because of 
its importance to the residents of British Columbia, 
concerns have been raised over the effect of future 
climatic changes in the basin. To address some of 
these concerns, the Fraser River Basin was mod-
elled using the semi-distributed, Variable Infiltra-
tion Capacity (VIC) hydrologic model (Liang et al. 
994, 996; Schnorbus et al. 2009). The aim of this 
computer modelling was to examine the impacts of 
climate change on basin hydrology for the 2050s (i.e., 
the period of 204–2070 from the baseline period 
of 96–990). Although the hydrologic impacts 
of climate change in British Columbia have been 
examined (e.g., Slaymaker 990; Brugman et al. 997; 
Whitfield and Taylor 998; Loukas et al. 2002; Whit-
field et al. 2002; Merritt et al. 2006; Toth et al. 2006), 
only three studies have specifically presented results 
for the Fraser River Basin (i.e., Moore 99; Coulson 
997; Morrison et al. 2002).

Creating projections of future streamflow and 
snowpack conditions across the entire Fraser River 
Basin is valuable for several reasons. For example, 
the distributed hydrologic model produces simu-
lations at various spatial and temporal scales. To 
estimate projected streamflow responses for specific 
watersheds, the model “forces” future simulations 
with temperature and precipitation downscaled from 
gridded GCMs. By examining a suite of GCMs and 
emissions scenarios, it is possible to analyze a range 
of potential futures for the Fraser River Basin. This 
approach to modelling provides practitioners with 
valuable information to support planning initia-
tives and to develop suitable adaptation plans for the 
Fraser River Basin. 

The work we present here applies the bias-correct-
ed spatial downscaling technique to estimate future 
temperature and precipitation change for six GCM 
emissions scenarios selected from the IPCC’s fourth 
assessment report database (see Intergovernmental 
Panel on Climate Change 2007). This particular sub-
set of the GCMs performs well across North America 
when compared to historical data (Plummer et al. 
2006; Salathé et al. 2007; Gleckler et al. 2008). The 
six scenarios described in “Snow Accumulation and 
Melt,” (above) were chosen to represent a wide range 
in future conditions, from warm-wet to cool-dry 
climates occurring in the Fraser River watershed. 
Downscaling measures included bias-correction 
of the monthly “coarse”-resolution GCM emissions 
scenarios model output to match the spatial and 

temporal resolution of the VIC hydrologic model 
(based on methods described by Wood et al. 2002; 
Widmann et al. 2003; Salathé 2005; see also “Down-
scaling for Watershed Modelling,” below). These 
downscaled forcings were used to run the VIC model 
out to the year 200 across the entire 225 000 km2 

Fraser Basin above Hope, at a grid-scale resolution of 
approximately 32 km2 (as described in Schnorbus et 
al. 2009). This updates previous work by employing 
the latest GCMs as well as a statistical downscaling 
technique that produces a bias-corrected transient 
simulation on a monthly basis for the entire distri-
bution, gridded to the scale of the hydrologic model 
resolution (32 km2). For the historical baseline period, 
the model performance was 0.89 for the calibration 
period (985–990) and 0.82 for the validation period 
(99–995) based on Nash-Sutcliff model efficiency 
(Nash and Sutcliffe 970).

Future projected changes for the Fraser River 
Basin by the 2050s include an increase in median 
annual precipitation of 5% and potential increase in 
median annual air temperature of 2° C. Figure 9.9 
presents winter and summer scatterplots for all IPCC 
SRES AR4 GCMs along with the selected GCM and 
emissions scenarios for precipitation against tem-
perature as projected anomalies from the historical 
baseline. Figure 9.0 shows the projected increase 
in annual mean air temperature by the 2050s, an 
increase that is observed across all six scenarios. 
Across most models, the warming is greatest in the 
Thompson-Nicola region in the southeastern part of 
the basin. The median summer (June–August) air 
temperature is projected to increase by 3–4° C. Al-
though the southern portion of the basin will warm 
faster than the north in the summer, the strongest 
winter warming is projected for the northern region 
of the basin (e.g., in the Stuart River watershed 
above Fort St. James, 2.6° C). Figure 9. illustrates 
the projected increase in annual median precipita-
tion across the basin, although some scenarios show 
a small decrease in the southern part of the basin, 
including the Chilcotin Plateau and the Thompson-
Nicola region. Most model projections illustrate an 
increasing gradient of precipitation to the northeast 
of the basin, with the least amount of precipitation 
change projected for the southwestern portion of the 
Fraser along the Coast Mountain ranges (8%). Sum-
mer precipitation change is projected to decrease in 
most scenarios, although the ECHAM5-AB scenario 
projects a wetter summer in the northern watersheds 
near Quesnel. 
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FIGURE 9.9  Scatterplots of (a) winter and (b) summer precipitation versus air temperature 
projections for the Fraser River Basin provided by the six GCM emissions scenarios.  
The modelling centre is identified in the legend followed by the GCM name/version:  
CCCMA – Canadian Climate Centre for Modelling and Analysis; MPI – Max Planck 
Institute; GFDL – Geophysical Fluid Dynamics Laboratory; UKMO – United Kingdom 
Meteorological Office. 

�����������������������������������
��������������������
�������������������
�������������������
�������������������
�����������������
��������������������

����������������������������������������

� ���� ���� ���� �� ��

�

�

�

�

�

�

�����������������

��
�

�
��

��
��

��
��
�
�

a

b



722

 For the most part, these projections agree with 
findings from previous work but with some differ-
ences. Morrison et al. (2002) projected an increase 
in mean annual air temperature of .5° C with the 
CGCM doubled CO2 simulation, which is similar but 
lower than the CGCM3-B emissions scenario pro-
jection we present here for the Fraser Basin. Moore 
(99) based his analysis on GCM projections provid-
ed in Slaymaker (990), which selected “boundary” 
model results, estimating that temperatures would 
increase by 2.4–6° C in the winter and 0.6–4.2° C in 
summer. Moore’s (99) precipitation projections 
ranged from no change at all to increases of 5% and 
20%, which is similar to the wet ECHAM5-AB and 
CGCM3-AB GCM emissions scenarios presented here. 
Coulson’s (997) projection for a 9% increase in pre-

cipitation for Prince George is also within the range 
represented by the six scenarios analyzed here. Mor-
rison et al. (2002) projected approximately a 5 % in-
crease (decrease) in winter (summer) precipitation at 
Kamloops, which is similar to the winter projections 
provided here; however, the summer decrease may 
be too extreme, based on the downscaled projections 
analyzed in this study. Differences in the projec-
tions may be partly attributable to the GCM versions 
applied in previous studies (e.g., CGCM3 vs. CGCM), 
and the use of new transient emissions scenarios 
(SRES vs. doubled CO2) applied in this case study. 

Basin-wide annual runoff projections for the 
2050s range from –20% in some watersheds to +35% 
by the CGCM3-AB scenario (Figure 9.2). The drier 
scenarios (i.e., GFDL2.-A2 and HADCM3-AB) project 

FIGURE 9.0  Six GCM emissions scenarios projecting annual air temperature changes to the 2050s 
in the Fraser River Basin. Historical temperatures are illustrated in the top left-hand 
panel. The six scenarios are shown as degree Celsius anomalies from the 1961–1990 
baseline period.

Kilometres
 0 125 250 500
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a decline in annual runoff through the southern 
plateau regions of the Basin, in the Cariboo-Chil-
cotin region (including West Road River and Baker 
Creek), and into the lower reaches of the Thompson 
River watershed. Notably, most of the scenarios 
project a positive runoff condition for the future in 
the northern reaches of the watershed above Prince 
George, which reflects the projected 6% increases 
in runoff estimated by Colson (997). A 4% increase 
in runoff is projected for the Fraser River at Hope, 
although projections range from almost no change 
in runoff (%, GFDL2.-AB) to a larger increase (23%, 
CGCM-AB), with a standard deviation between sce-
narios of 8%. On a seasonal basis, flows for the Fraser 
at Hope are projected to increase by approximately 
500 m3/s in the spring, and decrease by approxi-

mately 400 m3/s in the summer on average (Figures 
9.3 and 9.4). 

 Most scenarios project winter runoff increases, 
but some scenarios (i.e., GFDL2.-A2, HADCM3-AB) 
project a drier winter for the headwater basins of the 
Cariboo-Chilcotin region (Figure 9.5). Decreases 
in runoff for these models correspond to moderate 
increases or slight decreases in annual precipitation 
and declines in fall soil moisture (results not shown). 
The median winter 2050 projection for the Fraser 
Basin illustrates large increases in runoff (00% or 
greater) for mid-elevation reaches along the Rocky 
Mountain headwater regions, as opposed to the 
Coast Mountains, where slight decreases are pro-
jected by the 2050s. Increases in runoff correspond 
to a 25% increase in the winter precipitation for 

FIGURE 9.  Six GCM emissions scenarios projecting annual average precipitation changes to 
the 2050s in the Fraser River Basin. Historical precipitation (mm) is illustrated in the 
top left-hand panel. The six scenarios are shown as percentage differences from the 
1961–1990 baseline period.

Kilometres
 0 125 250 500
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the Rocky Mountains. The median summer runoff 
projection (Figure 9.4) is drier for most areas of the 
basin, especially in the watersheds of the Quesnel, 
McGregor, Salmon, and South Thompson Rivers. 
Projections for the lower reaches of the Thompson 
River watershed appear to have virtually no change 
in runoff for almost every scenario (Figure 9.4). 

These runoff projections corroborate with Mor-
rison et al.’s (2002) results with some important de-
viations. The Morrison et al. study (2002) indicated 
that the change in peak flow is projected to decline 
into the future, whereas the modelled flows pre-
sented here are projected to increase. This important 
difference may be caused by the higher precipitation 
amounts (particularly in the spring) projected by 

the more recent, transient SRES emissions scenarios. 
Additionally, the Morrison et al. study may have 
underestimated precipitation distributions across the 
high-elevation regions of the Fraser Basin, whereas 
the gridded downscaling approach of the VIC model 
allows for a more accurate analysis of high-elevation 
regions and shows these areas as receiving increased 
amounts of precipitation (still falling as snow) by 
the 2050s. This can be seen in the April st SWE 
maps where high-elevation sites in the Rocky and 
Coast Mountain ranges experience slight increases 
in snowpack (see Figure 9.7). However, the different 
tools and modelling approaches used in each study 
prevents a definitive explanation of why these model 
projections are so divergent.

FIGURE 9.2  Six GCM emissions scenarios projecting annual average runoff changes to the 2050s 
for the Fraser River Basin. Historical runoff (mm) is illustrated in the top left-hand 
panel. The six scenarios are shown as percentage differences from the 1961–1990 
baseline period.

Kilometres
 0 125 250 500
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FIGURE 9.3  Fraser River streamflow: (a) future projections of Fraser River streamflow at Hope, with the 1961–1990 baseline period 
(average of all GCMs) depicted by a black line; (b) differences in streamflow from the baseline period with the range 
in GCM emissions scenarios shown in grey to illustrate the variation across the scenarios.

FIGURE 9.4  Six GCM emissions scenarios projecting summer (JJA) runoff changes to the 2050s for 
the Fraser River Basin. Historical runoff (mm) is illustrated in the top left-hand panel. 
The six scenarios are shown as percentage differences from the 1961–1990 baseline 
period.
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Changes in Geomorphic Processes

Landslides in British Columbia are driven by cli-
mate, topography, geology, and vegetation. Landslide 
response to climatic changes will vary depending 
on the type of landslide and the initiation process 
(Geertsema et al. 2007; and see Chapter 8, “Hillslope 
Processes,” and Chapter 9, “Forest Management 
Effects on Hillslope Processes”). Future changes 
in geomorphic processes will be driven primarily 
through changes in precipitation and temperature 
regimes. Recent trends, as detailed above in “His-
torical Trends in Landslides and Other Geomorphic 
Processes,” are expected to continue.

In northern British Columbia, shallow slides and 
debris flows happen during infrequent large storms; 
large rock slides appear to respond to warming and 

may be triggered during convective storms; and 
larger soil slides are more common during periods of 
increasing precipitation (Egginton et al. 2007; Geert-
sema et al. 2007; and “Historical Trends in Land-
slides and Other Geomorphic Processes,” above). 
Long-term increases in temperature and precipita-
tion may be preconditioning slopes to fail, whereas 
intense or large-scale storms may also be triggers 
of such failures (Egginton 2005). Both scenarios are 
expected to increase with future climatic changes. 

In coastal British Columbia, debris slide and 
debris flow initiation typically occurs during high- 
intensity precipitation events, often augmented 
with additional input from snowmelt, which occurs 
during fall or winter frontal storm systems. Predic-
tions of the influence of projected climate changes 
to precipitation have typically focussed on average 

FIGURE 9.5  Six GCM emissions scenarios projecting winter (DJF) runoff changes to the 2050s for 
the Fraser River Basin. Historical runoff (mm) is illustrated in the top left-hand panel. 
The six scenarios are shown as percentage differences from the 1961–1990 baseline 
period. 

Kilometres
 0 125 250 500
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precipitation and long-duration conditions rather 
than extreme or short-duration events. As such, 
regional predictions of changes in precipitation 
intensity–duration relationships remain a significant 
knowledge gap in British Columbia, particularly for 
durations shorter than 24 hours. Landslide response 
to climate change in these areas will largely follow 
the projected peak flow response in rain-dominated 
and hybrid streams. In the Georgia Basin, for exam-
ple, relationships between annual precipitation and 
short-duration precipitation intensity were exam-
ined by Miles as a predictive approach to estimating 
changes in storm frequency.11 For 24-hour rainfall 
events sufficiently large enough to initiate slope 
failures, the reported 0% increase in annual precipi-
tation over 80 years could lead to a decrease in storm 
return periods from 0.4 to 6.3 years.12 Similarly, 
Jakob and Lambert (2009) correlated GCM modelling 
with antecedent precipitation and short-duration 
rainfall observations to evaluate projected changes 
in landslide initiation in southwest British Colum-
bia. They estimated that a 6–0% increase in anteced-
ent and short-duration precipitation amounts by the 
207–200 period could lead to expected increases in 
landslide initiation of 28%. 

Ongoing glacial recession will continue to pro-
mote periglacial processes in recently deglaciated 
areas. This includes increased geomorphic hazards 
such as outburst flooding, rock debuttressing, slope 
failures on over-steepened slopes, changes to sedi-
ment production, and suspended sediment fluxes 
(Moore et al. 2009).

Snow avalanche activity will likely also be af-
fected through various processes that are forecast to 
change; however, the overall implications are likely 
complex and variable. Increased storm intensities 
during the winter may lead to increased avalanche 
activity. Countering this process will be warmer- 
than-present winter temperatures which, in general, 
will result in lower temperature gradients within 
snowpacks, and therefore increased slope stability. 
This may have a more pronounced effect for Interior 
ranges and northern British Columbia, which cur-
rently have very cold winters and typically strong 
snowpack temperature gradients. In some areas, the 
winter snow line may migrate high enough so that 
lower-elevation areas do not exceed threshold snow 
depths sufficient to initiate avalanches. This upward 

migration of the snow line, and encroachment of 
vegetation into avalanche paths, may lead to a cor-
responding upslope shift in avalanche runout zones. 
This process is most likely to be pronounced in 
coastal British Columbia, and particularly at or near 
the current tree line.

Changes in the timing and amounts of stream-
flow and cumulative watershed conditions will likely 
influence stream channel morphology and riparian 
function. Increased frequency of channel-forming 
peak flows is most likely in rain-dominated and hy-
brid systems. This could lead to channel instabilities, 
particularly in alluvial stream channels (e.g., Millar 
2005). Changes to the return period of flood events 
also will have implications for engineering design 
criteria. In mountainous headwater stream systems, 
hillslope processes are coupled to stream channel 
processes such that changes in sediment delivery 
will affect sediment transport, channel morphology, 
and aquatic ecology (Benda et al. 2005). Similarly, 
changes in channel stability (i.e., bank erosion), 
windthrow, or landslides will likely affect supply and 
function of large woody debris (LWD) in streams 
(Hassan et al. 2005).

Potential changes in disturbance patterns at the 
watershed or landscape scales can also influence cu-
mulative watershed effects. With warmer and drier 
summers projected for parts of British Columbia, fire 
seasons in these areas are expected to become longer 
with increased total area burned in each fire season 
(Flannigan et al. 2002, 2005). Wildfires can lead to 
widespread and severe surface erosion, debris flows, 
and flooding within watersheds (Curran et al. 2006). 
Severe impacts on stream channel morphology have 
been observed in response to changes in peak flow 
regime or increased sediment supply (Wondzell and 
King 2003), or related to loss of bank strength (Eaton 
et al. 200). With increased fire activity, increases in 
erosion and flood processes can also be expected.

Widespread forest disturbances, such as insect 
infestations or disease, can also affect watershed 
processes. For example, changes in forest canopy 
structure in stands affected by the mountain pine 
beetle have resulted in changes to site-level hydrol-
ogy. Across larger areas, this could lead to increased 
flood frequency–magnitude relationships (Hélie et 
al. 2005; Uunila et al. 2006). Increased frequency 
of flood events can influence channel morphology. 

 Miles, M. 200. Effects of climate change on the frequency of slope instabilities in the Georgia Basin, B.C.: Phase . Natural Resources 
Canada, Canadian Climate Action Fund, Ottawa, Ont. Can. Climate Action Fund Proj. No. A60. Unpubl. report.

2 Ibid.



728

For example, Grainger and Bates (200) examined 
increased flood risk attributed to the mountain pine 
beetle infestation and subsequent salvage harvest-
ing in Chase Creek, and found that flood frequency 
increased by approximately 2.5 times. These changes 
resulted in significant channel changes and in-
creased risks to private property and public infra-
structure. Widespread tree mortality within riparian 
zones can affect the delivery of LWD to streams, 
riparian function, and instream dynamics of LWD 
(Everest and Reeves 2007). Riparian response to 
widespread forest disturbance, however, can be 
complex. For example, in beetle-affected stands near 
Vanderhoof, Rex et al. (2009) found that the domi-
nance of unaffected spruce in the riparian areas of 
pine forests allowed for the maintenance of riparian 
function despite widespread pine mortality. Climate 
change is expected to affect ecological disturbance 
processes such as disease and insect outbreaks 
(Campbell et al. 2009), and therefore may also affect 
related riparian processes.

While fluvial geomorphic processes and disturb-
ances are important for the renewal and diversity of 
fish habitat, altered rates and magnitudes of water-
shed processes above normal levels will have other 
implications for stream ecology and fish populations. 
Disturbances directly connected to stream channels, 
such as landslides and debris flows, can reduce the 
quantity and quality of fish habitats for several years 
or decades, and consequently the local abundance 
of salmon populations in affected stream reaches 
(Hartman and Scrivener 990; Tschaplinski et al. 
2004). Additionally, related processes such as local 
streambed scour can isolate the main stream chan-
nel from important seasonal fish habitats and refuges 
located in the floodplain, thus potentially reducing 
salmon survival and annual smolt production (Hart-
man and Scrivener 990; Tschaplinski et al. 2004).

Changes in Water Quality

A considerable amount of research has focussed 
on the potential effects of climate change on water 
supplies; however, relatively little is known about 
the related effects on chemical water quality. Recent 
IPCC publications provided only cursory details 
on the effects of climate change on water quality 
(Kundzewicz et al. 2007; Bates et al. 2008). Limited 
predictions in this area may be partly related to 
the challenge of separating the potential effects of 
climate change on water quality from those of land 

and water use on surface and ground waters. Never-
theless, interest in this topic is growing (Whitehead 
et al. 2009). 

The effects of climate change on chemical water 
quality are likely complex and will vary with the 
physical, geographical, and biological characteristics 
of each watershed. Changes in climatic conditions 
have the potential to either mitigate or worsen exist-
ing water quality issues, especially when combined 
with the effects of natural resource use (Dale 997). 
The most important factors that influence the effects 
of climate change on water quality are increases in 
atmospheric and water temperatures and changes in 
the timing and amount of streamflow. 

Changes in stream or lake temperatures and effects 
on fish
Climate change has the potential for both direct 
and indirect effects on stream temperature. Most 
directly, the energy exchanges that govern stream 
temperature may change. Solar radiation, generally 
the dominant driver of daily maximum tempera-
tures, depends on the Sun’s position in the sky and 
the transmissivity of the atmosphere (a function of 
humidity, cloud cover, dust content, and other fac-
tors), and is therefore not directly related to air tem-
perature; however, incident solar radiation will be 
influenced by any changes in cloudiness that accom-
pany climate change. Incident longwave radiation, 
which acts to suppress nighttime cooling, increases 
with increasing air temperature and also with in-
creasing cloud cover, and thus should be influenced 
by climate warming. Groundwater is typically cooler 
than stream water in summer during daytime and 
warmer during winter, and thus acts to moderate 
seasonal and diurnal stream temperature variations 
(Webb and Zhang 997; Bogan et al. 2003). Deep 
groundwater temperatures tend to be within about 
3° C of mean annual air temperature (Todd 980). It 
is reasonable, therefore, to assume that climate-in-
duced groundwater warming will influence stream 
temperature regimes, particularly during base-flow 
periods when groundwater is a dominant contribu-
tor to streamflow and especially when energy inputs 
at the stream surface are relatively minor (e.g., at 
night). 

Projected hydrologic changes in some areas may 
produce lower streamflow in late summer, and also 
less groundwater discharge. Both of these influences 
could promote higher late-summer water tempera-
tures. Similarly, reductions in late-summer stream-
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flow associated with glacier retreat are expected to 
result in higher stream temperatures (Moore et al. 
2009).

Less directly, climate change may result in 
changes to vegetation and (or) land use patterns, 
which could influence stream shading and possibly 
channel morphology. For example, it is generally 
accepted that the area burned by wildfires will in-
crease in some areas under a future warming climate 
(Flannigan et al. 2005). Debris flows often increase 
in frequency following wildfire, and can generate 
increased stream temperatures by producing wider 
channels (which reduces shading) and removing 
substrate. This decreases the potential for hyporheic 
exchange, which can moderate stream temperatures 
(Johnson 2004). Where wildfires burn through 
riparian zones, the reduction in canopy shade can 
produce higher stream temperatures caused by in-
creased insolation (Leach and Moore 200) and also 
cause channel widening due to loss of bank strength 
(Eaton et al. 200). Dunham et al. (2007), working in 
the Boise River basin in Idaho, found that streams 
in undisturbed catchments were cooler than streams 
subject to riparian wildfire, which in turn were 
cooler than streams that experienced channel distur-
bance in addition to riparian wildfire. 

Other indirect influences may occur through 
human-induced changes in drainage patterns to 
address changing patterns of water availability and 
scarcity. For example, withdrawals of water for irri-
gation or other uses typically cause increased stream 
temperatures (e.g., Hockey et al. 982), whereas the 
effects of impoundments are more complex, depend-
ing on the depth of the reservoir and the depth from 
which downstream flow releases originate (e.g., 
Webb and Walling 997).

Most attempts to evaluate potential stream tem-
perature responses to climate change have used the 
statistical relationship between stream temperature 
and air temperature to assess sensitivity related to 
the projected changes in air temperature derived 
from GCM output (e.g., Eaton and Scheller 996; 
Mohseni et al. 999; Morrill et al. 2005). Morrison et 
al. (2002) conducted a more comprehensive assess-
ment for the Fraser River. They used a conceptual 
model of catchment hydrology (the University of 

British Columbia Watershed Model), in conjunction 
with projections of future temperature and precipita-
tion, to generate scenarios for streamflow for sub-ba-
sins of the Fraser River. They then used these climate 
and streamflow projections, together with a model of 
energy exchanges and water flow in the Fraser River 
stream network, to simulate stream temperatures. 
The scenarios suggest an increase in the spatial and 
temporal frequency of temperatures exceeding 20° C, 
particularly below the confluence with the Thomp-
son River.

Stream and lake temperatures are projected to 
increase with climate change, which will result in 
several specific concerns for aquatic and fish spe-
cies including salmon (Levy 992; Mote et al. 2003). 
Increased water temperatures could affect metabolic 
rates and increase biological activity and decomposi-
tion. In aquatic systems with sufficient nutrient and 
oxygen supplies, an increase in biological productivi-
ty can increase nutrient cycling and possibly acceler-
ate eutrophication (Murdoch et al. 2000). However, 
it is likely that in aquatic systems currently stressed 
by high biological oxygen demand any subsequent 
increase in water temperatures could decrease 
biological productivity as a result of a decline in the 
oxygen-holding capacity of the water. 

The vulnerability of fish to climate change will 
partly depend on how much the water body warms 
and the sensitivity of individual fish species to tem-
perature and habitat changes. Temperature-related 
risks for fish include both acute (short-term) and 
chronic (also termed “sublethal” or “cumulative”) ef-
fects.13 The vulnerability of fish may depend on local-
scale watershed management strategies, which have 
the potential to exacerbate or mitigate the effects of 
climate change. For example, research on the Little 
Campbell River (a tributary entering Boundary Bay, 
about 35 km south of Vancouver) concluded that wa-
tershed remediation or degradation can greatly affect 
the ultimate impacts of climatic change on chronic 
thermal risks to fish.14 

Responses to increased water temperatures will 
generally be defined by fish species or specific stocks, 
and how these changes will affect the various life 
stages (from egg to spawning adult). Nelitz et al. 
(2007) provided a useful species and life-stage- 

3 Fleming, S.W. and E.J. Quilty. 2006. A novel approach: reconnaissance analysis of the Little Campbell River watershed. Report  
prepared for Environmental Environ. Qual. Sect., Lower Mainland Reg., B.C. Ministry of Environment. Aquatic Informatics Inc., 
Vancouver., B.C. Unpubl. report. www.env.gov.bc.ca/epd/regions/lower_mainland/water_quality/reports/ltl-campbell-riv/pdf/ltl-
camp-riv-analysis.pdf (Accessed May 200).

4 Ibid.

http://www.env.gov.bc.ca/epd/regions/lower_mainland/water_quality/reports/ltl-campbell-riv/pdf/ltl-camp-riv-analysis.pdf
http://www.env.gov.bc.ca/epd/regions/lower_mainland/water_quality/reports/ltl-campbell-riv/pdf/ltl-camp-riv-analysis.pdf
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specific summary of potential biological vulner-
abilities to climate-induced changes in water flows 
and temperatures. Increased temperatures in tem-
perature-sensitive systems may result in increased 
frequencies of disease, increased energy expendi-
tures, altered growth, thermal barriers to both adult 
and juvenile migration, delayed spawning, reduced 
spawner survival, altered egg and juvenile develop-
ment, changes in biological productivity and other 
rearing conditions, and altered species distribution.

Changes in baseline conditions of aquatic ecosys-
tems could also influence the outcomes of competi-
tion between species with differential temperature 
tolerances, as well as affect the necessary habitat 
requirements and survivability of sensitive species 
(Schindler 200). Watersheds with warm water tem-
peratures or low flows that currently affect salmonid 
survival are centred in the southwest, southern Inte-
rior, and central Interior of British Columbia (Nelitz 
et al. 2007). Under a changing climate, it is projected 
these areas will be further stressed. Salmonids show 
species-specific thermal optima and tolerances 
(Selong et al. 200; Bear et al. 2007), and even small 
(–2° C) differences in these conditions may result in 
marked differences in species distribution (Fausch 
et al. 994). Distribution changes may be the direct 
result of the effects of water temperature on fish 
physiology, or (indirectly) a consequence of displace-
ment of temperature-sensitive species such as bull 
trout (Salvelinus confluentus) by competing spe-
cies such as rainbow trout (Oncorhynchus mykiss). 
Therefore, shifts in population distributions may be 
unavoidable and likely will result in the loss of sal-
monids in some areas where habitat conditions are 
currently close to tolerable limits (Nelitz et al. 2007). 
The effects of increased water temperatures are likely 
compounded wherever hydrologic regime changes 
reduce seasonal flows. For example, the limits of fish 
distribution in headwater areas are further altered by 
changes in the abundance and distribution of peren-
nial, intermittent, and ephemeral watercourses. 

Alternatively, in regions or specific water bodies 
where temperatures are below thermal optima for 
fish or temperature sensitivity is not a concern, in-
creased water temperatures may promote fish growth 
and survival. Even minor temperature increments 
can change egg hatch dates and increase seasonal 
growth and instream survival in juvenile salmon. At 
Carnation Creek, minor changes in stream tempera-
tures in the fall and winter due to forest harvesting 
profoundly affected salmonid populations, acceler-
ating egg and alevin development rates, emergence 

timing, seasonal growth, and the timing of seaward 
migration (Tschaplinski et al. 2004). 

The combination of increased temperatures and 
decreased late-summer base flows (low flows) could 
increase the stress for fish and other aquatic biota 
in the future. Low flows can cause a reduction in 
habitat availability, food production, and water 
quality, and can heighten the effects of ice on smaller 
streams during the winter time (Bradford and Hei-
nonen 2008). 

Changes in chemical water quality processes
Water quality changes related to temperature effects 
on terrestrial ecosystems are also possible. For ex-
ample, increases in air temperature can increase soil 
productivity and rates of biogeochemical cycling, 
which may influence the chemical composition of 
runoff from terrestrial ecosystems. Soil microbes 
play an important role in influencing nitrogen reten-
tion and release to surface waters in forested water-
sheds (Fenn et al. 998). Specifically, nitrification 
rates in soils are generally temperature-dependent; 
thus, nitrate concentrations in stream water are 
highly correlated with average annual air tempera-
ture (Murdoch et al. 998) and future projected 
temperature changes. 

Another important climate change factor that 
may change the rates of nutrient cycling in water-
sheds is the projected shifts in tree species composi-
tion related to temperature changes. This is because 
different tree species have different nutrient cycling 
regimes. Similarly, increases in other climate-related 
disturbances, such as wildfire or forest pest infesta-
tions, have the potential to increase nutrient cycling 
and leaching of mobile nutrients (e.g., nitrate) to 
surface waters (Eshleman et al. 988). The effects of 
these disturbances are discussed in Chapter 2, “Wa-
ter Quality and Forest Management.”

One of the most direct effects of a changing 
climate on water quality is linked to changes in the 
timing and volume of streamflow. For example, as 
streamflows decline, the capacity of freshwaters to 
dilute chemical loadings will be reduced (Schindler 
200). Where the greatest temperature increases are 
projected during the summer and declines in surface 
water volumes are likely (i.e., the Columbia Basin 
and the Okanagan), water quality deterioration is 
possible as biologically conservative nutrients and 
contaminants could become more concentrated. 

Where precipitation is expected to decline (i.e., 
southern and central British Columbia), deteriorat-
ing water quality will become a greater issue than 
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in regions experiencing only an increase in air 
temperature. The key issue in these regions will be 
the decreased dilution capacity (higher pollutant 
concentrations) related to altered flows. Declines in 
surface water flows result in longer resident times 
for chemicals entering lakes (Whitehead et al. 2009). 
This is of greatest importance for biologically reac-
tive chemicals for which longer resident times can 
result in increased biological reaction and increased 
potential for eutrophication (Schindler 200). 

Some of the effects we have described here may 
be mitigated in regions such as the Peace Basin and 
northwest British Columbia, where increases in 
summer precipitation and an overall wetter climate 
are predicted. For example, increased flows may 
potentially result in increased dilution of some 
nutrient contaminants, offsetting the effects of 
temperature increases and the associated evapora-
tive demand. In some instances, greater dilution of 

pollutants may actually result in a positive effect on 
water quality. Similarly, an increase in the dilution 
capacity of streams may occur during the spring 
freshet in regions with predicted increases in winter 
precipitation. However, a counterbalancing effect 
may become evident on any water quality improve-
ments because of an increase in stream power and 
non-point source pollutant loadings to watercourses. 
Higher runoff can lead to an increase in erosion and 
sediment transport in aquatic systems and reduced 
residence times, resulting in a decrease in chemical 
and biological transformations. This is of greatest 
concern for nutrients and chemicals that tend to 
adsorb to suspended solids, such as phosphorus and 
heavy metals. Higher concentrations of phosphorus, 
along with warmer temperatures, can promote algal 
blooms that reduce water quality (Schindler et al. 
2008).

Because of the uncertainty associated with the pre-
diction of local climate change using climate mod-
els, natural resource managers must consider the 
effects of drier, wetter, more variable, less variable, or 
simply warmer conditions depending on the interac-
tions of several site-specific environmental factors. 
Given the uncertainty of future climate projections 
at a regional level, as well as the incremental effects 
of various land uses on watershed processes, water-
shed-scale hydrologic models possess the potential 
to address short- and long-term forest management 
questions. These analyses may include problems 
such as an assessment of possible future growing 
conditions, the permanence of wetlands and small 
streams, or the potential changes to flooding, low 
flows, and other disturbances as a result of a chang-
ing climate. Yet, as a recent review of hydrologic 
models points out, numerous challenges are likely 
related to the inherent limitations of these models 
and the data inadequacies that exist across British 
Columbia (Beckers et al. 2009c).

In this section we highlight the specific qualities 

required in a hydrologic model for climate change 
applications at the forest management scale, and 
discuss several of the suggested improvements for 
climate change or forest management applications. 
Much of this information is summarized from Beck-
ers et al. (2009a, 2009b), who provided a detailed re-
view of several currently available hydrologic models 
and the suitability of these models for applications 
related to climate change. For a general discussion 
of weaknesses and limitations of using numerical 
models and other methods for detecting and predict-
ing changes in watersheds, the reader is directed to 
Beckers et al. (2009a, 2009b, 2009c), and Chapter 6, 
“Detecting and Predicting Changes in Watersheds.”

The suitability of any model depends on several 
components, such as available data and resources, 
and the ultimate end use of the modelled results. The 
presence of these components in selected watershed 
models will enable the simulation and investigation 
in a climate change context. Table 9.4 summarizes 
these critical components.

MODELLING REQUIREMENTS FOR CLIMATE CHANGE APPLICATIONS AT THE FOREST MANAGEMENT SCALE
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Downscaling for Watershed Modelling

Projected changes to climate are available at scales 
of greater than 0 000 km2, whereas watersheds of 
interest generally range from 5–500 km2 in size. 
Linking large-scale global climate model projec-
tions to hydrologic models requires downscaling of 
climatic data. The downscaling method will depend 
on the hydrologic model used and the nature of the 
question to which the model is applied. Statistical 
methods are most common, as these are compu-
tationally less intensive than dynamical methods. 
These methods range from the bias correction spatial 
downscaling techniques designed for use with grid-
ded models to draw on monthly GCM data (Wood 
et al. 2002; Widmann et al. 2003; Salathé 2005), 
to more sophisticated applications such as hybrid 
methods that use daily information from GCMs and 
draw on the strengths of statistical tools and stochas-
tic weather generators. Dynamic downscaling results 
from regional climate models (RCMs) are being 

produced at higher resolution over British Columbia 
(approximately 5 km2), and multiple RCMs have 
been compared over North America via the North 
America Regional Climate Change Assessment 
Program. The Pacific Climate Impacts Consortium 
is developing methods that apply statistical down-
scaling to dynamically downscaled projections 
to provide higher temporal and spatially resolved 
information similar to approaches applied outside 
of Canada (e.g., Bürger 2002). 

Global Climate Model Selection for Watershed 
Modelling

Modelling future changes requires a clear rationale 
for GCM selection. The GCMs selected will dictate 
the range and median of future projected changes 
(Pierce et al. 2009). For example, the range in projec-
tions for the 2050s depends more on the choice of 
models than on emissions scenarios (Rodenhuis et 
al. 2007). To reduce computational time, remove 

TABLE 9.4 Climate change hydrologic model components (adapted from Beckers et al. 2009c)

Modelled output Required model component

Atmospheric evaporative demand Solar radiation, humidity, and wind speed

Evaporation and precipitation interception Leaf area index 
 Stomatal resistance
 Forest growth (productivity)
 Forest survival (mortality) 
 Temporal input control

Snow accumulation and melt Physical or analytical snowmelt equations
 Rain-on-snow simulation

Permafrost, river ice, and lake ice Frozen soil influence on water movement
 River and lake ice model component

Glacier mass balance adjustments Glacier accumulation or melt model 
 Glacier geometric response

Streamflow Groundwater
 Lakes 
 Wetlands
 Water consumption (water supply systems)

Stream and lake temperatures Water temperature model component

Frequency and magnitude of disturbances Channel routing (floods) 
 Multiple vegetation layers (wildfires, pests)
 Vegetation albedo, radiation transmissivity (wildfires, pests)  
 Soil albedo (wildfires) 
 Hydrophobicity (wildfires)
 Landslide simulation
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outliers, and ease interpretation of results, Hamlet 
et al.15 have selected a subset of the GCMs; however, 
a clear consensus on how to evaluate model perfor-
mance and select outliers does not currently exist. 
Overland and Wang (2007) identified and eliminated 
outliers by comparing historical GCMs to observa-
tional data, whereas Manning et al. (2009) weighted 
less biased models more greatly to create a proba-
bilistic ensemble. A carefully selected subset will 
likely represent the range of possible wet-dry and 
warm-cool futures to present an adequate character-
ization of the related uncertainty. In British Colum-
bia, knowledge of GCM model selection is currently 
expanding. The Pacific Climate Impacts Consortium 
expects to publish foundation papers and a guidance 
report on this topic in 200. For more information, 
go to: http://pacificclimate.org/.

Modelling Atmospheric Evaporative Demand

Increases in atmospheric evaporative demand may 
lead to greater evaporative losses from water bod-
ies and changing water demands of vegetation. 
Incorporating weather variables into calculations 
of reference evapotranspiration is therefore critical. 
Subsequently, physically based approaches to calcu-
lating evapotranspiration should provide the greatest 
level of confidence in results. Because empirical 
methods are based on historical data, physically 
based equations are better suited for predicting pos-
sible shifts in hydrologic responses outside histori-
cal data ranges. Many of the models reviewed by 
Beckers et al. (2009c) employ the Penman-Monteith 
equation recommended by the Food and Agricul-
tural Organization of the United Nations and the 
American Society of Civil Engineers to determine 
reference evapotranspiration (Allen et al. 2005). 

Although the theoretical understanding of suit-
able equations to calculate reference evaporation is 
advanced, the main challenge in anticipating future 
increases in evaporative demand arises from a lack 
of understanding regarding possible changes in 
temperature, solar radiation, humidity, and wind 
speed. Projections of future climate change have 
focussed primarily on analyzing and downscaling 
mean temperature and precipitation outputs from 
GCMs. Relatively little research has been done to 
extract and analyze the remaining variables, or to 
find adequate methods for downscaling modelled 

output into formats suitable for use in hydrologic 
models, to points (representative of meteorological 
stations), or to high-resolution grids. Thus, we need 
to develop improved methods of downscaling solar 
radiation, humidity, and wind speed from GCMs to 
drive hydrologic models.

Modelling Future Evaporation and Precipitation 
Interception

To apply hydrologic models for planning purposes, 
we must consider the issues surrounding forest 
growth and mortality. When conducting long-term 
model simulations, it may be important to deter-
mine whether the model input is easily adapted to 
represent gradual or abrupt changes in vegetation 
disturbance. The ability to vary vegetation proper-
ties over time within a single model simulation (i.e., 
the ability to change properties without having to 
re-start the model) is referred to as “temporal input 
control” (Table 9.4).

The amount and type of vegetation and its physi-
ological characteristics have an important effect on 
site water balance. The interaction between vegeta-
tion and the atmosphere (i.e., evapotranspiration, 
precipitation interception) is determined by vegeta-
tion surface area (Monteith and Unsworth 990; 
Shuttleworth 993), typically represented as leaf 
area index (LAI) in most hydrologic models. Leaf 
area index is also a primary reference parameter for 
plant growth. Thus, within a climate change context, 
explicit representation of vegetation (i.e., LAI) is a 
critical model parameter to describe forest charac-
teristics, and potential effects of episodic or long-
term changes. 

Stomatal resistance (or its inverse, stomatal con-
ductance) is another crucial parameter (see Table 
9.4) used to calculate the vegetation transpiration 
rate from humidity (vapour pressure) gradients 
(Monteith and Unsworth 990). Stomatal resistances 
vary between plant species and are an important 
physiological model parameter. Hydrologic mod-
els need to simulate the closing of stomata (i.e., an 
increase in stomatal resistance) when atmospheric 
water demand exceeds water availability (i.e., to 
describe plant response to atmospheric and soil dry-
ing). Therefore, inclusion of multi-layered vegetation 
and associated vegetation parameters can be an 
important quality for a hydrologic model to pos-

5 Hamlet, A.F., E.P. Salathé, and P. Carrasco. Statistical downscaling techniques for Global Climate Model simulations of temperature 
and precipitation with application to water resource planning studies. In prep.

http://pacificclimate.org/
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sess. To improve the ability of hydrologic models to 
simulate the hydrologic effects of altered vegetation 
composition, suggested model improvements include 
adapting watershed models to include forest growth 
and mortality, linking to existing forest growth and 
mortality models, and (or) adding temporal input 
control to some models.

Modelling Future Snow Accumulation and 
Accelerated Melt

For long-term simulations of climate change, a 
key challenge is the ability of a hydrologic model 
to spatially simulate both snow accumulation and 
snowmelt processes. Over a single model run, these 
models must also be able to initially represent 
predominantly nival conditions that then become 
hybrid (mixed) conditions or even pluvial (Beckers 
et al. 2009c). Additionally, changes in the form of 
precipitation (rain or snow) in the late fall or early 
spring may become increasingly important factors to 
simulate. As such, the ability of hydrologic models to 
accurately model mixed regimes (i.e., rain-on-snow 
energy transfer) can be crucial. Snowpack accumula-
tion and melt is also an important factor for other 
water balance components, as these processes relate 
to albedo and snow-covered versus bare ground. 
Where models do not accurately model the spatial 
extent of snow, errors can occur in estimating snow-
melt contributions to streamflow or in predicting the 
onset or rate of evapotranspiration. Model testing 
approaches (e.g., Jost et al. 2009) that incorporate 
SWE data measurements from a range of elevations 
and aspects hold promise in helping to validate 
model output in mountainous, data-sparse water-
sheds. Models with physically based or analytical 
(temperature-radiation) snowmelt routines are better 
suited than empirical models to predict the potential 
for accelerated melt under a changing climate (Table 
9.4) for the same reasons mentioned previously. 

Modelling Soil Freezing, Permafrost, Lake Ice, and 
River Ice

River and lake ice formation and break-up processes 
are often the focus of specialized kinematic models 
(e.g., Beltaos 2007) that are not typically incorpo-
rated into watershed-scale hydrologic models used in 
forest management applications. Soil temperatures, 
however, are more widely accounted for in water-

shed models, typically to calculate the ground heat 
flux component of the snowpack energy balance 
(e.g., Wigmosta et al. 994). Only the Cold Regions 
Hydrological Model (Pomeroy et al. 2007) has the 
ability to assess frozen soil conditions (via soil 
temperatures) and associated effects on water move-
ment among the models reviewed by Beckers et al. 
(2009c). The following general modelling improve-
ments are therefore suggested.

• Increase the ability of hydrologic models to simu-
late the effects of permafrost thaw on hydrological 
processes applicable to the northern portions of 
British Columbia, Alberta, and other areas where 
permafrost occurs. Frozen soil conditions may 
also be important to model in non-permafrost 
areas (e.g., effects on infiltration).

• Improve our understanding of how climate 
change will alter the three-way interaction be-
tween streamflow generation, water temperatures, 
and river and lake ice formation and break-up.

• Develop tools that allow resource managers to 
assess the importance of these interactions (and 
how they may change in the future) for forest 
management. 

Modelling Glacier Mass Balance

For some watersheds, the ability to simulate changes 
in glacial melt contributions to streamflow may be 
critically important. Glacial processes are repre-
sented in some models that simulate the increased 
melt rates related to climate change (Beckers et al. 
2009c); however, for long-term simulations, it is 
also necessary to calculate glacier mass balance and 
to adjust glacier area and volume (i.e., to simulate 
glacial retreat) . Two important components are 
the capacity to: () track glacier mass balance, and 
(2) account for glacier geometric response to mass 
balance. This latter function was built into a version 
of HBV-EC (Stahl et al. 2008) by drawing on the con-
cept of volume-area scaling. The Western Canadian 
Cryospheric Network is currently working on a 
model suite that will project glacier response using a 
physically based glacier dynamics model, which will 
then be used in parallel with a hydrologic model to 
generate scenarios. Alternatively, stand-alone models 
of glacier mass balance can be used to estimate 
future glacier volume, which will become an input 
to hydrologic models with glacier processes.
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Modelling Future Stream Temperatures

Models to predict stream temperatures fall into 
two general classes (Sridhar et al. 2004): () empiri-
cal relationships based on observations of stream 
temperature and stream properties (such as dis-
charge, channel geometry, and streamside vegeta-
tion characteristics); and (2) models that represent 
the energy balance of the stream. Recently, the use 
of physically based models to predict stream tem-
perature has become feasible by interfacing with GIS 
methods. Although numerous models have been 
developed to predict stream temperature (Webb et 
al. 2008), none of the hydrologic models reviewed by 
Beckers et al. (2009a, 2009c) possessed this capabil-
ity inherently. At a larger scale and as mentioned 
above in “Changes in stream and lake temperatures 
and effects on fish,” Morrison et al. (2002) conducted 
a comprehensive assessment using the University of 
British Columbia Watershed Model, in conjunction 
with projections of future temperature and precipita-
tion, to generate streamflow scenarios for sub-basins 
of the Fraser River. Other temperature models are 
used operationally in British Columbia, such as 
the FJQHW97 river temperature model. The federal 
Department of Fisheries and Oceans has used this 
model for the Fraser River during the salmon migra-
tion period and it has played an important role in 
aiding decisions to open or close commercial fisher-
ies (Foreman et al. 200). This model was also used 
for climate change analysis (Foreman et al. 200).

To improve future stream temperature simula-
tions, existing watershed models could be adapted to 
spatially simulate stream temperatures or couple to 
existing aquatic (e.g., salmonid) habitat simulation 
models. However, where surface water–groundwater 
interactions are strong controls on stream tempera-
ture, fully coupled models that include subsurface 
processes at a relevant scale would be necessary.

Modelling the Future Frequency or Magnitude of 
Forest Disturbances

Watershed modelling can be used to assess the 
suitability of current infrastructure (e.g., stream 
crossings) under potential future climate conditions, 
and (or) to determine the suitability of engineering 
design criteria using scenarios. In some rain-domi-
nated regimes, the ability of watershed models to 
examine such questions may depend on the accurate 
simulation of preferential runoff mechanisms (e.g., 
Carnation Creek on Vancouver Island; Beckers and 

Alila 2004). In snow or mixed regimes, accurate 
simulation of melt rates is important for predicting 
peak flows (e.g., Redfish Creek in southeast British 
Columbia; Schnorbus and Alila 2004).

Other disturbances that are projected to increase 
include wildfire, forest pests (insects), windthrow, 
breakage of trees, and landslides. Of these disturb-
ances, the modelling of landslides provides a clear 
synergy with watershed simulation (Table 9.4). 
Landslide modelling has been the focus of special-
ized physically based models, such as the distributed 
Shallow Landslide Analysis Model (dSLAM; Wu and 
Sidle 995) and the Integrated Dynamic Slope Stabil-
ity Model (IDSSM; Dhakal and Sidle 2003), and has 
been incorporated in the Distributed Hydrology Soil 
Vegetation Model  (DHSVM; Doten et al. 2006).

In contrast, specialized windthrow models (e.g., 
Lanquaye and Mitchell 2005) currently offer mini-
mal synergies with watershed modelling. This lack 
of synergy also holds true for predicting the occur-
rence of pests. It is critically important, however, 
for hydrologic models to incorporate (as inputs) the 
changes in physical watershed characteristics that 
may occur as a result of these disturbances. For ex-
ample, an important aspect related to tree mortality 
is the change in canopy albedo and solar radiation 
transmissivity (Table 9.4), which in turn affects the 
radiation energy balance of affected stands. 

Forest fires also cause vegetation changes that, 
depending on fire behaviour, may include either 
removal of the understorey without canopy disrup-
tion or full combustion of the overstorey, resulting 
in standing dead timber. These complex changes 
can be represented in a straightforward fashion 
only with models that allow for multiple (stratified) 
vegetation layers (Table 9.4). Fires can also cause 
changes in soil properties that affect the hydrologic 
response, including altered soil albedo, and (under 
certain conditions) the formation of hydrophobic 
conditions, which limit soil infiltration (Agee 993). 
Although soil hydrophobicity is known to decline 
over time, the overall process is poorly understood 
(DeBano 2000) and, as such, the ability to simu-
late these conditions is challenging. For example, 
although it is possible to alter soil physical proper-
ties in existing hydrologic models, representing the 
potential effect of soil hydrophobicity on infiltration 
is problematic because no models allow temporary 
changes to soil properties within a single model run 
to account for a reduction in hydrophobicity over 
time (Beckers et al. 2009c).

The current understanding of climate change 
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influences on average meteorological conditions is 
much further developed than that of understanding 
potential changes in the frequency and magnitude of 
extreme events (Rodenhuis et al. 2007). An improved 
understanding of extreme events (temperature, 
precipitation, and wind) under a changing climate 
is needed to advance hydrologic modelling. An in-
creased ability to use models to investigate potential 
forest disturbances such as landslides, fire hazards, 
pests (insects), and windthrow is also needed. The 
outputs from these models could then be used to 
parameterize hydrologic models for forest manage-
ment purposes. 

Modelling Future Streamflow 

Most currently available watershed models will 
calculate changes in streamflow, infiltration, soil 
moisture conditions and shallow subsurface runoff, 
and the subsequent discharge of water to the stream 
channels without applying any modifications to the 
model. Nonetheless, specific questions regarding the 
interaction of forest management and climate 
change may create difficulties for existing models in 
certain settings. For example, changes in groundwa-
ter recharge rates associated with climate change 
(e.g., Scibek and Allen 2006a, 2006b) may have 
consequences for base flow contributions to low 
flows. The capability to account for the anticipated 
increased competition between human use and 
instream needs may be another important feature  
in selecting a model (Table 9.4). 

Improvements in simulating altered peak and 
low flows in a changing climate are often contingent 
on advances in the previously discussed topic areas 

(evapotranspiration, snow accumulation and melt, 
permafrost and river and lake ice processes, glacier 
mass balance adjustments, etc.). Furthermore, if 
a model was developed and calibrated to simulate 
snowmelt-dominated watershed conditions and is 
subsequently used to assess the consequences of a 
regime shift to mixed or rainfall-dominated regimes, 
its accuracy in predicting future streamflow condi-
tions may be reduced. Additional model improve-
ments include processes related to groundwater, 
wetland and lakes, and other factors such as human 
water consumption (water competition) that af-
fect streamflow. This capability is currently limited 
in those models reviewed by Beckers et al. (2009a, 
2009c).

The watershed models reviewed by Beckers et 
al. (2009c) had varying capabilities for examining 
climate change questions; however, incremental 
enhancements to existing models (rather than the 
development of new models) will help guide forest 
management decisions. For instance, to apply the 
complex, physically based models better suited to 
addressing climate change questions, further efforts 
are required to enhance and organize data resources. 
Examples include producing spatially coherent veg-
etation data sets with up-to-date LAI and stomatal 
resistance information, and incorporating weather 
variables such as solar radiation, humidity, and wind 
speed into climate change projections. A fundamen-
tal barrier to considering climate change in a forest 
management context is the uncertainty in possible 
future climates (and emissions), with current pro-
jections offering a wide range of possible outcome 
scenarios. 

SUMMARY

British Columbia’s climate has changed over the last 
00 years and will continue to experience change 
with the future looking warmer and wetter. Trans-
formation of local air temperature and precipitation 
regimes will drive changes in groundwater and the 
magnitude and timing of both low and high stream-
flows in any given watershed. Many areas will see 
accelerated snowmelt and increased water levels in 
the winter. Projected warming coupled with altered 
streamflows will likely increase stream temperatures 
affecting water quality and, consequently, fish in 
many areas. Glaciers and permafrost will to con-

tinue to melt, and landslide regimes will ultimately 
respond to all of these drivers. The associated effects 
will have many important implications for the fish-
eries, agriculture, forestry, recreation, hydroelectric 
power, and water resource sectors. As this chapter 
has illustrated, the effects at a local scale will be 
complex and vary in importance according to the 
sensitivity of local watersheds conditions to climatic 
changes. 

Currently, practical management responses to 
climate change are not well formalized, as the focus 
of the past few years has largely been on project-
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ing and understanding what the future might hold. 
As a next step, the development of effective climate 
change management responses will likely involve 
local-level strategies that result in both short- and 
long-term benefits to ecosystems and society beyond 

climate change applications. The selection of such a 
suite of approaches may be the best chance to ensure 
the effective stewardship of watershed resources and 
associated values in the future. 
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Ablation “The process by which ice and snow waste 
away as a result of melting,” evaporation and (or) 
sublimation. (): quote1

Absorption “The taking up, assimilation, or in-
corporation of molecules, ions, or energy into the 
interior of a solid or liquid.” Compare to adsorption. 
(2):709 quote

Accuracy “Closeness of computations, estimates 
or measurements to the exact or true values.” (3):6 
quote

Acidosis “A condition in which body fluids become 
more acidic, i.e. the pH is less than 7.4, and the ca-
pacity of the body to buffer hydrogen ions is dimin-
ished.” Compare to alkalosis. (35) quote

Active Floodplain Lowlands bordering a river, 
which are subject to flooding on a periodic basis. 
Floodplains are composed of alluvium deposited on 
land during flooding. The active area is character-
ized by recently deposited river-borne debris, limited 
terrestrial vegetation, and recent scarring of trees by 
material transported by floodwaters. (3):Section A 
paraphrase

Acute Toxicity “Toxic or poisonous effect that 
occurs during or soon after exposure to a toxicant. 
The term usually refers to a lethal effect (death) or 
to a major sub-lethal effect such as greatly altered 
behaviour or physiology. Formal acute toxicity tests 
establish the concentration of a substance that kills a 
specified fraction of the test organisms (usually 50%) 
within a specified time (usually 96 hours or less).” 
Compare to chronic toxicity. (2):709 quote

Adfluvial “Migrating between lakes and rivers or 
streams.” (2):709 quote

Adsorption “Physical adhesion of molecules of 
gases, liquids, or dissolved substances to the surfaces 
of solids or liquids with which they are in contact.” 
Compare to absorption. (2):709 quote

Advection The transfer of heat, cold, humidity, sol-
utes, pollutants, or other properties by the horizontal 
movement of an air mass or water current. Compare 
to convection. (28) pers. comm.

Aerodynamic Resistance “The bulk meteorological 
descriptor of the role of the atmospheric turbulence 
in the evaporation process.” It depends on wind 
speed, surface roughness, and atmospheric stability. 
(34):07 quote, paraphrase

Affluent (Stream)  A branch or tributary stream 
that flows into a larger stream channel. ():5 para-
phrase

Aggradation “The geologic process by which 
streambeds, floodplains and the bottoms of other 
water bodies are raised in elevation by the deposition 
of material eroded and transported from other areas. 
It is the opposite of degradation.” (4):G- quote

Albedo “The ratio of reflected to incident radia-
tion.” Albedo depends on surface properties such 
as colour and texture, which influence the absorp-
tion rate and angle of solar incidence, respectively. 
“Freshly fallen snow, for example, reflects more solar 
radiation back into the atmosphere than grass or 
forest,” indicated by its higher albedo. (5):Section A 
quote; (6):297 paraphrase; (6):297 quote

Alevin “Larval salmonid that has hatched but has 
not fully absorbed its yolk sac, and generally has 
not yet emerged from the spawning gravel.” (2):709 
quote

Alkalosis “A condition in which the body fluids 
become more alkaline, i.e., the pH is more than 7.4.” 
Compare to acidosis. (35) quote

Allochthonous Material “Derived from outside a 
system, such as leaves of terrestrial plants that fall 
into a stream.” Compare to autochthonous material. 
(2):70 quote

APPENDIX 1 Glossary of Hydrologic and Geomorphic Terms

Leisbet J. Beaudry, Jason A. Leach, Jennifer McConnachie, Pierre G. Beaudry, and Robin G. Pike

 Citations indicate reference as numbered in list of references following glossary, page number, and whether the definition has been 
quoted or paraphrased; for example, “(): quote” indicates a quote from page  of reference . Pers. comm. indicates definitions  
generated by the compilers of this glossary.
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Allogenic “Exogenous, caused by external factors, 
such as a change in habitat or environment caused 
by flooding.” Compare to autogenic. ():8 quote

Alluvial “Deposited by running water.” (2):70 quote

Alluvial Fan “A relatively flat to gently sloping land-
form composed of predominantly coarse grained 
soils, shaped like an open fan or a segment of a cone, 
deposited by a stream where it flows from a nar-
row mountain valley onto a plain or broad valley, or 
wherever the stream gradient suddenly decreases.” 
(7):D. quote

Alluvium Sediment transported and deposited by 
flowing water. Particle size distribution of deposits 
depends on water energy, which varies with channel 
gradient, lateral distance from stream, or presence 
of flow obstacles, resulting in deposits that tend to 
be sorted or stratified into components (e.g., gravels, 
sands, silts, clays). ():8 paraphrase; (6):297 para-
phrase; (8):0,  paraphrase

Anabranch “A channel that branches off from a 
river, re-joining it further downstream.” (9):Glossary 
terms quote 

Anadromous “Fish that breed in freshwater but live 
their adult life in the sea. On the Pacific coast, anad-
romous fish include all the Pacific salmon, steelhead 
trout, some cutthroat trout and Dolly Varden char, 
lampreys and eulachons.” (4):G- quote

Anaerobic “Characterizing organisms able to live 
and grow only where there is no air or free oxygen, 
and/or conditions that exist only in the absence of 
air or free oxygen.” ():0 quote

Anastomosing “The branching and rejoining of 
channels to form a netlike pattern.” (): quote

Anisotropic Medium “Denoting a medium in 
which certain physical properties are different in 
different directions. An example would be hydraulic 
conductivity that differs between the vertical and 
lateral directions due to layering and alignment of 
soil grains.” (2) quote

Annual Flood “The highest peak discharge of a 
stream in a water year.” See flood. (): quote

Antecedent Moisture “The amount of moisture 
already present in the soil before a specified rain-
storm.” (38) quote

Aquifer A saturated permeable subsurface layer 
such as sand, gravel, sandstone, or limestone that 
stores or transmits groundwater. “Use of the term is 
usually restricted to those water-bearing structures 
capable of yielding water in sufficient quantity to 
constitute a usable supply.” (2):70 paraphrase; ():4 
quote

Aquitard A poorly permeable subsurface layer that 
impedes groundwater movement and does not yield 
water freely to wells. ():5 paraphrase

Armour To protect erodible areas by covering with 
erosion-resistance materials such as rock or concrete. 
():6 paraphrase

Assart Period The period during which land is 
cleared of trees and forest understorey. (36) para-
phrase

Autochthonous Material Material derived within 
a system, such as organic matter produced instream. 
Includes primary producers as well as aquatic biota 
such as invertebrates and fishes. Compare to alloch-
thonous material. (2):70 paraphrase

Autogenic “Relating to or caused by a change in the 
environment or an individual organism due to some 
endogenous factor, i.e., one that comes from within 
the environment or organism.” Compare to allogenic. 
(35) quote

Avulsion “An abrupt change in the course of a 
stream whereby the stream leaves its old channel for 
a new one.” (7):D. quote

Backscarp See escarpment.

Backwater Effect Upstream increase in water level 
produced when a barrier such as a dam or down-
stream flooding obstructs flow. (7):D. paraphrase

Bankfull (Stage) Water surface elevation at which 
a stream first overflows its natural banks, spilling 
water onto the floodplain. (0):7 paraphrase

Basal Area “The area of the circle formed by the 
cross-section of a tree taken .3 m above the ground.” 
(3):6 quote

Basal Till “The till that is transported at, or depos-
ited from, the bottom of a glacier.” (37) quote

Base Flow Streamflow coming from sustained 
subsurface sources, not directly from surface runoff. 
():24 paraphrase
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Basin “A geographic area drained by a single major 
stream; consists of a drainage system comprised of 
streams and often natural or man-made lakes.” Also 
referred to as Drainage Basin; see catchment area, 
watershed. ():25 quote

Basin-lag A characteristic of a basin that describes 
the interval between a precipitation event and the 
time when the peak flow occurs at the basin outlet. 
(38) paraphrase 

Bedload Sediment particles transported on or near 
the streambed by rolling and bouncing. (3):Section B 
paraphrase 

Benthic “Occurring at the base of bodies of water: 
lakes, oceans, and seas.” (38) quote

Benthos “Animals and plants living on or within 
the substrate of a water body.” (2):7 quote

Bifurcation The division of a stream channel into 
two branches or a fork in the stream channel. () 
pers. comm.

Bioassay Assessment of a substance (e.g., water 
sample) by testing its effect on the growth of an or-
ganism under controlled conditions and comparing 
the result with an agreed standard. (2):712 para-
phrase; (5):Section B paraphrase

Biofilm “A colony of bacteria and other micro-
organisms that adheres to a substrate and is en-
closed and protected by secreted slime . . . They are 
important components of aquatic and terrestrial 
ecosystems, typically providing nutrients for small 
organisms at the base of food chains.” (35) quote

Biological Oxygen Demand “Amount of molecu-
lar oxygen that can be taken up by nonliving organic 
matter as it decomposes by aerobic biochemical ac-
tion.” (2):72 quote

Bioturbation “The disruption of sediment by 
organisms, seen either as a complete churning of the 
sediment that has destroyed depositional sedimen-
tary structures, or in the form of discrete and clearly 
recognizable burrows, trails, and traces.” (39) quote

Bog A peat landform characterized by: a dense layer 
of peat; acidic conditions; low nutrient content; water 
table at or near the surface; usually covered with 
mosses, shrubs, and sedges; and trees possibly pres-
ent. Compare to fen, marsh, swamp, shallow waters. 
(32) paraphrase

Boundary Layer “The layer of reduced velocity 
in fluids, such as air and water, that is immediately 
adjacent to the surface of a solid past which the fluid 
is flowing.” ():37 quote

Braided Stream Stream that forms a “network of 
branching and recombining channels separated by 
… islands or channel bars.” (2):72 quote

Bryophyte “A nonvascular plant belonging to the 
division Bryophyta. Some include mosses, liverworts, 
and hornworts in this division, but most scientists 
now only include mosses, consigning the liverworts 
to the division Hepatophyta and hornworts to the 
division Anthocerotophyta.” (36) quote

Buffer Strip Riparian area adjacent to streams or 
lakes left intact as a protective barrier. (2):72 para-
phrase

Bulk Density “Mass of an oven-dry soil sample per 
unit gross volume (including pore space).” (3):23 
quote

Canopy “The more or less continuous cover of 
branches and foliage formed collectively by the 
crowns of adjacent trees.” (3): quote 

Capillary Fringe (Zone) “The part of the vadose 
zone that lies just above the water table, where water 
can be drawn upward by capillary forces.” (30):553 
quote

Cascade “A short, steep drop in stream bed eleva-
tion often marked by boulders and agitated white 
water.” ():45 quote

Catchment Area  “The area draining into a river, 
reservoir, or other body of water.” See basin or water-
shed. ():45 quote 

Channel Density The ratio of the total length of 
stream channels in a given area to the total area. 
Also termed “stream density.” ():48 paraphrase; 
(2):75 paraphrase

Channelization Straightening and (or) deepening a 
pre-existing channel, or constructing a new channel, 
for the purpose of runoff control or navigation. (4):
G-2 paraphrase

Chronic Toxicity “Toxic effect caused by long-term 
exposure to sub-lethal concentrations of a toxicant; 
sometimes refers to an effect manifested long after 
an exposure.” Compare to acute toxicity. (2):73 quote



752

water. “Debris floods have sediment concentrations 
of 20–47% by volume and characteristically have 
significant sediment deposits beyond the channel.” 
(3):79, 09 quotes; (44):62 quote

Debris Flow “Rapid downstream movement of 
liquefied sediment and woody debris” as a coherent 
mass with “a plastic or semi-fluid motion similar to 
a viscous fluid.” Includes channelized “debris flows, 
debris torrents and mudflows.” See slide. (3):79 
quote; (7):D.5, D.3 quotes

Debris Flow Fan  “A relatively steep sloping land-
form shaped like an open fan or a segment of a cone, 
deposited by a debris flow where it exits from a nar-
row mountain valley onto a plain or broad valley, or 
wherever the channel gradient suddenly decreases. 
Sometimes referred to as colluvial fan.” (7):D.3 quote

Debris Slide “A shallow landslide within rock 
debris, characterized by a displacement along one or 
several surfaces within a relatively narrow zone. It 
may take place as a largely unbroken mass, or may be 
disrupted into several units, each consisting of rock 
debris.” (39) quote

Debris Torrent A term no longer used in British 
Columbia. See debris flow. 

Degradation Removal of materials from one place 
to another via erosion, causing lowering of the eleva-
tion of streambeds and floodplains over time. The 
opposite of aggradation. Also used to describe the 
decrease of biological productivity or diversity. See 
aggradation. () pers. comm.

Dendochronology “The technique of dating events, 
determining climatic conditions, growth patterns, 
etc. through the use of tree rings.” ():77 quote

Depth Hoar “Large-grained, faceted, cup-shaped 
crystals near the ground in a snowpack. Depth hoar 
forms because of large temperature gradients within 
the snowpack.” (40) quote

Dew “The droplets of water condensed from air, 
usually at night, onto cool surfaces.” ():83 quote

Dewater Removal of water from a streambed or 
waste product. ():83 paraphrase

Dewatering “Condition in stream channel when all 
the water flow occurs within the permeable stream-
bed sediments, so no surface water is left; common 
in small streams with considerable accumulations 
of” bedload. Commonly occurs in severely aggraded 
channels. (3):Section D quote

Chronostratigraphic Unit “A body of rock estab-
lished to serve as the material reference for all rocks 
formed during the same span of time. Each of its 
boundaries is synchronous.” (9) quote

Chinook Wind “A downslope wind in which the air 
is warmed by adiabatic heating.” ():50 quote

Cirque “A smallish, rounded depression with 
steeply sloping sides carved into the rock at the top 
of a ridge where a glacier has its head.” ():5 quote

Colluvium “Loose, weathered material brought to 
the foot of a cliff or some other slope by gravity.” 
(6):298 quote

Conduction “The transmission of heat, electricity, 
or sound” through direct contact between molecules 
of the conducting material. (5):Section C: quote, 
paraphrase

Confluence “The meeting or junction of two or 
more streams.” ():6 quote

Convection The transfer of energy in a fluid me-
dium (water or air) “by the circulation of currents 
from one region to another.” ():64 quote

Corrasion “The wearing away of earth materials 
through the cutting, scarping, scratching, and scour-
ing effects of solid material carried by water or air.” 
():65 quote

Craton “A part of the Earth’s crust that has at-
tained stability, and has been little deformed for a 
prolonged period. The term is now restricted to the 
extensive central areas of continents.” (9) quote

Creep “Slow mass movement of soil and soil mat-
erial down relatively steep slopes, primarily under 
the influence of gravity but facilitated by saturation 
with water and by alternate freezing and thawing.” 
():67 quote

Crown Closure “The stand condition resulting in 
the crowns of trees touching and effectively block-
ing sunlight from reaching the forest floor. Crown 
closure is expressed as a percentage.” (3):8 quote

Debris An accumulation of unsorted fragments of 
soil, rock, and sometimes large organic material (e.g., 
tree limbs). Also used to describe organic material 
transported within streams. (7):D.2 paraphrase

Debris Flood  “Transport of large volumes of 
sediment and woody debris down gully systems 
by large volumes of water.” “Debris floods do not 
behave as coherent flows” as the main constituent is 
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Diffusion “The process whereby particles of liquids, 
gases, or solids intermingle as the result of their 
spontaneous movement caused by thermal agitation 
and in dissolved substances move from a region of 
higher to one of lower concentration.” (4):38 quote

Dimictic Lake A temperature “stratified lake or 
reservoir that experiences two periods of full mixing 
or (fall and spring) overturns annually” replenish-
ing the oxygen-poor bottom water. Compare to 
monomictic lake. ():84 quote

Discharge “Volume of water” (or other liquid, e.g., 
effluent) “flowing past a reference point per unit time 
(usually expressed as m3/s).” (2):75 quote

Distal “Applied to a depositional environment sited 
at the furthest position from the source area, and 
generally characterized by fine-grained sediments.” 
(39) quote 

Distributary “A diverging stream that does not re-
turn to the main stream, but discharges into another 
stream or ocean.” ():87 quote

Ditch Block “A blockage that is located directly 
downgrade of a cross-drain culvert or cross-ditch 
and designed to deflect water flow from a ditch into a 
cross-drain culvert.” (3):Section D quote

Drainage Basin “Total land area draining to any 
point in a stream, as measured on a map, aerial 
photo, or other horizontal, two-dimensional projec-
tion.” Also termed catchment area or watershed. See 
basin and watershed. (2):75 quote

Drift “To be carried along by currents of air or wa-
ter.” Often specifically refers to stream invertebrates 
and organic material transported in water currents. 
Also used to describe sediments transported by gla-
ciers and deposited directly from the ice or by glacial 
meltwater. ():92 quote; (2):75 paraphrase; (5):76 
paraphrase

Drought “Periods of less than average or normal 
precipitation over a certain period of time sufficient-
ly prolonged to cause a serious hydrological imbal-
ance resulting in biological losses (impact flora and 
fauna ecosystems) and/or economic losses (affecting 
man).” ():94 quote

Drunken Trees “A group of trees leaning in all 
directions. Drunken trees can occur on flat perma-
frost-rich terrain as well as on steep terrain influ-
enced by landslides. Also referred to as jackstrawed 
trees.” (7):D.3 quote

Dry Valley “Linear depression that lacks a perma-
nent stream but that shows signs of past water ero-
sion.” (39) quote

Dystrophic “Characterized by having brownish 
acidic waters, a high concentration of humic mat-
ter, and a small plant population. Typically used to 
describe a lake or pond.” ():97 quote

Ecotone “A habitat created by the juxtaposition 
of distinctly different habitats; an edge habitat; or 
an ecological zone or boundary where two or more 
ecosystems meet.” ():99 quote

Effluent (Stream) A stream that flows out of an-
other stream or water body, or a stream or reach fed 
by groundwater; also “complex fluid waste material 
such as sewage or industrial refuse that is released 
into the environment” (especially into surface wa-
ters). See gaining stream. ():0 paraphrase: (2):76 
quote

Emissivity “The ratio of exitance of a body to the 
exitance of a black body at the same temperature.” 
(39) quote

Ephemeral Stream A stream, whose channel is 
always above the water table, which flows briefly 
in direct response to precipitation, receiving no 
continued supply of water from snowmelt or springs. 
Compare to intermittent stream. (2):76 paraphrase; 
(8):32 paraphrase

Epilimnion The upper layer of warm water (above 
the thermocline) circulated by wind in a thermally 
stratified lake. ():08 paraphrase

Erosion The loosening, dissolution, or wearing 
away, and subsequent transportation of rock and soil 
material by natural agents, such as water, wind and 
ice. (6):300 paraphrase; (7):D.4 paraphrase

Escarpment “A cliff or steep rock face of great 
length” formed by fault displacement, erosion, or 
mass movement. (8):322 quote

Esker “A narrow ridge of gravelly or sandy glacial 
outwash material deposited by a stream in an ice 
tunnel within a glacier.” ():0 quote

Estuary “Semi-enclosed body of water that has a 
free connection with the open ocean and within 
which seawater is measurably diluted with fresh wa-
ter derived from land drainage.” (2):76, 77 quote
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changes, forming the transition stage to glacial ice.” 
():20 quote

First-Order Stream Headwater streams with 
no tributaries originating from seepage zones or 
springs; the most headward channels in the drainage 
network. See stream order. (3):Section F paraphrase; 
(4):G-8 paraphrase

Flocculation Aggregation of suspended inorganic 
and organic particles through the complex interac-
tion of physical (e.g., shear force), chemical (e.g., 
electrostatic forces), and biological (e.g., extracel-
lular polymeric substances) processes into composite 
particles or flocs. (6):55 paraphrase

Flood Temporary covering of normally dry land or 
floodplain with rapidly accumulating surface water 
from flow that exceeds the bankfull capacity of a 
stream, channel, or reservoir (e.g., lake or ocean). See 
annual flood. ():22 paraphrase

Flood Frequency Analysis A statistical technique 
that uses historical discharge records for a hydro-
metric station to express or measure the average 
time periods between floods equalling or exceeding 
a given magnitude. ():23 paraphrase

Floodplain “A level, low-lying area adjacent to 
streams that is periodically flooded by stream water. 
It includes lands at the same elevation as areas with 
evidence of moving water, such as active or inactive 
flood channels, recent fluvial soils, sediment on the 
ground surface or in tree bark, rafted debris, and tree 
scarring.” (3):Section F quote

Flow Duration Curve “A cumulative frequency 
curve that shows the percentage of time that speci-
fied discharges are equalled or exceeded.” ():28, 29 
quote

Flow Path “The subsurface course a water molecule 
or solute would follow in a given groundwater veloc-
ity field.” ():28 quote

Flume “An open artificial channel or chute carrying 
a stream of water, as for furnishing power, conveying 
logs or as a measuring device.” ():29 quote

Fluvial “Pertaining to rivers or streams. Fluvial 
sediments are those deposited by streams.” Also 
“migrating between main rivers and tributaries.” See 
alluvial and adfluvial. (2):709 quote; (6):30 quote

Fog “Condensed water vapour in cloud-like masses 
lying close to the ground.” ():30 quote

Eutrophic “Rich in dissolved nutrients, photosyn-
thetically productive, and often deficient in oxygen 
during warm periods.” Although this condition 
occurs naturally, it can also be induced or acceler-
ated by human activities (e.g., use of fertilizers and 
inputs of sewage effluent); the process by which this 
condition develops is eutrophication. Compare to 
dystrophic, oligotrophic. (2):77 quote

Evaporation “The physical process by which a 
liquid (or a solid) is transformed to the gaseous 
state.” In hydrology, evaporation usually refers to the 
change in state of water from liquid to gas. Compare 
to sublimation. (): quote

Evapotranspiration Loss of water to the at-
mosphere by the combined processes of surface 
evaporation (e.g., from soil or vegetation) and tran-
spiration from metabolic use of water by plants. See 
evaporation, transpiration. (2):77 paraphrase

Fall (Earth, Rock, etc.) Extremely rapid downward 
movement of soil or rock material by free fall or roll-
ing off very steep slopes. (7):D.4 paraphrase

Falling Limb The portion of the hydrograph trace 
immediately following the peak and reflecting the 
decreasing production of streamflow. Compare to 
rising limb. ():5 paraphrase

Fault “Approximately plane surface of fracture 
in a rock body, caused by brittle failure, and along 
which observable relative displacement has occurred 
between adjacent blocks.” (39) quote

Fen A wetland class that is covered with peat, with 
the water table at or near the surface, and higher 
nutrient content than bogs. Vegetation is character-
ized by sedges and grasses, and trees and shrubs may 
or may not be present. Fens receive both surface and 
subsurface water and tend to reflect the chemistry of 
the underlying geology, often resulting in more alka-
line conditions than bogs. Compare to bog, swamp, 
marsh, shallow waters. (32) paraphrase

Fetch “The distance the wind blows over water or 
another homogeneous surface without appreciable 
change in direction.” ():9 quote

Field Capacity The amount of water held in a vol-
ume of soil after the excess water has drained away 
by gravity. ():9 paraphrase

Firn “Old snow on the top of glaciers that has 
become granular and compact through temperature 
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Fog Drip “Water that is collected on the surface of 
vegetation and falls to the ground, as warm, moist 
air is advected over the vegetation.” (7):424 quote

Freshet “High stream flow, usually confined to the 
stream channel and caused by a regularly recur-
ring hydrological phenomenon (e.g., the snowmelt 
freshet) (regional term).” (3):Section F quote

Frost Heave “Ruptured soil, rock, or pavement 
caused by the expansion of freezing water immedi-
ately beneath the surface.” Compare to ground heave. 
():33 quote

Froude Number “A dimensionless parameter mea-
suring the ratio of the inertia force on an element of 
fluid to the weight of the fluid element—the inertial 
force divided by gravitational force.” (8):Fluid me-
chanics section quote

Fry “The life stage of fish between full absorption of 
the yolk sac and less than -year old.” (3):43 quote

Gaining Stream A stream or reach that receives 
water from the water table (i.e., groundwater seep-
age). See effluent stream. ():35 paraphrase

Glaciofluvial “The processes, sediments, and land-
forms associated with glacial meltwater streams.” 
(6):30 quote

Glaciolacustrine “Pertaining to, or characterized 
by, glacial and lacustrine processes or conditions 
applied especially to deposits made in lakes.” ():4 
quote

Glide “A slow-moving, relatively shallow type of 
run. Calm water flowing smoothly and gently with” 
moderate velocities “and little or no surface turbu-
lence.” (4):G-3 quote

Graded Stream A stream characterized by a 
smooth, concave profile, flattening downstream, that 
appears to exist at a steady-state equilibrium be-
tween the rate of sediment transport and the rate of 
sediment supply (i.e., no net erosion or deposition of 
material) throughout long reaches. Lithological vari-
ations in the streambed that cause features such as 
waterfalls or cascades may retard or prevent stream 
gradation for many thousands of years. (8):486–488 
paraphrase

Graupel “A snow or ice crystal heavily coated in 
rime.” ():4 quote

Greenhouse Gas “Carbon dioxide, water vapour, 
methane or any atmospheric gas that contributes the 

phenomenon whereby the earth’s atmosphere traps 
solar radiation.” ():43 quote

Grike “A joint fracture in limestone, widened by 
solution.” (9) quote

Ground Heave “Lifting of earth due to frost, over-
loading, swelling clay, etc.” (39) quote

Groundwater Subsurface water in the zone of satu-
ration below the level of the water table, where the 
hydrostatic pressure is equal to or greater than the 
atmospheric pressure. (3):Section G paraphrase

Gully “A channel or miniature valley cut by concen-
trated runoff but through which water commonly 
flows only during and immediately after heavy rains 
or during the melting of snow.” ():46 quote

Hail “Solid ice precipitation that has resulted from 
repeated cycling through the freezing level within a 
cumulonimbus cloud.” ():47 quote

Headland “A point of land, usually high with a 
sheer drop extending out into a body of water.” 
():49 quote

Headwater “The source and upper reaches of a 
stream; also the upper reaches of a reservoir.” Also, 
headwater streams are defined as having no perenni-
ally flowing tributaries. ():49 quote; (43) paraphrase

Heat Capacity “Ratio of heat absorbed (or released) 
by a system to the corresponding temperature rise 
(or fall).” See specific heat capacity. (3):74 quote

Heteroscedasticity “In statistics, the degree to 
which the variances of two or more variables differ. 
Many distribution-dependent statistical tests, such 
as analysis of variance and the t-test assume ho-
moscedasticity.” (4) quote

Hoar Frost “Deposits of patterned (‘feathered’, 
‘needles’, ‘spines’, etc.) ice crystals on surfaces chilled 
by radiation cooling. The feature is seen particularly 
well on vegetation. The ice is derived from the depo-
sition of water vapour on surfaces, as well as from 
frozen dew.” (39) quote

Humidity “Expression of the moisture content 
of the atmosphere. Measures of humidity include 
statements of the total mass of water in one cubic 
metre of air (absolute humidity), the mass of vapour 
in a given mass of air (specific humidity), relative 
humidity, vapour pressure, and the mixing ratio.” 
(39) quote
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Hydraulic Conductivity “In general, the ability 
of a rock, sediment, or soil to permit fluids to flow 
through it. More precisely, the hydraulic conductiv-
ity is the volume flow rate of water through a unit 
cross-sectional area of a porous medium under 
the influence of a hydraulic gradient of unity, at a 
specified temperature. The magnitude of hydraulic 
conductivity depends on the properties of both the 
fluid and the medium.” (39) quote

Hydraulic Head “In general, the elevation of a wa-
ter body above a particular datum level. Specifically, 
the energy possessed by a unit weight of water at any 
particular point, and measured by the level of water 
in a manometer at the laboratory scale, or by water 
level in a well, borehole, or piezometer in the field.” 
(36) quote

Hydric Sites where water is “removed so slowly that 
the water table is at or above the soil surface all year; 
gleyed mineral or organic soils” are present. See 
hygric, mesic, and xeric. (20):35 quote

Hydrograph “A graphic representation or plot of 
changes in the flow of water or in the elevation of 
water level plotted against time.” ():56 quote

Hydrological Regime See streamflow regime.

Hydrologic Budget “An accounting of all water 
inflows to, water outflows from, and changes in 
water storage within a hydrologic unit over a speci-
fied period of time.” Also referred to as water budget 
():57 quote

Hydrologic Recovery Process in a forest where 
regeneration restores the hydrology of an area to ap-
proximate pre-logging conditions. (2):25 paraphrase

Hydrologic Response Manner in which a stream 
or watershed reacts to a meteorological event or 
sequence of events. (3):9 paraphrase

Hydrology The science that describes and analyzes 
water, its properties, its circulation, and its distribu-
tion over the Earth’s surface in natural and dis-
turbed environments. ():60 paraphrase; (3):Section 
H paraphrase

Hydrophilic Having a strong affinity for water, 
including the tendency to dissolve in and mix with 
water. Compare to hydrophobic. ():60 paraphrase

Hydrophobic Lacking an affinity for water, in-
cluding the tendency not to dissolve in or mix with 
water. Compare to hydrophilic. ():60 paraphrase

Hydrostatic Pressure The pressure generated at a 
given depth within a liquid at rest, a function of the 
weight of overlying liquid. (2):79 paraphrase; (6):302 
paraphrase

Hyetograph Graph or chart of precipitation inten-
sity versus time. (28) pers. comm.

Hygric Sites where water is “removed slowly enough 
to keep the soil wet for most of the growing season; 
permanent seepage and mottling” and possible weak 
gleying are present. See hydric, mesic, and xeric. 
(20):35 quote

Hygrometer An instrument used to measure atmo-
spheric humidity. ():62 paraphrase

Hypolimnion “Lowermost, non-circulating layer 
of cold water in a thermally stratified lake, usually 
deficient in oxygen.” (2):79 quote

Hyporheic Zone Zone beneath and adjacent to 
streams where water and dissolved chemicals move 
easily between surface and subsurface. ():62 para-
phrase; (22): paraphrase

Illuvial “Describing soil material, usually minerals 
and colloidal particles, that is removed from the up-
per soil horizon to a lower soil horizon” and “depos-
ited from suspension or precipitated from solution.” 
():64 quote; (6):302 quote

Incised Channel A channel cut into the bed of a 
valley floor through accelerated erosion (degrada-
tion) by flowing water of a stream or river. ():65 
paraphrase

Infiltration “The flow of fluid into a substance 
through pores or small openings. The word is com-
monly used to denote the flow of water into the soil.” 
():67 quote

Infiltration Capacity The maximum rate at which 
water can enter a soil in a given condition. ():67 
paraphrase

Influent “Water, wastewater, or other liquid flow-
ing into a reservoir, basin or treatment plant.” Also, 
a stream or reach that loses water by seepage into 
the ground. See losing stream. ():68 quote; ():92 
paraphrase

Interception “Retention of precipitation on vegeta-
tion, from which it is subsequently evaporated with-
out reaching the ground.” Interception is calculated 
as precipitation minus stemflow and throughfall. 
(2):720 quote
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Intermittent Stream A stream that flows for an 
extended portion of the year and may support popu-
lations of some benthic invertebrates with adapta-
tions to those environments. Compare to ephemeral 
stream. ():7 paraphrase

Interstitial “Referring to the interstices or pore 
spaces in rock, soil, or other material subject to fill-
ing by water.” ():72 quote

Isohyet “A line drawn on a map connecting points 
that receive equal amounts of precipitation.” ():76 
quote

Isostatic Rebound The upward movement of the 
earth’s crust that follows large-scale depression of 
the earth because of an increase in weight. Often 
associated with continental glaciation where the 
crust was depressed by the weight of the ice. (45) 
paraphrase

Joint “A divisional plane or surface that divides 
a rock and along which there has been no visible 
movement parallel to the plane or surface.” (9) 
quote

Kame “A conical hill or short irregular ridge of 
gravel or sand deposited in contact with glacial ice.” 
():78 quote

Karst Topography Type of landforms created by 
the dissolution of soluble rocks, such as limestone, 
gypsum, and dolomite, resulting in underground 
drainage, depressions, sinkholes, and caves. ():78 
paraphrase

Kettle “A depression left in a mass of glacial drift, 
formed by the melting of an isolated block of glacial 
ice.” ():78 quote

Kinetic Energy The energy an object has as a result 
of its motion. ():78 paraphrase

Lacustrine The processes, sediments, and land-
forms associated with lakes. () pers. comm.

Laminar Flow “A flow in which fluid moves 
smoothly in streamlines of parallel layers or sheets”; 
non-turbulent flow. ():82 quote

Landslide Sudden mass movement of soil, debris, 
and rock down a slope under the influence of gravity. 
(7):D.6 paraphrase

Lapse Rate “The rate of change of temperature with 
height in the free atmosphere.” ():84 quote

Large Woody Debris Coarse woody material (con-
ventionally greater than 0 cm in diameter and  m 
long), such as twigs, branches, logs, trees, and roots, 
that falls into a stream. (4):G-4 paraphrase

Latent Heat of Condensation  The amount of heat 
energy released to the environment by a unit mass 
of substance when a gas changes its state to a liquid, 
without a change in temperature. ():85 paraphrase

Latent Heat of Vapourization “The amount of 
heat absorbed by a unit mass of substance while 
[changing] from a liquid to a vapour state,” without 
a change in temperature. ():85 quote

Leaf Area Index “The total surface area of the 
leaves of plants in a given area divided by the area of 
ground covered by the plants.” (35) quote

Lentic Relating to or living in standing waters such 
as lakes or ponds. ():87 paraphrase

Lethal Concentration 50 (LC50) “Concentration 
of toxicant lethal to 50% of test organisms during a   
defined time period and under defined conditions.” 
(2):720 quote

Lethal Dose 50 (LD50) “Dose of a chemical lethal 
to 50% of test organisms (rarely used with aquatic 
organisms because LD50 indicates the quantity of 
material injected or ingested).” (2):720 quote

Levee A natural or human-made earthen bank 
along the edge of a stream, lake, river, or ocean that 
restricts flooding. ():87 paraphrase

Lichenometry “A technique for dating rock sur-
faces from measurements of the diameter of lichens 
growing on them.” (39) quote

Limnology The scientific study of biological, physi-
cal, and geological properties of freshwater bodies. 
():89 paraphrase

Liquefaction Process by which water-saturated 
sediment loses strength and becomes a liquid. ():90 
paraphrase

Littoral “The region along the shore of a non-flow-
ing body of water; corresponds to riparian for a flow-
ing body of water. More specifically, the zone of the 
sea flood lying between the tide levels.” ():90 quote

Losing Stream A stream or reach that loses water 
by seepage into the ground. Also termed an “influ-
ent” stream. See influent. ():93 paraphrase
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Lotic Relating to or living in moving water such as 
streams or rivers. (2):72 paraphrase

Low Flow “Minimum flow or absence of flow in a 
stream during the dry season.” Compare to drought. 
(23):5 quote

Lysimeter “A device for evaluating the water budget 
by enclosing a block of soil, often on a scale, with 
equipment for monitoring inputs and outputs.” See 
snowmelt lysimeter. (7):424 quote

Macroinvertebrate “An animal without a back-
bone that is large enough to see without magnifi-
cation” … “(e.g., most aquatic insects, snails, and 
amphipods).” ():93 quote; (2):72 quote

Macrophyte Plants large enough to see without 
magnification, usually in reference to aquatic plants. 
(2):72 paraphrase

Macropore “Pore too large to hold water by capil-
lary action.” (2):72 quote

Main Stem The principal channel of a drainage 
system, excluding any tributaries. (2):72 paraphrase

Manning’s n “Empirical coefficient for computing 
stream bottom roughness,” or the “irregularity of 
streambed materials as they contribute to resistance 
to flow,” which is often “used to determine water 
velocity in stream discharge calculations.” (2):72 
quote; (4):G-6 quote

Marsh A wetland landform that can be periodically 
or permanently flooded, is absent of trees, and usu-
ally has high nutrient content. Compare to bog, fen, 
swamp, shallow waters. (32) paraphrase

Mass Wasting “The slow or rapid gravitational 
movement of large masses of earth material” includ-
ing creep, debris flows, and landslides, also termed 
mass movement. (6):303 quote, paraphrase

Matric Potential “The work per unit quantity 
of pure water that has to be done to overcome the 
attractive forces of water molecules and the attrac-
tion of water to solid surfaces. The matric potential 
is negative above a water table and zero below a free 
water table.” ():95 quote

Mean Annual Precipitation The average annual 
precipitation (rain and water equivalent of snow) 
derived from all known precipitation values, or an 
estimated equivalent value derived using methods 
such as regional indices or isohyetal maps. ():96 
paraphrase

Meander “A sinuous channel form in flatter river 
grades formed by the erosion on one side of the 
channel (pools) and deposition on the other side 
(point bars).” See sinuosity. ():97 quote

Meandering Stream “A clearly defined channel 
characterized by a regular and repeated pattern of 
bends” formed by continued erosion on one side 
of the channel and deposition on the other. (5):46 
quote

Mechanical Site Preparation “Any activity that 
involves the use of mechanical machinery to prepare 
a site for reforestation.” (3):63 quote

Mesic Sites where water is “removed somewhat 
slowly in relation to supply; soil may remain moist 
for a significant, but sometimes short period of the 
year. Available soil moisture reflects climatic inputs.” 
See hydric, hygric, and xeric. (20):35 quote

Monomictic Lake “Lakes or reservoirs which are 
relatively deep, do not freeze over during the winter, 
and undergo a single stratification and mixing cycle 
during the year (usually in the fall).” Compare to 
dimictic lake. ():206 quote

Moraine A heterogeneous mixture of rock and soil 
transported and deposited by a glacier. Moraines ap-
pear as hills or ridges marking original glacial limits. 
(8):70, 7 paraphrase

Neoglacial “A time of increased glacial activity dur-
ing the Holocene.” (38) quote

Nephelometric Turbidity Unit “Measure of the 
concentration or size of suspended particles (cloudi-
ness) based on the scattering of light transmitted or 
reflected by the medium.” See turbidity. (2):722 quote

Nitrification “A chemical process in which nitro-
gen (mostly in the form of ammonia) in plant and 
animal wastes and dead remains is oxidized first to 
nitrites and then to nitrates.” (2) quote

Nival Pertaining to snow. () pers. comm.

Nivation “Complex of surface erosional processes 
acting under a snow cover. It includes gelifraction, 
and the removal of shattered debris by solifluction 
and the movement of melted snow. It is an initial 
process in cirque development.” (39) quote

Nudation “The creation of an area of bare land, 
either by natural events or by humans, which is the 
first stage in vegetation succession.” (37) quote
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Obligate “Without option; of a species, restricted to 
specific environmental conditions and thus unable 
to change its mode of feeding or ecological relation-
ships.” (37) quote

Off Channel  “Bodies of water adjacent to the main 
channel that have surface water connections to the 
main river channel at summer discharge levels.” 
(24):26 quote

Oligotrophic Pertaining to a lake or other body of 
water that is relatively low in nutrients and photo-
synthetic productivity, and rich in dissolved oxygen 
at all depths. See dystrophic and eutrophic. (2):723 
paraphrase

Orographic Precipitation “Precipitation which re-
sults from the lifting of moist air over a topographic 
barrier such as a mountain range. The precipitation 
may occur some distance upwind and a short dis-
tance downwind, as well as on the barrier feature.” 
():227 quote

Outflow Channel “A natural stream channel that 
transports reservoir releases.” ():228 quote

Overland Flow “The flow of rainwater or snow-
melt over the land surface toward stream channels.” 
():229 quote

Paraglacial Processes “The non-glacial Earth-sur-
face processes, sediment accumulations, landforms, 
landsystems, and landscapes that are directly con-
ditioned by glaciation and deglaciation. This distin-
guishes it from the term ‘periglacial’ which is defined 
as ‘cold, non-glacial’ and is applied to environments 
in which frost-related processes and/or permafrost 
are either dominant or characteristic.” Compare to 
periglacial. (38) quote

Peak Flow “Greatest stream discharge recorded 
over a specified period of time, usually a year but of-
ten a season” or even a single event (as in storm peak 
flows). (2):724 quote

Percolation The movement of water through the 
pores or spaces of a rock or soil. ():236 paraphrase

Perennial Stream Stream that flows all year round, 
regardless of weather conditions. (8):952 paraphrase

Periglacial “Applied strictly to an area adjacent to a 
contemporary or Pleistocene glacier or ice sheet, but 
more generally to any environment where the action 
of freezing and thawing is currently, or was during 

the Pleistocene, the dominant surface processes.” 
Compare to paraglacial processes. (39) quote

Periphyton Assemblage of micro-organisms (e.g., 
algae, fungi, bacteria, protozoa) firmly attached to 
submerged surfaces in a stream or other water body. 
():237 paraphrase

Permafrost The thermal condition, irrespective of 
the state of moisture present, of any soil or rock layer 
where temperatures persist “below 0°C for at least 
two consecutive winters” without thawing in the 
summer.  (8):833 paraphrase

Permeability A measure of the ability of soil, sedi-
ments, and rock to transmit fluids, that depends on 
substrate composition, compaction, and porosity. 
(2):724 paraphrase

Phototaxis “A change in direction of locomotion in 
a motile organism or cell which is made in response 
to a change in light intensity. The response is related 
to the direction of the light source.” (36) quote

Phreatic “Of or relating to groundwater.” ():240 
quote

Phreatic Zone “The soil or rock zone below the 
level of the water-table, where all voids are saturat-
ed.” See vadose zone. (39) quote

Phreatophyte “A water-loving plant, one that 
thrives in wet sites and/or has the ability to” send 
roots to the saturated zone to use groundwater. 
():240 quote, paraphrase

Piping “The process by which water forces an 
opening around or through a supposedly sealed 
structure, such as a check dam or levee. As water 
flows through, the opening usually grows larger and 
the water carries away sediment or levee material.” 
():24 quote

Plateau “An extensive, relatively flat upland.” (38) 
quote

Pluvial Pertaining to rain; “Formed or caused by 
the action of rain, as a pluvial deposit” or pluvial 
lake. Associated with the Quaternary geological 
period. ():243 quote; (8):873 paraphrase

Pool A portion of an active stream channel with 
reduced current velocity, typically characterized by 
deeper water than surrounding areas, or “a small 
body of standing water.” (4):G-5 paraphrase, quote
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Pool–Riffle Ratio “The ratio of the surface area or 
length of pools to the surface area or length of riffles 
in a given stream reach.” (4):G-6 quote

Pore Water Pressure “Pressure exerted by water in 
the void space of soil or rock.” ():246 quote 

Porosity “The property of containing openings or 
interstices. In rock or soil, it is the ratio (usually ex-
pressed as a percentage) of the volume of openings in 
the material to the bulk volume of the material. With 
respect to water, porosity is a measure of the water-
bearing capacity of a formation. However, with re-
spect to water extraction and movement, it is not just 
the total magnitude of porosity that is important, 
but the size of the voids and the extent to which they 
are interconnected, as the pores in a formation may 
be open, or interconnected, or closed and isolated.” 
():246 quote

Postglacial “Relating to or occurring during the 
time following a glacial period.” ():247 quote

Precipitation Water that falls to the Earth’s surface 
“from the atmosphere as rain, snow, hail, or sleet” 
following condensation caused by the cooling of 
air below the dew point, “measured as liquid-water 
equivalent regardless of the form in which it falls.” 
(7):D.8 quote; ():248 paraphrase

Proglacial “Applied to the area between a glacier 
and adjacent high ground.” (39) quote

Pyranometer “An instrument which is used to 
measure diffuse and direct solar radiation.” (37) 
quote

Pyrgeometer “An instrument for measuring the 
amount of nocturnal radiation, i.e., the amount of 
heat being radiated away from the Earth’s surface 
into space.” (37) quote

Rainfall Intensity–Duration Curve A curve show-
ing the relationship between rainfall depth (or rate) 
and storm duration in a given area. ():260 para-
phrase

Rain-on-Snow Event Rainstorms that result in 
large streamflows due to the combined effects of 
heavy rainfall and snowmelt runoff. “Rapid snow-
melt is caused by heat supplied from the warm air 
that is characteristic of intense rainstorms and by 
heat released during condensation of moisture from 
the air onto the snow surface.” (3):Section R para-
phrase, quote

Rain Shadow “A dry region on the lee side of a top-
ographic barrier, usually a mountain range, where 
the rainfall is noticeably less than on the windward 
side.” ():26 quote

Rate-of-cut “The proportion of the watershed area 
allowed to be cut each year.” (3):82 quote

Rating Curve A curve on a graph showing the rela-
tion between the discharge of a stream and stage at a 
given gauge station. ():262 paraphrase

Rational Method A mathematical formula used 
to estimate “peak runoff rates from data on rainfall 
intensity and drainage basin characteristics.” Q = 
0.278×CIA, where Q is the peak runoff rate (m3/s), 
C is the rational runoff coefficient, I is the rainfall 
intensity (mm/hr), and A is the drainage area (km2). 
(26):298–299 quote, paraphrase

Reach A relatively homogeneous segment of a 
stream channel, lake, or inlet “characterized by 
uniform channel pattern, gradient, substrate, and 
channel confinement.” (4):G-8 paraphrase, quote

Redd “Nest made in gravel, consisting of a depres-
sion hydraulically dug by a fish for egg deposition 
(and then filled) and associated gravel mounds.” 
(2):725 quote

Repeatability “The quality of a test whereby repeti-
tion of the same protocol and procedures yields the 
same or closely similar results or responses each 
time. This is an important criterion of tests used in 
clinical diagnosis. The distinction between repeat-
ability and reliability is that the latter is a property 
of the measuring instrument, whereas repeatability 
is determined by interaction of the observer, the 
subject, and the instrument.” (42) quote

Resolution “() In remote sensing: ability of an en-
tire remote sensor system, including lens, antennae, 
display, exposure, processing and other factors, to 
render a sharply defined image. It may be expressed 
in line pairs per millimetre or metre, or in many 
other manners. (2) Of instruments: smallest change 
in a physical variable which causes a variation in the 
response of a measuring system.” (3):26 quote

Restoration The return of an ecosystem or habitat 
back to its original community structure, species 
diversity, and natural functions. (3):Section R para-
phrase
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Retrogression “A characteristic of a landslide, in 
which the upper portion of the landslide continues 
to fail resulting in the top of the landslide moving up 
slope.” (7):D.9 quote

Return Flow A source of saturation-excess overland 
flow which occurs if the rate of interflow entering 
a saturated area from upslope exceeds the capacity 
for interflow to leave the area by flowing downhill 
through the soil. The excess interflow thus returns to 
the surface as runoff. (46) paraphrase

Return Period The time to the recurrence of a 
hydrological event, from statistical analysis of hy-
drologic data, based on the assumption that obser-
vations are equally spaced in time. A return period 
of 00 years means that, on average, an event of this 
magnitude or greater is not expected to occur more 
often than once in 00 years. It is calculated as the 
inverse of the probability of occurrence (R = /p). 
():273 paraphrase; (7):D.9 paraphrase

Revetment A facing of material used to armour a 
bank to protect it from erosion. See riprap. (4):G-6 
paraphrase

Reynold’s Number A dimensionless number 
representing the ratio of inertial and viscous forces, 
used to characterize the level of turbulence in fluid 
flow in a pipe or duct, or around an obstacle. ():274 
paraphrase

Rheotaxis “Movement of an organism in response 
to a current of water or air.” ():274 quote

Riffle A shallow section of a stream or river char-
acterized by rapid current and a surface broken by 
completely or partially submerged obstructions such 
as gravel or boulders. (2):726 paraphrase; (4):G-6 
paraphrase

Rill Erosion “Removal of soil particles by surface 
runoff moving through relatively small channels.” 
():275 quote

Rime “A coating of ice, as on grass and trees, 
formed when extremely cold water droplets freeze 
almost instantly on a cold surface.” ():275 quote

Riparian (Area) “An area of land adjacent to a 
stream, river, lake or wetland that contains vegeta-
tion that, due to the presence of water, is distinctly 
different from the vegetation of adjacent upland 
areas.” The riparian area is influenced by and influ-
ences the adjacent body of water. (3):Section R quote; 
(4):G-6 paraphrase

Riprap A layer of large, durable material such as 
coarse rock used to protect exposed surfaces and 
slopes susceptible to erosion such as fills and stream-
banks. See revetment. (2):726 paraphrase

Rising Limb The increasing portion of a hydro-
graph. Compare to falling limb. ():276 paraphrase

Rock Fall The relatively free falling or precipitous 
movement of a newly detached segment of bedrock 
of any size from a cliff or other steep slope; it is the 
fastest form of mass movement and is most frequent 
in mountain areas and during spring when there is 
repeated freezing and thawing of water in cracks in 
the rock. (9) paraphrase

Rotational Failure A mass movement that occurs 
“on a well defined, curved shear surface,” … “pro-
ducing a backward rotation in the displaced mass.” 
(7):D.9 quote

Run An area of a stream or river characterized by 
fast-moving water without surface agitation, where 
the water surface is approximately parallel to the 
overall gradient of the stream reach. Also, a group 
of fish migrating in a river that may include one of 
many stocks. (2):726 paraphrase; (4):G-6 paraphrase

Runoff “The portion of the precipitation that moves 
from the land to surface water bodies” either as sur-
face or subsurface flow. ():279 quote, paraphrase

Sag Pond “A small body of water occupying an 
enclosed depression or sag formed where active or 
recent fault movement has impounded drainage.” 
():28 quote

Salmonid “Refers to a member of the fish family … 
Salmonidae, including the salmons, trouts, chars, 
whitefishes and grayling.” (4):G-6 quote

Saltation “Particle movement in water or wind 
where particles skip or bounce along the streambed 
or soil surface.” ():282 quote

Saturated Flow “The liquid flow of water in soils 
that occurs when the soil pores in the wettest part 
of the soil are completely filled with water and the 
direction of flow is from the wettest zone of higher 
potential to one of lower potential.” ():284 quote

Saturation Zone The part of the soil or rock in 
which all pore spaces are filled with water, includes 
the capillary zone. See unsaturated zone. ():284 
paraphrase
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Scarp See escarpment.

Scouring “The erosion action of running water in 
streams, which excavates and carries away material 
from the bed and banks. Scour may occur in both 
earth and solid rock material.” ():286 quote

Sea Surface Temperature “The temperature of the 
surface layer of sea or oceanic water.” (29) quote 

Secchi Disk “Black and white disk lowered into the 
water to measure water transparency; an average is 
taken of the depth at which the disk disappears when 
lowered and reappears when raised.” “Its primary 
use is in the study of lakes.” ():288 quote; (2):727 
quote

Sedimentation “Deposition of material suspended 
in water or air, usually when the velocity of the 
transporting medium drops below the level at which 
the material can be supported.” (2):727 quote

Sediment Budget An accounting of the erosion, 
storage, and transport processes of soil and sediment 
in drainage basins or smaller landscape units. () 
pers. comm.

Sediment Yield “The amount of sediment trans-
ported by a stream system that may be measurable at 
a particular location. Usually expressed in volume or 
weight per unit of time.” ():29 quote

Seepage “The passage of water or other fluid 
through a porous medium, such as an earth em-
bankment or masonry wall.” ():29 quote

Sensible Heat “Heat that causes a change in tem-
perature by changing the speed at which molecules 
move.” (37) quote

Seral Species “Plant species of early, middle, and 
late successional plant communities. The term is 
often used in a narrower sense in forest management 
to describe the dominant conifer vegetation that fol-
lows major disturbance episodes.” (3):93 quote

Settlement Pond A basin with low water velocity 
that enables “suspended sediment to settle before the 
flow is discharged into a creek.” (3):Section S quote

Shallow Waters A wetland class that encompasses 
basins, pools, and ponds, as well as wetlands found 
beside rivers, coastlines, and shorelines. Consists 
of submerged vegetation and floating leaved plants. 
Compare to bog, fen, swamp, marsh. (32) paraphrase

Shear Stress Stress caused by forces operating par-
allel to one another but in opposite directions. () 
pers. comm.

Sheet Erosion “The removal of thin layers of sur-
face material more or less evenly from an extensive 
area of gently sloping land, by broad continuous 
sheets of running water rather than by streams flow-
ing in well-defined channels.” (7):D.0 quote

Sinkhole “A depression in the earth’s surface 
caused by dissolving of underlying limestone, salt, or 
gypsum. Drainage is provided through underground 
channels which may be enlarged by the collapse of 
a cavern roof.” Usually associated with karst land-
scapes. ():298 quote

Sinuosity “The ratio of channel length between 
two points on a channel to the straight line distance 
between those same two points.” (4):G-7 quote

Sinuous Characterized by a serpentine or wind-
ing form, typically referring to stream channels. See 
meander. () pers. comm.

Sleet “A form of precipitation consisting of fro-
zen raindrops cooled to the ice stage while falling 
through air at subfreezing temperatures.” ():299 
quote

Slide “A mass movement process in which slope 
failure occurs along one or more slip surfaces and in 
which the unit generally disintegrates into a jumbled 
mass en route to its depositional site.” See debris flow. 
(3):Section S quote

Slough “A place of deep mud or mire; a wet or 
marshy place as a swamp or marshland creek. Also a 
side channel or inlet as from river; ordinarily found 
on or at the edge of the flood plain or a river.” ():300 
quote

Slump “A mass movement process in which slope 
failure occurs on a usually curved slip surface and 
the unit moves downslope as an intact block, fre-
quently rotating outward. Slumps appear as discrete 
block movements, often in place, whereas slides 
usually break up and travel downslope.” (3):Section 
S quote

Smolt The stage in the life of salmon and similar 
fish in which the sub-adult individuals become 
physiologically adapted to saltwater and migrate 
down the river to begin adult life in the open sea. 
(36) paraphrase
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Snow Density “The ratio of the volume of melt-
water derived from a sample of snow and the initial 
volume of the sample,” in mass of snow per unit 
volume. ():30 quote

Snowfield “An area, usually at high elevation or 
in polar latitudes, where snow accumulates and 
remains on the ground throughout the entire year.” 
():30 quote

Snow Line “The general altitude to which the 
continuous snow cover of high mountains retreats 
in summer,” controlled by the depth of the winter 
snowpack and summer temperatures. Can also be 
used to identify the general altitude of the continu-
ous snow cover at any one point in time. ():30 
quote; ():302 paraphrase

Snowmelt Lysimeter An instrument used to “col-
lect and measure the melt water that is released from 
the snow pack” during the snowmelt season. See 
lysimeter. (27):29 quote

Snow Pillow “A large rubber/neoprene bladder 
containing anti-freeze laid on the ground prior to 
snowfall. The pressure of the fluid in the bladder is 
measured and this enables the determination of the 
snow water equivalent at that location.” (33) quote

Snow Water Equivalent The depth of water, usu-
ally expressed in millimetres, that would result from 
melting a given depth of snow. A function of the 
snow density. () pers. comm.

Soil Moisture Content “Percentage of water in 
soil, expressed on a dry-weight basis or by volume.” 
(3):42 quote

Solifluction “The slow downslope viscous flow of 
water saturated soil and other unsorted surficial 
material.” (7):D.0 quote

Specific Conductance “A measure of the ability 
of water to conduct electrical current.… related to 
the type and concentration of ions in solution and 
can be used for approximating the total dissolved 
solids (TDS) content of water … used in groundwater 
monitoring as an indication of the presence of ions 
of chemical substances that may have been released 
… by waste storage.” ():308–309 quote

Specific Heat Capacity “The amount of heat 
required to raise the temperature of one gram of a 
substance by one Celsius degree.” See heat capacity. 
():309 quote

Spring Breakup “The breaking of a frozen river, 
etc. into blocks of ice at the spring thaw.” (25) quote

Spume “Foam or froth on a liquid.” ():3 quote

Stage The height of the water surface of a river 
or lake above an arbitrarily established zero point. 
(4):3 paraphrase

Stem Flow Precipitation temporarily intercepted 
by vegetative surfaces that eventually runs to the 
ground down the trunks or stems of plants. (2):728 
paraphrase

Stevenson Screen “An instrument shelter with 
double-louvred sides that allow a free flow of air 
while protecting the instruments from direct sun-
light and precipitation.” (29) quote

Stomatal Conductance “The rate at which water 
vapour passes through the stomata of a plant per 
unit leaf area, typically measured in millimoles per 
square metre per second. It varies between plants, 
depending on the distribution density, size, and pore 
thickness of the stomata, and in the same plant over 
time according to the difference in vapour pressure 
between the inside of the plant and the external en-
vironment and the degree of opening of the stomatal 
pores.” (35) quote

Stream A body of water, generally flowing in a 
natural surface channel. There is no formal classifi-
cation to distinguish streams from rivers, creeks, etc. 
(3):5 paraphrase

Stream Density See channel density.

Streamflow The discharge of water from a surface 
stream course. ():39 paraphrase

Streamflow Regime The characterization of yearly 
streamflow timing and volume in a watershed based 
on the dominant flow generation process (e.g., snow, 
rain, glacial, mixed). (37) paraphrase

Stream Order “A scale-dependent property of 
drainage networks that describes the position and 
approximate size of a stream segment in the net-
work. First order streams are headwater streams that 
have no tributaries. A second order stream is formed 
where two first order streams join, a third order 
stream is formed where two second order streams 
join, etc. Note that the confluence of a second order 
stream with a first order stream remains a second 
order stream.” See first order stream. (4):G-8 quote
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Subaerial Erosion Erosion that exists or operates in 
the open air on or immediately adjacent to the land 
surface. The term is sometimes considered to include 
fluvial. (9) paraphrase

Sublimation The process of a solid transforming 
directly into gaseous form without going through 
the intermediate liquid stage. Compare to evapora-
tion. (6):306 paraphrase

Substrate The basic surface on which material 
adheres, typically mineral and (or) organic material 
that forms the bed of a stream. (4):G-8 paraphrase

Surface Tension “A phenomenon caused by a 
strong attraction towards the interior of the liquid 
action on liquid molecules in or near the surface in 
such a way to reduce the surface area.” ():325 quote

Surficial Geology “Geology of surficial deposits, 
including soils; the term is sometimes applied to the 
study of bedrock at or near the Earth’s surface.” (9) 
quote

Surge A sudden forceful flow like that of a wave or 
series of waves. (4):72 paraphrase

Suspended Sediment The part of a stream’s (or 
other water body’s) total sediment load that is car-
ried in the water column through turbulence, cur-
rents, or colloidal suspension. ():326 paraphrase

Swallet A place where a stream disappears under-
ground, such as a cave entrance in karst regions. 
(3):54 paraphrase

Swamp A wetland class consisting of stagnant or 
slow-flowing pools with high nutrient content, usu-
ally covered with trees and shrubs. Compare to bog, 
fen, marsh, shallow waters. (32) paraphrase

Sympatry “The occurrence of species together 
in the same area. The differences between closely 
related species usually increase (diverge) when they 
occur together, in a process called character dis-
placement, which may be morphological or ecologi-
cal.” (39) quote

Talus “Rock fragments of any size and shape, usu-
ally coarse and angular, derived from and lying at 
the base of a very steep, rocky slope.” (7):D. quote

Terracettes “A series of very long and narrow 
terraces” or lines of steps in soil and grass, that are 
often discontinuous and “run parallel to the con-
tour of the slope.” “Usually produced by very local 

surficial slumping” on moderate to steep slopes in 
cool, humid climates. (7):D. quote; (8):43–45 
paraphrase

Terrain A region of the Earth’s surface consid-
ered as a physical feature, which can be described 
by relief, roughness, and surface material. (8):45 
paraphrase

Terrain Stability “Slope stability from a regional 
perspective as opposed to the study of the stability of 
an individual slope.” (7):D. quote

Thalweg Line of deepest water in a stream chan-
nel as seen from above. Normally associated with 
the zone of greatest velocity in the stream. If there is 
no stream, it is the line of lowest points of a valley. 
(8):49 paraphrase

Thermal Conductivity “A measure of the ability of 
a material to conduct heat.” (9) quote

Thermokarst “Periglacial land-form assemblage 
characterized by enclosed depression (some with 
standing water) and so presenting a karst appear-
ance. It is caused by the selective thaw of ground ice 
associated with thermal erosion by stream and lake 
water and may reflect climatic changes or human 
activity.” (39) quote

Thiessen Polygons “Polygons formed by the 
perpendicular bisectors of the straight lines joining 
adjacent rainfall stations.” (3):56 quote

Throughfall Precipitation that falls through the 
vegetative cover and eventually reaches the ground. 
Indirect throughfall is intercepted by foliage but 
eventually drips and falls to the ground, whereas 
direct throughfall through canopy gaps is not inter-
cepted. See interception. (, 2) pers. comm.

Time of Concentration “The time required for wa-
ter to flow from the farthest point on the watershed 
to” an identified point in the stream. ():334 quote

Toe “The break in slope at the bottom of a stream 
bank where the bank meets the bed”; or the line of 
a cut or fill slope where it intersects the ground or 
roadbed. ():335 quote, paraphrase

Topple In British Columbia, a type of mass “move-
ment that involves the forward rotation of a mass of 
soil or rock about a central point below the displaced 
mass.” (7):D. quote
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Total Dissolved Solids “A measure of the amount 
of material dissolved in water (mostly inorganic 
salts).” One use is to determine the quality of drink-
ing water. ():336 quote, paraphrase

Total Hardness The total dissolved salts in water, 
expressed as the equivalent concentration of calcium 
carbonate. Primarily due, but not limited, to calcium 
and magnesium in solution. (5):Section T paraphrase

Total Maximum Daily Load “The maximum 
quantity of a particular water pollutant that can be 
discharged into a body of water without violating a 
water quality standard.” ():337 quote

Total Suspended Solids The total amount of filter-
able solids found in waste or natural waters. ():337 
paraphrase

Transpiration “Passage of water vapour and other 
gases from a living body through membranes or 
pores; usually used to mean loss of water from leaves 
and other plant surfaces.” (2):730 quote

Tree Throw See windthrow.

Tributary A stream that flows into another, usually 
larger, stream or body of water. (2):730 paraphrase

Trim Line “A line along the stream or channel 
below which evidence of erosion by water and/or by 
a debris flow is readily apparent by the erosion of 
soil and rock and/or by the removal of vegetation, 
including moss.” (7):D. quote

Troglobite “An animal that lives its entire life 
within a cave and is specifically adapted to life in 
total darkness.” (37) quote

Turbidity An optical measure of the reduced trans-
parency of water due to suspended material, which 
causes incident light to be scattered, reflected, and 
attenuated. See nephelometric turbidity unit. ():346 
paraphrase

Unsaturated Zone The subsurface zone in the soil 
between the water table and the soil surface where 
the pores contain both air and water, not including 
the capillary zone. Also termed the zone of aeration. 
See saturation zone. ():349 paraphrase

Vadose Zone “The zone between the land surface 
and the water table … The pore spaces contain water 
at less than atmospheric pressure, as well as air 
and other gases. Saturated bodies, such as perched 

groundwater, may also exist in the vadose zone.” See 
phreatic zone. (30):560 quote

Variable Source Area Saturated zone, adjacent to a 
stream channel, which varies in size seasonally and 
during individual storm events, and contributes run-
off to the channel during a runoff-producing event. 
() pers. comm.

Varve “A layer or series of layers of sediment depos-
ited in a body of still water in one year.” ():353 quote 

Vernal Pool “Wetlands that occur in shallow ba-
sins that are generally underlain by an impervious 
subsoil layer or bedrock outcrop, which produces a 
seasonally perched water table.” ():353 quote

Water Balance An accounting of the balance be-
tween the amount of water entering (inputs) and the 
amount of water leaving a system (outputs), at the 
watershed level. ():358 paraphrase

Waterbar A shallow channel or raised barrier, 
laid diagonally across the surface of a road to guide 
water off the road, preventing “excessive flow down 
the road surface and” subsequent “erosion of road 
surface materials.” (2):73 paraphrase; (3):Section W 
quote

Water Content “The amount of water that is pres-
ent in the air, or in a material such as wood or soil, 
where it is usually expressed as a percentage of the 
oven dry weight of that material.” (37) quote

Water Cycle The cyclic process of water travelling 
in a sequence from the air (condensation) to the 
earth (precipitation) and returning to the atmo-
sphere (evaporation). See hydrological cycle. ():359 
paraphrase

Water Quality The physical, chemical, and biologi-
cal properties of water related to a particular use. 
():364 paraphrase

Water Retention Curve “Graph representing the 
suction pressure versus the moisture or water con-
tent in an unsaturated soil.” (3):27 quote

Watershed Also referred to as a drainage basin 
or catchment area. “Watersheds are the natural 
landscape units from which hierarchical drainage 
networks are formed.” Watershed boundaries typi-
cally are the height of “land dividing two areas that 
are drained by different river systems.” ():367 quote; 
(4):G-8 quote
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Watershed Assessment A process for evaluating 
the cumulative impacts, over time and space, of all 
land use activities within a given watershed on vari-
ables such as streamflows, sediment regime, riparian 
health, and landscape and stream channel stability. 
The process can also be used to assess the potential 
impacts of proposed future land use activities. () 
pers. comm.

Water Table “The level in the ground below which 
all pore spaces are saturated with water.” The surface 
along which water pressure equals atmospheric pres-
sure. (6):307 quote

Water Yield The volume of water produced by all 
or part of a drainage basin through either surface 
channels or subsurface flow for a defined period of 
time. ():370 paraphrase; (5):Section W paraphrase

Weathering “The physical disintegration or chemi-
cal decomposition of rock due to wind, rain, heat, 
freezing, thawing, etc.” ():370 quote

Weir “Notch or depression in a dam or other water 
barrier through which the flow of water is measured 
or regulated. Also, a barrier constructed across a 
stream to divert fish into a trap or to raise the water 
level or divert water flow.” (2):73 quote

Wetted Perimeter “The length of the wetted 
contact between a stream of flowing water and its 
containing conduit or channel, measured in a plane 
at right angles to the direction of flow.” ():378 quote

Windfirm “Of trees, able to withstand strong winds 
(i.e., to resist windthrow, windrocking, and major 
breakage).” (3):7 quote

Windthrow “Tree or trees felled or broken by the 
wind.” Also called blowdown, tree throw. (3):7 quote

Woody Debris “Coarse wood material such as 
twigs, branches, logs, trees, and roots that fall into 
streams.” ():383 quote 

Xeric Site where “water is removed very rapidly 
in relation to supply; soil is moist for brief periods 
following precipitation.” See hydric, hygric, mesic. 
(20):35 quote

Zonal Flow “The winds that blow in a mainly west-
to-east or east-to-west direction, and particularly to 
the main, broad airstreams of the general or large-
scale atmospheric circulation.” (39) quote
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ACRONYMS AND INITIALISMS

AAC  allowable annual cut
ABCFP Association of British Columbia Forest 

Professionals
ADCP acoustic Doppler current profiler
AMS accelerator mass spectrometry
APEGBC Association of Professional Engineers 

and Geoscientists of British Columbia
AO Arctic oscillation
ASCE American Society of Civil Engineers
AVHHR advanced very high resolution radiometer
BACI before-after control-impact
BEC  biogeoclimatic ecosystem classification
BMP best management practice
BOD  biological oxygen demand or biochemical 

oxygen demand
bp before present
CAP channel assessment procedure
CC  clearcut or climate change
CCME Canadian Council of Ministers of the 

Environment
CEC cation exchange capacity
CFFG  coastal fisheries/forestry guidelines
CMD climatic moisture deficit
CMZ channel migration zone
CP  cutting permit
CPOM coarse particulate organic matter
CRHM cold region hydrological model
CWAP  coastal watershed assessment procedure
CWD  coarse woody debris
CWE cumulative watershed effect
CWG  community watershed guidelines
CWH Coastal Western Hemlock
D50 size for which 50% of the sampled  

material is finer; also D84 and D95
dbh  diameter at breast height
DDM delegated decision maker
DEM  digital elevation map
DFAM  defined forest area management
DFO  Department of Fisheries and Oceans, 

Canada
DHSVM Distributed Hydrology Soil Vegetation 

Model

DLM digital landform model
DM  District Manager or Deputy Minister
DO  dissolved oxygen
DOC  dissolved organic carbon
DOM dissolved organic matter
DTM  digital terrain map or modelling
DTSM detailed terrain stability mapping
EBM ecosystem-based management
EC electrical conductivity
ECA  equivalent clearcut area
ELJ engineered logjam
ENSO El Niño southern oscillation
EPA Environmental Protection Agency (U.S.) 
ERA equivalent roaded area
ESA  environmentally sensitive area
ESCM earth system climate model
ET evapotranspiration
FAO Food and Agriculture Organization
FDP  forest development plan
FDR frequency-domain reflectometer
FEMAT forest ecosystem management assessment 

team
FFG functional feeding group
FFIP  Fish–Forestry Interaction Program
FIA  Forest Investment Account
FIZ  forest inventory zone
FOC  Fisheries and Oceans Canada
FPA Fish Protection Act
FPB  Forest Practices Board
FPC  Forest Practices Code
FPOM fine particulate organic matter
FPPR Forest Planning and Practices Regulation
FRBC  Forest Renewal British Columbia
FRPA  Forest Range and Practices Act
FSC Forest Stewardship Council of Canada
FSP  forest stewardship plan
FSR  forest service road
FSW  fisheries sensitive watershed
FSZ fisheries sensitive zone
FWA Federal Watershed Analysis
GAP  gully assessment procedure
GCM global climate model

APPENDIX 2 Acronyms, Initialisms, Symbols, and Conversion Factors

Leisbet J. Beaudry, Jason A. Leach, Jennifer McConnachie, R.D. (Dan) Moore, Robin G. Pike,  
and Pierre G. Beaudry
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GIS  geographic information system
GPS  global positioning system
GRACE gravity recovery and climate experiment
HADD harmful alteration, destruction, or  

disruption
HSPF hydrological simulation program- 

FORTRAN
ICWEP Idaho cumulative watershed effects  

procedure
IFFWG  interior fish, forestry, and wildlife  

guidelines
IPCC Intergovernmental Panel on Climate 

Change
IPP independent power project (or producer)
IRM  integrated resource management
IWAP  interior watershed assessment procedure
IWMP  integrated watershed management plan
KFA karst field assessment
LAI leaf area index
LC50  lethal concentration to 50% of the  

organisms
LD50  lethal dose to 50% of the organisms
LMU  landscape management unit
LMZ  lakeshore management zone
LOD  large organic debris
LRMP  land and resource management plan
LWD  large woody debris
LWM  large woody material
MAL Ministry of Agriculture and Lands,  

British Columbia
MODIS moderate resolution imaging spectro-

radiometer
MOE  Ministry of Environment, British  

Columbia 
MOELP Ministry of Environment, Lands and 

Parks, British Columbia
MOF  Ministry of Forests, British Columbia
MFR Ministry of Forests and Range, British 

Columbia
MOT  Ministry of Transportation, British  

Columbia
MOTH  Ministry of Transportation and  

Highways, British Columbia
MPB mountain pine beetle
MSC Meteorological Service of Canada
MSRM  Ministry of Sustainable Resource  

Management, British Columbia
MSZ marine-sensitive zone
MWLAP Ministry of Water, Land and Air  

Protection, British Columbia
NADXX  North American Datum XX= year  

(i.e., NAD83 = 983 datum)

NCWAP North Coast Watershed Assessment  
Program

NFR non-filterable residue
NOEL  no observed effect level
NPF not properly functioning
NTDB  national topographic database
NTS national topographic system
NTU  nephelometric turbidity unit
OWAP Oregon Watershed Assessment Process
PAR photosynthetically active radiation
PC partial cut
PDO Pacific decadal oscillation
PFC proper functioning condition
PFZ  pesticide-free zone
PHSP  pre-harvest silviculture prescription
PNA Pacific North American pattern
PNW Pacific Northwest
POC  point of commencement
POI  point of intersection
POT  point of termination
ppm parts per million
PPT precipitation
PSP permanent sample plot
QCI Queen Charlotte Islands (now Haida 

Gwaii)
RAR Riparian Area Regulation
RCC river continuum concept
RFID radio frequency identification
RHA riparian habitat area
RISC Resource Information Standards  

Committee, British Columbia (formerly 
Resources Inventory Committee)

RMA riparian management area or resource 
management agreement

RMZ riparian management zone or resource 
management zone

RPM riverine productivity model
RRZ  riparian reserve zone
RTD resistance temperature detector
RTSM reconnaissance terrain stability mapping
SAR snow accumulation recovery
SC specific conductance
SCQI stream crossing quality index
SF stemflow
SLP sea-level pressure
SOP  standard operation procedures
SP  silviculture prescription or site plan
SRP soluble reactive phosphorus
SST sea surface temperature
SWE snow water equivalent
TDN total dissolved nitrogen
TDP total dissolved phosphorus
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TDR time-domain reflectometer
TDS  total dissolved solids
TERP terrestrial ecosystem restoration program
TF throughfall
TFL tree farm licence
TMDL  total maximum daily load
TOC  total organic carbon
TRIM  terrain resource information  

management
TSA  timber supply area
TSIL terrain survey intensity level
TSM  terrain stability mapping
TSS  total suspended solids or temperature 

sensitive stream
USDA United States Department of Agriculture
UV ultraviolet
VIC variable infiltration capacity

WAP  watershed assessment procedure
WGS 84  world geodetic system 984
WMO World Meteorological Organization
WP  working plan
WRENSS water resource evaluation of non-point 

silvicultural sources
WRP  watershed restoration program
WSC Water Survey of Canada
WWA Washington Watershed Analysis

Reference

B.C. Ministry of Forests and Range. 2007. Forestry 
acronyms and initialisms. Victoria, B.C.  
www.for.gov.bc.ca/hfd/library/documents/ 
acronyms/ 

SYMBOLS

A area
a annum
C carbon
° C  degrees Celsius
Ca calcium
cal  calories
Cd cadmium
cfd cubic feet per day
cfs cubic feet per second
CI confidence interval
Cl chlorine
cm  centimetre
cmd cubic metres per day
cms cubic metres per second
Cu copper
CV coefficient of variation
d depth or day
dam decametre
E east
e.g. (exempli gratia) for example
et al. (et alia) and others
Fe iron
Fr Froude number
ft foot 
g gram
gal  gallon
H hydrogen
ha hectare
HCN hydrogen cyanide

Hg mercury
ibid. (ibidem) in the same place
i.e.  (id est) that is
in inch
J joule
K potassium
ka kiloannum
kg kilogram
km  kilometre
kPa kilopascal
L litre
lb pound
m metre
M mass
mb millibar
mg milligram
Mg magnesium
mi mile
min minute
MJ megajoule
mm millimetre
Mn manganese
mol mole
MPa megapascal
n Manning’s roughness coefficient
N Newton or north or nitrogen
Na sodium
Na4Fe(CN)6  sodium ferrocyanide
NH3 ammonia
NH4

+ ammonium

http://www.for.gov.bc.ca/hfd/library/documents/acronyms/
http://www.for.gov.bc.ca/hfd/library/documents/acronyms/
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NH4NO3 ammonium nitrate
NO2

- nitrite
NO3

- nitrate
φ angle of repose
ρ density
oz ounce
P probability
P perimeter or phosphorus
Pa Pascal
pH negative log of hydrogen ion activity
PO4

3- phosphate
Q discharge rate
Re Reynolds number
r2 coefficient of determination
s second
S sulphur or Siemens or south
SD standard deviation
SE standard error

CONVERSION FACTORS

Distance
1 mm = 0.0393701 in 1 in = 25.4 mm 
1 cm = 0.3937008 in 1 in = 2.54 cm
1 m = 3.2808399 ft 1 ft = 0.3048 m
1 m = 1.0936133 yd 1 yd = 0.9144 m

1 km = 0.6213712 mile 1 mi = 1.609344 km

Area
1 cm2 = 0.1550003 in2 1 in2 = 6.4516 cm2

1 m2 = 10.7639104 ft2 1 ft2 = 0.092903 m2

1 m2 = 1.19599 yd2 1 yd2 = 0.8361274 m2

1 ha = 2.4710538 acre 1 acre = 0.4046873 ha
1 km2 = 247.1053815 acres 1 acre = 0.0040469 km2

1 km2 = 0.3861006 mile2 1 mi2 = 2.5899831 km2

Volume
1 cm3 = 0.0610237 in3 1 in3 = 16.3870641 cm3

1 L = 0.2641721 U.S. gal 1 U.S. gal = 3.7854118 L
1 L = 0.2199692 imp gal 1 imp gal = 4.54609 L
1 L = 0.001 m3 1 m3 = 1000 L

1 U.S. gal = 0.8326742 imp gal 1 imp gal = 1.2009499 U.S. gal
1 m3 = 219.9692483 imp gal 1 imp gal = 0.0045461 m3

1 m3 = 35.3146666 ft3 1 ft3 = 0.0283168 m3

1 m3 = 264.1720512 U.S. gal 1 acre-ft = 325 851.43326 U.S. gal
1 acre-ft = 271 328.0765053 imp gal
1 acre ft = 1 233.4818553 m3

1 m3= 0.0001 ha-m
1 ha-m = 8.1071318 acre-ft 1 acre-ft = 0.1233482 ha-m

1 km3 = 0.2399128 mile3 1 mile3 = 4.1681818 km3

Si silicon
SO4

2- sulphate
θ water content
∆t  time interval
t metric ton
τ shear stress
λ wavelength
µ micron or mean of population
µS Micro Siemens
v velocity
V volume or volt
w width
W watt or west
Wb channel bankfull width
yd yard
yr year
Zn zinc
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Mass
1 g = 0.035274 oz 1 oz = 28.3495231 g

1 kg = 2.2046226 lb 1 lb = 0.4535924 kg
1 kg = 0.001 t 1 t = 1000 kg

1 t = 1.1023113 U.S. tons 1 ton = 0.9071847 t

Pressure
1 pascal (Pa) = 1 N/m2 (1 kg × m/s2)

1 kPa (1000 Pa) = 0.01 bars 1 bar = 1 × 105 Pa
1 lb/in2 (psi) = 6.89 × 103 Pa 1 Pa = 1.45 × 10-4 psi

1 atmosphere (atm) = 1.01325 × 105 Pa 1 Pa = 9.86926 × 10-6 atm
1 mm Hg = 133.32 Pa 1 Pa = 0.00750062 mm Hg
1 mm Hg = 0.00133322 bars 1 bar = 750.062 mm Hg

Discharge equivalents
1 m3/s = 35.3146662 ft3/s 1 ft3/s = 0.0283168  m3/s

1 ft3/day = 0.0283168 m3/day 1 m3/day = 35.3146662 ft3/day
1 acre-ft/s= 1 233.48184 m3/s 1 m3/s = 0.0008107 acre-ft/s

Unit discharge conversion to mm
Depth of runoff (m)     = discharge (m3/s) × ∆t (s)/basin area (m2)
and
Depth of runoff (mm) = depth of runoff (m) × 000 mm/m

For example, if annual mean flow =  m3/s from a 00 km2 catchment, then:
Depth of runoff (m) = ( m3/s)(365.25 d)(86 400 s/d)/[(00 km2)(000 m/km)2] 
   = 0.35576 m
and
Depth of runoff (mm)  = 0.35576 m × 000 mm/m
   = 35.576 mm

EXPRESSION OF QUANTITIES

Generally, quantities of substances can be expressed 
as either mass or volume, depending on the form of 
the substance (i.e., typically aqueous substances are 
reported volumetrically and solids are expressed as 
mass). Mass and volume are related by the density of 
the particular substance:

ρ = M
V

 ()

where: M is the mass (kg), V is volume (m3), and ρ 
is the density (kg/m3). Liquid water has a relatively 
constant density over the normal range of tempera-
tures and pressures encountered in hydrology, and 
for hydrologic purposes can be set equal to 000 
kg/m3. Because of the relatively constant density, the 
volume of liquid water represents a reliable measure 
of quantity, which is often more convenient to use 

than mass. In fact, the volume of water is especially 
important when considering a liquid occupying a 
specified area:

V = d × A (2)

where: d is the depth (m) and A is the area (m2).
In hydrology, it is often necessary to determine 

the rate of exchange of water (or other substance 
such as pollutant) as the total or the average amount 
transferred in a specific time interval. The general 
expression is:

Rate = quantity
∆t  (3)

where: ∆t is the time interval (s, min, hr) and the 
quantity could be expressed as a mass, volume, or 



774

factor by the same number of times as the exponent 
number to maintain the correct dimensions. For 
example, to convert an area of 4 ft2 to m2: 

(4 ft2) ( m
3.28 ft ) ( m

3.28 ft ) = (4 ft2) ( m
3.28 ft )2

 (6)  

 = 0.376 m2

Noting that some quantities are expressed in 
compound units will simplify the conversion proc-
ess. For example, force is expressed in Newtons (N), 
where:

 N =  kg × m/s2 (7)

Pressure is force per unit area, with an SI unit of 
Pascal (Pa), such that:

 Pa =  N/m2 = 
kg

(m × s2)  (8)

depth. For example, the total volume (V) of water 
(m3) leaving a catchment in a time interval ∆t (s) at a 
discharge rate of Q (m3/s) is:

V = Q × ∆t (4)

Working with units of measurement
Hydrologic calculations frequently require working 
with and converting units of measurement. The key 
principle is that the rules of algebra for multiplica-
tion and division apply to units in the form of di-
mensional analysis. For example, suppose we want to 
convert a depth measurement of 5 feet to its equiva-
lent in metres. We would multiply the measurement 
in feet by a ratio formed from the conversion  m ≈ 
3.28 ft, with the desired unit in the numerator and 
the current unit in the denominator: 

(5 ft) ( m
3.28 ft ) = .524 m (5)

Note that if we have units to a power (such as 
area), then we need to multiply by the conversion 
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APPENDIX 3 Watershed Data and Information Resources

Leisbet J. Beaudry, Jason A. Leach, Jennifer McConnachie, Pierre G. Beaudry, and Robin G. Pike

http://bcwildfire.ca/Weather/
http://www.th.gov.bc.ca/mot_org/const_maint/avalanche_weather/
http://www.th.gov.bc.ca/mot_org/const_maint/avalanche_weather/
http://www.metrovancouver.org/services/water/Pages/default.aspx
http://www.metrovancouver.org/services/water/Pages/default.aspx
http://www.metrovancouver.org/services/water/Pages/default.aspx
http://www.metrovancouver.org/Pages/default.aspx
http://www.metrovancouver.org/Pages/default.aspx
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A
ablation  200
ablation till  3–33
absolute humidity  559
Accelerator Mass Spectrometry (AMS) dating  264
ACD meter  629
Acoustic Doppler Current Profiler (ADCP)  589
acoustic sensor, and snow depth  568–569
acoustic technologies, and streamflow  588
active remote sensing systems  634
Adams River  9–20
aerial photographs, and landslides  256, 265, 278-279
aerial photographs, interpretation  306
aerial photography  8, 240, 276, 338, 366, 628, 640
aerodynamic resistance  46, 47, 58
aerovane  560
agencies  –2. See also by name
aggradation  37, 43
agricultural activity  43
air temperature, and elevation  58
air temperature, measurement  557–559
air temperature, trends  68–69, 7–72, 700–702
air temperatures  53
air temperatures, extreme  66
albedo  85, 562, 57
albedo, of snow  4, 42, 43
alder  46, 669, 688
alevin incubation  464, 468
alevins  47–472
algae  507, 508
algae, in streams  450
algae, sampling  63
alien invasive plant species  686
allogenic recharge  384
allowable annual cut (AAC)  2
alluvial channels  334
alluvial fans  39, 227, 230, 303–304
alluvial fans, and forest management  32–33
alluvial material  333–334
alpine periglacial zone  37–39
alpine tundra  37
Alsea watershed  49, 42
ammonia  4–42, 49, 425–427
ammonia-N  426–427
ammonium  4–42, 49, 42–423, 426
ammonium-N  426–427
amphibians  449–450
anadromous salmonids  462, 469–470, 48, 506
anemometer  560–56
angular canopy density (ACD)  629

annual cycle, and soil temperature  599
annual cycle, and stream temperature  606
annual water yield  62
Aquatic Conservation Strategy  482
aquatic ecosystems  454
aquatic habitat  673
aquatic hyphomycetes  45
aquatic invertebrates, sampling  66–69
aquatic life, and channel type  442
aquatic life, and sediment  408–409, 46
aquatic life, and water temperature  407
aquatic life, and hyporheic zones  444
aquifers  57, 77–78
aquitard  57
Arctic grayling  464
Arctic Oscillation (AO)  64–65, 700
aspen  40, 50, 55, 663
assessment-based management  492–495
atmospheric circulation patterns  47–49
atmospheric evaporative demand, modelling  733
autochthonous inputs, to streams  448–449
autogenic recharge  384
avalanche hazard  4
avalanches  26. See also snow avalanches

B
B.C. Forest Products Limited  3
B.C. Forest Service Fire Weather Network  565
backhoe  25–26
bacteria, in streams  450–45
bankfull discharges  340
bank erosion  332, 337, 340, 346, 348, 349, 505
bank erosion, and landslides  222–223
bars  336, 340, 349, 36, 448
basalt flows  9, 23–24
basal till  3–33
baseline, in monitoring projects  534
base flow  58, 6, 62
basin lag  60
bedload  276, 304, 340, 60
bedrock  55, 56, 237, 282, 295, 297, 332, 77–78
bedrock channels  334
bedrock types  23
bed material  336, 340
bed material supply  334
Belgo Creek  29–293
below-canopy evaporation rates  49
benthic biomonitoring  66, 68–69
best management practices, riparian areas  488, 490
Better Assessment Science Integrating Point and Non-

point Sources (BASINS)  544
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biofilms  448, 452, 469, 47
biofilms, in streams  450–45
biogeoclimatic zones  50–52, 348
biological measurement, sampling  63–64
biological measures, and water quality  63–65
biomass  469, 63
biomonitoring tools  68
biota, of stream-riparian systems  449–452
black spruce  40, 50, 200
blowdown  348
Blue River Management Plan  496
boundary-layer  47
boundary-layer resistance  46
Bowen ratio/energy balance method  584–585
braided channels  336–338, 349
bridges and culverts  26–28
British Columbia Coastal Fisheries/Forestry 

Guidelines  5, 7, 8, 29–30
British Columbia Fish and Wildlife Branch  4
British Columbia Forest and Range Evaluation Program 

(FREP)  , 49, 5, 62
British Columbia Forest Service  , 3, 5, 7
British Columbia Ministry of Environment  
British Columbia Terrain Classification  

System  305–306
Brunisols  40–42
Bull Run watershed  49, 509
bull trout  44, 462, 496, 730

C
calcite  374
calibration, in hydrologic models  536
Canadian Forest Service  3
canopy density  40, 43, 200
canopy gap fraction  85
canopy interception loss  575
canopy photography  630–63
canopy resistance  47
canopy view factor  630
capacitance probes  597
carbonate bedrock  374–376, 378, 382
Cariboo Mountains, seasonal flow regimes  0–02
Carnation Creek  3, 4, 6, 7, 96, 63, 86, 87, 90, 358–36, 

45, 49, 505, 506, 507–508, 530, 730, 735
cascade-pool morphology  338, 340, 34
Cascade Mountains  99
cascades  340
catastrophic seepage face erosion  293
catchment water balance method  583
caves  375–379, 38–382, 386–388, 389, 390–395, 397
cave sediments  382
Centennial Creek  505
central British Columbia, seasonal flow regimes  98, 

0–02

central Interior plateau, stream survey  490–49
channel-forming flows  02
channel-migration zones  496
channel aggradation  336
channel avulsion  337
channel bank erosion control measures  675–678
channel form  336
channel islands  337–338
channel measurement  623–626
channel measures, limitations  623
channel morphology  727
channel patterns  334
channel pattern changes  336
channel phases  334
channel stability  336
channel structure, and natural disturbance  354
channel type classifications  333–342
char  442, 46, 462, 48
check dams  66
chemical loadings  47–48, 730
chemical weathering  23, 24
chemistry, of surface water  40–404
Chernozems  40–42
chinook  464, 469
chlorophyll a  42
circulation types  47–49
cirques  27, 237, 238
Class-A pans  582–584
clays  34–35
clearcuts  2–4, 8, 82, 96, 99, 278, 30, 363–366
clearcuts, and avalanches  34–36
clearcuts, and net precipitation  79, 80
clearcuts, and water quality  47, 48, 49, 422
clearcut riparian harvest  505
climate, and slope stability  220–224
climate, and topography  7
climate, historical trends  68–73, 700–702
climate change  
climatic change, and streamflow  08
climatic change, and watershed processes  72–73
climate change projections  74–8, 70–72
climate variables  52, 700
climatic moisture deficit  54–59
climatic moisture regimes  54–58
climatic zones  49–53
Coastal Watershed Assessment Procedures  02
Coastal Western Hemlock (CWH) zone  35
Coast Mountains  9, 23, 26, 27
Coast Mountains and Cascades, seasonal flow 

regimes  99, 0
Coast Watershed Assessment Procedure (CWAP)  540–

54
coho salmon  8, 449, 505–506, 508
colluvial fans  39, 303
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colluvial material  332, 453
colluvial processes  43, 344
colluvium  333, 334, 344, 346
Columbia Mountains, seasonal flow regimes  00
community watersheds  6, 406, 492
compaction effects  54
complex landslides  26, 24–242
complex slide-flows  26
concrete frost  54
condensation  34, 44. See also by type
conglomerate  25
conifers  82, 663, 665, 669, 670, 688
conifer forests, interception loss  39
contemporary landscape features  37–42
continuous cover system  4
control stability, and channel streamflow  587–588
convection  46
convective flux  43
Cordilleran Ice Sheet  29
crayfish  447, 448
crest stage gauges  590
crib abutments  27
cross-ditches  654–655
cross-ecosystem resource subsidy  449
crown closure  628–629
Cryosols  40–42
culverts  90, 286
culverts, and landslides  284, 289, 299, 32
cumulative watershed effect (CWE), defined  528
current meters  588
cut-and-fill slopes  23, 26
cutthroat trout  449, 462

D
Darcy’s Law  57
data loggers  554–556, 599, 60, 629
data recording, and accuracy  554–556
dating, of landslides  259–267
debris avalanches  26, 227, 278
debris budgets  349
debris floods  250, 303, 36
debris flows  39, 26, 227–233, 250, 252, 256, 264, 278
debris flows, after rock slide and debris avalanche  242
debris flows, and gullies  247–248
debris jams  299
debris slides  224–226, 250, 278
debris slides, and gullies  247
debris torrent  227. See also debris flows
decomposition rates  64
deglaciation  3, 34
degree-days  557
delayed response landslides  222–223
delayed runoff  67
delta  34

Department of Fisheries and Oceans  2, 3, 5, 8, 735
deposits, from landslides  256
dew  35
dew point temperature  559
dewatering  59
dielectric permittivity  596
diffusion  46
digital elevation model (DEM)  306–307, 39
digital sensors, remote sensing  633–634
dilution methods  588, 589
dip slopes  237
discharge. See streamflow
discharge areas  58
dispersed harvesting  30
displacement waves  243
dissolved organic carbon (DOC)  448, 450, 452
dissolved organic matter (DOM)  448, 507
dissolved oxygen (DO)  40, 42, 46, 422
dissolved oxygen, after harvesting  420
dissolved oxygen, and salmonids  465
distributed models, in hydrologic research  537
diurnal cycle and soil temperature  599
diurnal cycle and stream temperature  606
dolomite  374, 378
dolostone  374
Donna Creek  9, 248, 293–294, 36, 362, 363, 505
Douglas-fir  47, 49, 8, 97, 20, 42–422
downscaling measures  720
downscaling methods for watershed modelling  732
drainable porosity  53
drainage basins  86–07, 346
drainage density  59
drinking water supply  
droughts  66

E
earthquakes, and landslides  29–220
earthquakes, and rock avalanches  237–238, 244
earth flows  26
earth flows from rock slides  24–242
ecological damage, and log driving  8–20
ecological processes, in streams  453–454
ecological restoration  639
ecosystem-based management  496
eddy covariance  584
effective shade  629
electrical conductivity (EC)  378, 402–403, 40, 4, 49
electrofishing  66, 67
El Niño-Southern Oscillation (ENSO)  6–62, 63–67, 

88–89, 90–9, 224, 700, 708
emissions scenarios  720–726
emissions scenarios, and B.C. projections  70–72
emissivity  43
endokarst  380, 38
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fish habitat, and logjams  8–20
fish habitat, and sediment  60
fish habitat, streams  452
fish habitat, U.S.  498–504
fish habitat, water temperature  404, 407, 44–45
fish habitat legislation  480–48
fish habitat protection  349, 48–482
fish tagging  67–68
fjords  26, 242
FJQHW97 river temperature model  735
flashiness  63
floods  65, 03, 222–223, 303, 358, 727
floods, frequency  64–66
floods, meanings of  64
Flood Pulse Concept  453, 454
flow-dilution relationship  402–403
flow-like landslides  26
flow-through streams  58
flows  26, 233
flow duration curves  64
flow till  33
flumes  8, 20
fluorometric dyes  589
fluvial fans  303–304
fluvial geomorphology  33–367
fluvial sediment  60–604
foestry roads, deactivation  293
fog drip  35, 99
folisols  24, 224–226
forested watersheds, detecting and predicting 

changes  527–545
forestry activities, and karst landscapes  388–397
forestry operations, effects on streams  504–50
forestry roads, and groundwater flow  90
forestry roads, and hydrologic changes  29
forestry roads, and landslides  284–288, 3–33
forestry roads, and peak-flow  97–98
Forest Act  29
Forest and Range Evaluation Program (FREP)  , 49, 

5, 62
Forest and Range Practices Act  , 30
Forest and Range Practices Act, and riparian 

management  49–492
forest canopies  43, 46, 86, 96, 445–446
forest cover  79
forest cover removal, influences  2–4
forest development disturbances, historic  639–642
forest disturbances, modelling  735–736
forest disturbances, watershed-scale effects  9–98
forest ecosystems, and water quality  40–402
Forest Ecosystem Management Assessment Team 

(FEMAT)  543
forest evaporation rates  48–50
forest hydrology measurements  553–627

energy balance equation  42
energy balance models, of snowmelt  57
energy fluxes, and snowmelt  42–44
Engelmann spruce  37, 40, 44, 97, 572
engineered logjams (ELJs)  675, 677–678
ephemeral streams  59, 442
epikarst  380, 38, 383
Equivalent Clearcut Area (ECA)  20–202, 540, 543–544
Equivalent Roaded Area methods  543–544
erodible materials  333, 34
erosion  245–253
erosion, and log driving  8
eskers  33
evaporation  33, 44, 58–585
evaporation, and disturbance effects  8–83
evaporation measurement  582–586
evaporation rates. See forest evaporation rates
evaporation rates, in forest canopies  48
evaporative demand  54–58, 73
evaporative demand, and elevation  58–59
evaporimeters  583–584
evapotranspiration  58, 733
evapotranspiration, prediction  636
excavating equipment  2–26
exokarst  380, 38
expert systems, in watershed assessment  540
explosives, and road deactivation  657–658
extreme events, streamflow  63–66

F
falls  24
fan-deltas  34, 242–243, 259
fans  255, 256
fans, and gullies  247
fan disturbances  666
Federal Watershed Analysis (FWA)  543
fertilizer, and water quality  425–428
field capacity  53
field interpretation, of landslides  256–259
filtration method, of sediment analysis  603–624
fire-flood erosion sequence  687
fires  42. See also wildfire
fire retardants, and water quality  422–423
fire suppressants  422
First Nations  259
fish, sampling  66–69
Fish-Forestry Interaction Program  5, 8, 506–507
fisheries-sensitive zone  486
Fisheries Act  2, 5
Fishtrap Creek  7, 89, 63, 64, 97
fish habitat  6–7, 25, 36, 408, 447, 496, 498, 505–506, 

507, 66, 679–680
fish habitat, and instream treatments  673
fish habitat, and log driving  20
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forest inventory metrics  202
forest management, and channels  349–367
forest management, and groundwater  

resources  90–9
forest management activities, and sediment  45–46
forest management activities, and water quality  43–422
forest management practices, and hydrological 

processes  –28
forest mensuration  628
forest overstorey  33
forest pests, and water quality  423–424
forest policy, history  29–30
forest practices, evolution  642–644
Forest Practices Board  30
Forest Practices Code, and riparian  

management  489–49
Forest Practices Code of British Columbia Act  9, , 30
forest regrowth  99–200
Forest Renewal BC (FRBC)  9, 643
forest road erosion surveys  62–622
Forest Stewardship Council of Canada, and riparian 

management  48, 488, 492–495
forest stewardship plan, for riparian zone  49
forest tenure system  23–24
fracture lines  240
Fraser Glaciation  29–3, 34
Fraser River Basin, climate change  

projections  79–723, 725
Fraser River watershed, and salmonids  469
freeze-thaw weathering  37
free water evaporation  48
frequency-domain reflectometers (FDR)  596, 597
frozen precipitation, gauges  563
frozen soils  54, 599–600, 734
fry  508
fry emergence  464, 47–473
Fubar Creek  362–365
functional feeding group  45–452
fungi, in streams  45
fungi, sampling  64

G
Gap Light Analyzer  629
gauging site selection, streamflow  587–588
Gee traps  66, 67
gentle-over-steep landslides  289–296
geographic variations, and seasonal regimes  94–02
geological mapping  2
geology  2–26
geomorphic processes, and climate change  726–728
glacial deposits  3–36, 39

glacial retreat  240
glacial retreat, and geomorphic processes  704
glacial till  3–33
glacial troughs  27, 37
glacial valley floors  39
glaciation  87
glaciation limit  37
glacier-augmented watersheds  79
glacierized basins  86, 89–90, 99, 02, 06–07, 08
glaciers, and landslides  223, 237–239
glaciers, historical trends  26–3, 703
glacier mass balance, modelling  734
glacier retreat  08, 703, 727, 729
glacier retreat, and climate change  76–77
glaciofluvial deposits  33–34
glaciolacustrine sediments  34–35, 39
glaciomarine sediments  34–35
Gleysols  40–42
global climate, variability and change  67–68
global climate models (GCMs)  74, 70
global climate model selection  732–733
global radiation  56
gneiss  25
Government Creek  35
Graham Island  29, 22–222
gravel bars  334, 336
gravel bar revegetation  670–673
gravel bar staking  670–673
gravel deposits, and salmonid spawning  464–468
gravimetric water content  52, 596
gravitational forces, on water in soil  52
Gravity Recovery and Climate Experiment 

(GRACE)  78
greenhouse gases  74
groundwater  56, 66
groundwater, and climate change  77–78
groundwater, and disturbance effects  87–9
groundwater, in watersheds  58–59
groundwater flow  57–59
groundwater flow reversal  59
groundwater hydrology  56–59
groundwater inflows  59
groundwater levels, historical trends  704–705
groundwater recharge, and harvesting  87–89
groundwater recharging  55
ground heat flux  42, 43–44
guidelines, for harvesting  3–4
gullies  247
gullies, and forest management  299–302
gully erosion  245
gully morphology  247
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hydrologic modelling, and watershed changes  536–538
hydrologic properties, of soils  5–54
hydrologic recovery, post-disturbance  99–202
hydrologic response  63, 66–67
hydrophobic soils  50, 253–255. See also water-repellent 

soils
hydroriparian ecosystem  496
Hydroriparian Planning Guide  496–497, 498
hydroriparian zones  497
hygrometers  559
hyporheic exchange flow  443–444, 447–448
hyporheic substrates, and salmonids  464
hyporheic water sources  444
hyporheic zone  56–57, 44–442, 444, 464
hyporheic zones, and fish habitat  46

I
ice crystals  35–36
ice jams  245
ice storm  35
Idaho Cumulative Watershed Effects Procedure 

(ICWEP)  543
igneous rocks  2, 23–24
IKONOS  38, 39–320, 634
incident precipitation  575–576
incident rainfall  575–576
inclination, of trees  26
individual sediment sources inventory  620
infiltration, of water in soil  54
infiltration-excess overland flow  50, 85
influence of elevation, and climatic variables  58–59
insects. See mountain pine beetle
instream measures, for restoration  678–68
instream treatments  675
interception  50
interception loss  36
interception storage capacity  36–37, 39
interflow  67
Intergovernmental Panel on Climate Change  74
intergravel flow, and salmonids  464–469
interior basins  06
Interior Plateaus, seasonal flow regimes  86, 00, 0, 03
Interior Watershed Assessment Procedure (IWAP)  02, 

299, 540–54
intermittent streams  59, 442
Invasive Plant Council of B.C.  686
invertebrates, in streams  45–452, 469, 47, 507, 508
isohyetal analysis  564
isothermal snowpack  44

J
jack pine  40, 50

H
H.J. Andrews Experimental Forest  42–422, 509, 538
Haida Gwaii  5, 6, 29, 278, 3, 35, 365. See also Fish-

Forestry Interaction Program; Government 
Creek; Graham Island; Yakoun River

Haida Gwaii, landslides  29–22
Haida Gwaii, seasonal flow regimes  0
harvesting, and avalanches  34–35
harvesting, and channel disturbances  640–642
harvesting, and channel morphology  349–367
harvesting, and hydrologic changes  29
harvesting, and hydrology  86–9
harvesting, and landslides  276–277, 280–283, 30–3
harvesting, and low flow  98–99
harvesting, and peak flow  98
harvesting, and sediment supply  642
harvesting, and stream temperature  44–45
harvesting in riparian areas  9
harvesting methods  2–4, 280, 30
harvesting methods, and water quality  49
headwater streams, defined  442
head scarp  225, 242
heat dissipation  584
heat field deformation  584
heat pulse velocity  584
hemlock  39
herbicides  47–48, 425
herbicides, and water quality  424
high hydraulic head  58
high relief coastal basins  06
hillslope-channel connectivity  343, 452–453
hillslope hydrology  50–5, 55
hillslope processes  37
hillslope rehabilitation measures  659–662
hillslope restoration  649–65
hillslope runoff, and disturbance effects  85–87
hoar frost  35
Holocene Epoch  35–42
Horizontoscope  629
Hortonian overland flow  50, 85
human records, of landslides  259
humidity  559–560
Hummingbird Creek  295–296
hybrid-regime  86, 79
hydraulic conductivity (K)  4, 53, 55–56, 57–58
hydraulic connectivity  246
hydraulic excavator  25–26
hydraulic head  57
hydraulic methods  588
hydro-seeding  660, 66, 687
hydrographs  60–63
hydrological simulation models  8
hydrologic cycle  33–34
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K
kames  33
karst aquifers  383–386
karst catchment  384–385
karst drainage linears  395–396
karst ecosystems  377–378
Karst Field Assessments (KFAs)  390–39
karst inventories  389–390
karst landscape, and water  383–388
karst landscape features  373–382
karst management, forestry practices  39–397
karst springs  383, 386
karst streams  383–384
karst units  386–388
karst vulnerability ratings  390, 392–393
kinetic measurements, of stream temperature  608
kokanee salmon  36
Kuskonook Creek, debris flow  252
k factors, and peak flow  03–04

L
lahars  227
lakes, and forest management  422
lakes, and water quality  404
lakes, classification  483–484
lake ice, and climate change  76
lake ice, modelling  734
lake temperature changes, and aquatic life  729–730
landscape-level riparian management  495–496
landscape interpretation  256–267
landslides  24–244, 344, 346, 347, 348
landslides, and channel structure  354–356
landslides, and climate change  726–728
landslides, and temperature  223–224
landslides, historical trends  704
landslides, in gullies  247–248
landslides, modelling  735
landslide hazard mapping. See terrain stability mapping
landslide inventory  278–279
landslide materials  24
landslide rates  278–279, 3
landslide risk analysis  309–30
landslide risk management  308–30
landslide scars  40
landslide triggers  29–224
Land Ordinance (865)  29
lapse rates  558
large earth flows  236
large rock avalanche  243
large rock slides  223
large woody debris, defined  347
large woody debris (LWD)  332, 340–34, 35–357, 640, 

64, 680–68

laser diffraction techniques, and sediment samples  604
lateral channel movement  338–339, 34, 358
lateral erosion  245
lateral flow  55–56
lateral transport, into streams  452
La Niña  6–62, 89, 708
leaf area index (LAI)  47, 577, 630, 733
legislation. See by name
legislation, and riparian management  480
levees  23, 232
levees, and debris flows  227
lichenometry  264
lidar  560, 634, 635, 636
limestone  25, 36, 25, 374, 375, 378, 386
limitations, of hydrologic models  537–538
line shovel  23
liquefaction  233, 242
Lithic soils  42
lithostratigraphical units  22
live bank protection  675
live gully breaks  66
live pole drains  66
local-scale flow systems  58, 89
lodgepole pine  4, 36, 39, 40–4, 44, 47, 49–50, 

79, 80, 82, 83, 84, 85, 200–20, 573
logged watershed, and stream channels  35–358
logjams  0, 8, 338, 355, 357, 359, 36, 366, 506.  

See also Yakoun River
logjams, and channel changes  348–349
logjam inventory  366
log driving  6–20
longitudinal profile, of stream channels  343
longwave radiation  42, 43, 84, 446, 56, 562, 630, 728
losing streams  58
low-flow frequency analysis  66
Lower Shuswap River, and salmonids  469
low flow  62
low flow, and forest disturbance  98–99
low flows, and salmonids  467–468
low hydraulic head  58
low relief coastal basins  04
lumped models, in hydrologic research  536–537
Luvisols  40–42, 224
lysimeters  57–572, 582

M
MacMillan Bloedel Limited  3, 5
macropores  53
macropore flow  96
magmas  23–24
mainline roads  652–655
Malcolm Knapp Research Forest  53
marble  26, 374, 378
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marine-sensitive zone  486
mass wasting  37, 65, 36
master chronologies  260
matric forces, on water in soil  52
measurement accuracy  554–556
measurement scale, in forest hydrology  554–555
mechanical thermographs  608
mechanical weathering  23, 24
Melton ruggedness number  230, 303
metamorphic rocks  25–26
meteorological conditions, and landslides  222
Meteorological Service of Canada  54
microclimates, and forests  34–35
microwave remote sensing  635
mining activity, and channels  366
Ministry of Forests Act, of 978  29
mixed regime basins  86, 88–89, 99, 0
mixing ratio  559
model calibration  538
model parameters  538
model validation  538
modified brush layers  66
moisture blocks  597
monitoring, and watershed changes  532–535
monitoring, defined  532
monitoring, limitations  535
monitoring projects, types of  533–534
moosehorn  629
moraines  3, 33
mountain pine beetle  , 2, 66, 4, 79, 8, 82, 9, 

97, 687–688, 727
mountain whitefish  464
mudslides  236
mudstone  24–25
mud flows  27, 227, 264
mulching, and rehabilitation  687

N
natural disturbances  2
natural records, of landslides  259–264
natural regeneration  4
near-stream zone. See riparian zone
near-stream zones  50
neoglacial effects  37
nephelometric turbidity units (NTUs)  409, 602
net precipitation  36
net precipitation, and disturbance effects  79–8
neutron probes  597
Nipher gauges  563
nitrate, and water quality  4, 48–49
nitrate-N, and water quality  4, 47, 49, 42–422, 

426–427
nitrification, in soil  42, 424–425

nitrite  4
nitrogen (N)  40–42, 48, 422, 426
nitrogen fixation  46
nival-colluvial zone  39
nival regimes  86, 87, 89, 08
non-alluvial materials  333–334
non-erodible materials  333, 334, 34
non-timber resources  24
northern British Columbia, seasonal flow  

regimes  98, 02
Northwest Forest Plan  543
North Coast Watershed Assessment Program 

(NCWAP)  544
nudation  259, 260
nutrients, and herbicides  424–425
nutrients, in water  40–402
nutrient (or particle) spiralling  454
nutrient balances, long-term  688–689
nutrient cycling  730
nutrient loading  48
nutrient transformations  46
nutrient uptake, and forest  

management  46–422, 424–428

O
observational dating  264–266
observation wells  704
off-channel measures, for restoration  678–679, 683–684
Okanagan Valley  00
old-growth forested watershed  35–358
Oregon Watershed Assessment Process  542
organic matter, in stream-riparian systems  448–452
organic soils  40–42
organic soils, and debris slides  224–225
orographic uplift  03
osmotic forces, on water in soil  52
overland flow  50–5, 66–67
oxygen. See dissolved oxygen (DO)

P
Pacific Decadal Oscillation (PDO)  62–67, 88–9, 

223–224, 700, 708
Pacific North American (PNA) pattern  63–64, 67, 700
Pacific salmon  442, 46
paired-watershed studies   9, 95, 530–53
paraglacial fans  247, 304
paraglacial sedimentation  36
parameters, in hydrologic models  536
partial duration approach, to floods  64–65
particle size analysis, and sediment samples  604
particulate organic matter, in streams  448–449
passive remove sensing systems  634
patch cuts  30
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peak flow, and forest disturbance  96–98
peak flow, defined  60
peak flow, timing and mechanisms  04–07
peak flows  02–07, 44
peak flow changes  98
Penman-Monteith method  582
perching layer  58
perennial streams  59, 442
periglacial processes  23
periphyton  469, 47, 507, 508
permafrost, and climate change  76
permafrost, and slope stability  223
permafrost, historical trends  703
permafrost, modelling  734
permanent road deactivation  655–660
permanent wilting point  53
pH, and water quality  409–40
phosphates  42
phosphorus  42, 48, 49, 422, 426, 508
phosphorus, and water quality  4, 49
phosphorus fertilizers  426
photogrammetry  306, 635
photosynthetically active radiation (PAR)  56
phototaxis  472
physiographic regions  7–8, 49–50, 53
piezometer  57
Pineapple Express  65, 66, 46
piping  53, 248
planform channel types  334
plank roads  2
Pleistocene epoch  26–35
plot-scale studies, in hydrologic research  530
plutonic rocks  2, 23
Podzols  40–4, 224
polymer-based sensors  559
ponderosa pine  97
pool-riffle types  36
pools  340, 349, 442, 506
pore pressure  220, 22, 223, 24, 243, 280.  

See also hydrostatic pressure
pore space, and geologic materials  56, 58
post-harvest regeneration  99
post-harvest species selection  87
post-wildfire debris flows  250
potential evaporation  58
precipitation  33, 34–46. See also by type
precipitation, and elevation  58–59
precipitation, and hydrologic response  66–67
precipitation, and landslides  29–220, 220–223
precipitation integration  564–565
precipitation measurement  563–565
precipitation trends  68, 70, 73, 700–702
preferential flow pathways  53
prescribed fire, and water quality  420–422

primeval forest  29
Prince George District study  507
Private Land Forest Practices Regulation  0–
process domains  37
professional assessment approaches, in watershed 

assessment  54
proglacial outwash deposits. See glaciofluvial deposits
properly functioning condition, defined  53
psychrometers  559
PUB (Predictions in Ungauged Basins)  538
pyranometers  56–562
pyroclastic rock  23, 24
pyrradiometer  56
P clauses  3

Q
qualitative sampling, of aquatic invertebrates  67
quantitative sampling, of aquatic invertebrates  67
quartzite  26
QUICKBIRD  38, 634
quick clays  233
quickflow  67

R
radar  634
RADARSAT I and II  635
radar remote sensing  635
radiation  56–563
radiation, and snowmelt  42–44
radiation measurement errors  562
radiocarbon dating  259, 260, 264
radiocarbon dating, and landslides  264
radiometers  629
radiometric measurement, of stream temperature  608
radiometric resolution  634
railroads, and log transport  20–2
rain-dominated regimes  86, 88, 96, 99, 08
rain-dominated watersheds  95, 96, 98, 79
rain-on-snow events  6, 65, 03, 04, 06, 46, 96, 200, 

222–223, 340
rainbow trout  730
rainfall  35
rainfall gauges  563–565, 575
rainfall interception  36–39, 96
rainfall interception, and disturbance effects  8
rainfall interception loss  575–578
rain splash erosion  245, 246
rapid response landslides  220–222
reach, defined  483
recharge areas  58
redds  442, 443, 464–469
Redfish Creek  90, 63, 97, 277, 297, 298, 79, 735
red alder  665
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reference evaporation (Eref)  54–57
reference evaporation rate  50
reforestation  643, 658
reforestation, and evaporation  82–83
regeneration, of forest cover  4, 5, 87
regeneration, and rainfall interception  200–20
regional-scale flow systems  58, 89
regional climate models (RCMs)  732
regional climatic variations  47–8
regional variations, in peak flows  03
Regosols  40–42
relative humidity  559
relative saturation  52
remote sensing  633–637
remote sensing applications  37–322
replication, in hydrologic research  528–529, 53, 532
research methods, and watershed changes  528–532
resistance temperature detectors (RTDs)  608
restoration measures, and liability  689–690
restoration monitoring  685–686
restricted infiltration  50
restricting layers, and flow  55–56
retrogressive rotational landslide  243
return flow  50
revegetation  260
revegetation, of deactivated roads  658–659
revetment. See rock armouring
rheotaxis  472
riffle-pool morphology  338, 340, 34, 343, 349, 350, 442, 

444, 505
rill erosion  245
rime  35
riparian and floodplain area function  663–666
riparian and floodplain disturbances  666
riparian and floodplain rehabilitation  669–67
riparian areas, defined  479
riparian assessments  5–58
riparian associates  449, 450
riparian biodiversity  497
riparian buffers  47, 49, 424, 445, 447, 486, 505, 5
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	FIGURE 15.14 �Overall outcomes of riparian management effectiveness evaluations by riparian stream class for the 1441 streams assessed under the Forest and Range Evaluation Program between 2005 and 2008.[SB3]
	FIGURE 15.15 �Class S4 stream with full retention from the stream bank up to the top of the gorge (Chatwin et al. 2001).
	FIGURE 15.16 �Overall outcomes of riparian management effectiveness evaluations by individual indicator for all streams assessed under the Forest and Range Evaluation Program between 2005 and 2008 combined. Yes = indicator pass; No (shaded black) = indicat
	FIGURE 15.17 �Clearcut riparian management area with second-growth vegetation (photo: R.G. Pike).
	FIGURE 16.1 �Classification of common watershed models based on level of process representation and spatial discretization. DHSVM = Distributed Hydrology Soil Vegetation Model; UBCWM = University of British Columbia Watershed Model; IHACRES = Identificatio
	Figure 17.1 �Random distribution of point throughfall gauges in a soft fruit orchard, Kamloops, B.C. (photo: D.E. Carlyle-Moses).
	Figure 17.2 �Long throughfall trough collector emptying into a tipping-bucket rain gauge, Upper Penticton Creek Watershed Experiment, near Penticton, B.C. (photo: D.E. Carlyle-Moses).
	FIGURE 17.3 �An example of a suspended sediment monitoring station (under low flow conditions). The probes are mounted on rebar, which is secured at the bottom by placing it into a section of open-bottomed copper pipe. The top of the rebar is bent to 90º a
	FIGURE 17.4 �Mean daily water temperatures for a coastal (upper panel) and an interior stream (lower panel). In the lower panel, the sub-freezing temperatures in early 1998 reflect ice formation around the temperature sensor.
	FIGURE 17.5 �Temperature patterns for three streams in the North Thompson drainage during summer 2004. The McLure Fire in 2003 heavily disturbed Louis Creek’s riparian zone, leaving it poorly shaded. Whitewood Creek is heavily shaded. Moonbeam Creek has si
	FIGURE 17.6 �Stream temperatures before, during, and following a dewatering event, which began August 16 and ended August 22.
	FIGURE 17.7 �Polar co-ordinate representation of a hemispherical field of view centred on the zenith.
	FIGURE 17.8 �Illustration of spatial resolution and subsequent information content of three common image spatial resolutions: 30 × 30 m, 10 × 10 m, and 2.5 ×2.5 m. The underlying image is a digital photograph. Image provided courtesy of J. Heath, Terrasaur
	FIGURE 18.1 �Historical air photos showing the changes (increased channel width and increased sediment loading) associated with forest harvesting along Dewdney Creek, a tributary to the Coquihalla River near Hope in (a) 1948 and (b) 1996 (image compilation: M. Miles).
	FIGURE 18.2 �In alluvial streams in natural coniferous forests, large woody debris stores sediment, creates pools and channel structure, and provides habitat elements. Tributary in an unlogged area of Doc Creek watershed, mainland coast (photo: G. Horel).
	FIGURE 18.3 �Where large woody debris has been lost or removed from alluvial streams, channel structure is lost, the channel bed becomes uniform (planar), and the bed material coarsens. Stream in second-growth forest on central Vancouver Island (photo: G. Horel).
	FIGURE 18.4 �Examples of landslides related to forestry development in two harvested areas on the west side of Vancouver Island (photos: T. Millard).
	FIGURE 18.5 �Misery Creek in the mid-Coast Mountains of British Columbia illustrates landslide and erosion problems that can occur from road construction on steep, unstable terrain (photo: M. Miles). 
	FIGURE 18.6 Example of road fill landslide, West Coast Vancouver Island (photo: T. Millard).
	Figure 18.7 �Overview risk rating and trend for prioritizing watersheds (Western Forest Products Inc. watershed indicators projects 2006–20084).
	Figure 18.8 �Overview of watershed restoration implementation sequence (Johnston and Moore 1995).
	Figure 18.9 An example of landslides caused by logging road development (photo: M. Miles).
	Figure 18.10 �A retaining basin was constructed to capture materials that will fail from the slope above (photo: D. Polster).
	Figure 18.11 �Soil bioengineering was used on this landslide to initiate the natural successional processes that will maintain a vegetation cover on this slope. The rock basin shown in Figure 18.10 can be seen on the left in this photo (photo: D. Polster).
	Figure 18.12 �Fillslope instability has been substantially reduced by fill retrieval and endhaul; however, the remaining road surface is narrower (photo: D. Ostapowich).
	Figure 18.13 �Low-level bridge on active mainline, designed to be overtopped during major floods or debris flow events. Tyler Creek, south central Vancouver Island (photos: G. Horel).
	Figure 18.14 �Debris rack upstream of culvert on unmaintained road. Debris rack had completely filled in and was starting to collapse (photo: D. Ostapowich).
	Figure 18.15 Typical cross-ditch (sketch by G. Horel).
	Figure 18.17 �Permanent deactivation and hillslope contouring on a road in south-central Vancouver Island (photo: D. Ostapowich).
	Figure 18.18 �Two excavators using a double-bench approach to deactivate a road with deep fills on south-central Vancouver Island. The lower machine passes material to the upper machine, which places it against the cutslope (photo: D. Ostapowich).
	FIGURE 18.19 �(a) Unstable fills and steep escarpments along a road section above Kennedy Lake on Vancouver Island. Road access to site was cut off by a large landslide (not visible). (b) Surface blast used to remove fill and trim landslide scarps. Photo s
	Figure 18.20 �The culvert was removed at this crossing and the drainage course restored with an armoured swale. Pocket planting was used to establish vegetation in the riprap (photo: D. Polster).
	Figure 18.21 �This road section is undergoing full deconstruction by retrieving sidecast fill material and placing it against the cut, removing drainage structures, and placing salvaged wood on the regraded slope (photo: D. Ostapowich).
	Figure 18.22 �Modified brush layers have been developed to treat forest landslides and unstable slopes where normal tree planting would not provide effective stabilization. Cuttings are placed in position 1 under normal conditions, position 2 is used for v
	Figure 18.23 �Wattle fences can be used to treat steep slopes where surface ravelling is preventing plant growth (photo: D. Polster).
	Figure 18.24 �Live pole drain schematic (Polster, unpublished course material).
	Figure 18.25 �Live gully breaks can slow flows down gullies and promote recovery. Right photo shows treatment with water flows (photos: D. Polster).
	Figure 18.26 �Downed trees in streams act as flow deflectors and provide habitat features. Old-growth riparian forest along reach of Nimpkish River, Vancouver Island (photo: G. Horel).
	Figure 18.27 �Root networks sustain undercut banks, which provide habitat features. Tributary in unlogged area of Doc Creek watershed, Mainland coast (photo: G. Horel).
	Figure 18.28 �Even-aged thrifty (second-growth) conifer stands do not have the root network needed to control bank erosion along large alluvial streams (compare to Figure 18.26) (photo: G. Horel).
	Figure 18.29 �Shallow-rooted alders are easily undercut in alluvial stream banks. This stream in south-central Vancouver Island was logged in the 1950s (photo: G. Horel 2008).
	Figure 18.30 �The lower section of Elk River on Vancouver Island changed from a single-thread to a multi-thread channel following valley flat forest harvesting and roading in the 1940s (image compilation: M. Miles).
	FIGURE 18.31 �The pre-1957 Elk River channel plots near the upper limit of conditions for single-thread channels. Riparian harvest, diversion, and increased sediment yield have caused the channel to “shift” into a braided configuration (M. Miles and Associ
	Figure 18.32 �On an active fan, the forest limits the spread of sediment and debris (photo: Dave Wilford).
	Figure 18.33 �The root network is critical in limiting bank erosion and channel avulsion on active fans (photo: D. Wilford).
	Figure 18.34 �Live gravel bar staking can be used to initiate natural successional processes on gravel bars that form from excess sediment accumulation associated with development-related landslides or erosion (image: D. Polster).
	Figure 18.35 �Live gravel bar staking on the San Juan River, March 12, 1998. The red arrow indicates a reference cottonwood (photo: G. Switzer).
	Figure 18.37 �Live gravel bar staking traps small woody debris, creating a flow disruption and allowing sediment to collect (March 12, 1999) (photo: D. Polster).
	FIGURE 18.38 �A total of 80 cm of new sediment was deposited on this gravel bar on the San Juan River (March 12, 1999) during the first high flows following treatment (photo: D. Polster).
	Figure 18.39 �The cuttings planted on this gravel bar on the San Juan River in 1998 continue to grow and provide habitat for later successional species (June 2, 2006) (photo: D. Polster.)
	Figure 18.40 �Live gravel bar staking on the San Juan River has resulted in the accumulation of substrate on the gravel bar surface (right) and a deepening of the river channel (left) (June 2, 2006) (photo: D. Polster).
	Figure 18.41 �Understorey on the San Juan River gravel bar that was staked in 1998. The occurrence of riparian species, including cow parsnip and salmonberry, indicate that successional processes are occurring on the site (June 2, 2006) (photo: D. Polster)
	Figure 18.42 �Coquihalla River, 1984: these boulder structures were constructed along the Coquihalla River using the largest rocks that could be moved with highway construction equipment (photo: M. Miles).
	Figure 18.43 �Coquihalla River, 1991: Local scour associated with flood flows caused the boulders to sink and become buried in the channel bed (photo: M. Miles).
	Figure 18.44 �Hydraulically rough riprap formed of large rock and short spurs can be used to enhance fisheries habitat values along short sections of the riprap (photo: M. Miles).
	Figure 18.45 �Habitat complexity was added to this channel by varying the alignment of the streamside face of the revetment and by anchoring LWD into the revetment (photo: G. Horel).
	Figure 18.46 �Live bank protection can be used to support eroding stream banks. This drawing shows installations without backfill (image: D. Polster).
	Figure 18.47 �Cross-section of live bank protection showing normal backfill. Note that the bank is trimmed back to provide the backfill (image: D. Polster).
	Figure 18.48 �A series of engineered log jams placed to reduce flow velocities at the base of the embankment allows vegetation to become established on the slopes (design by M. Sheng; site supervision by M. Wright; photo: G. Horel).
	Figure 18.49 �Large woody debris accumulations deflect flow, which can create scour pools. Large woody debris also protects the gravel bar behind, allowing revegetation to occur (photo: G. Horel).
	Figure 18.50 �This large wood debris structure was constructed to narrow and deepen a degraded channel and provide fish habitat (photo: M. Miles).
	Figure 18.51 �Large rocks and cables can be used to anchor large wood debris placed in channels for habitat improvement (site work by W. Pollard; photo: G. Horel).
	Figure 18.52 �An old crib has distorted and settled, creating a scour pool in front of the logs; a gravel bar has developed on downstream side of the collapsed crib (photo: G. Horel).
	Figure 18.53 �Off-channel development has the benefit of providing useful habitat in areas with some protection from flood damage (photo: M. Miles).
	Figure 18.54 �Off-channel habitat created in groundwater-fed gravel pit and connected to Taylor River, south-central Vancouver Island (site work by M. Wright; photo: G. Horel).
	Figure 18.55 �Channel excavated to connect gravel pit to Taylor River (Site work by M. Wright; photo: G. Horel).
	Figure 18.56 �Diagrammatic representation of the concept of “ecological theatre.” Only one or a few plant species (“actors”) are shown for each “act” (seral stage and its biotic community) of the ecological “play” (the successional sequence of communities/
	Figure 18.57 �The major elements of production ecology. These elements should be incorporated into assessments of potential biogeochemical limitations on the success of restoration activities. The competition for resources includes herbs and shrubs, as wel
	FIGURE 19.1 Map of British Columbia regions used in Table 19.1.
	FIGURE 19.2 �Mean of all trends across British Columbia for (a) minimum temperature (nighttime low) and maximum temperature (daytime high), and (b) precipitation based on CANGRID3 gridded time series of historical climate (Data from Environment Canada).
	FIGURE 19.3 �(a) Streamflow sequential 5-day average runoff trends for the long-term historical period 1959–2006 for five streams located in different regimes throughout British Columbia; and (b) streamflow sequential 5-day average runoff trends for the re
	FIGURE 19.4 �Monthly average streamflow occurring during ENSO periods (left-hand plots) and PDO-cool (right-hand plots) for: (a) Chemainus River, (b) Similkameen River, (c) Swift River, and (d) Sikanni Chief River. See Table 19.2 for information on gauging
	FIGURE 19.5 �Mean annual temperature anomalies for British Columbia using 1961–1990 baseline of the UVic ESCM over the 21st century for emission reduction scenarios compared to median of AR4 GCM projections for the A2, B1, and A1B SRES emissions scenarios.
	FIGURE 19.6 �Range of 2050s annual temperature and precipitation averaged over British Columbia from 140 GCM projections. The larger/darker diamonds represent the 30 projections in the ensemble described in the section “2050s Projections for British Columb
	FIGURE 19.7 �Six GCM emissions scenarios projecting April 1st snow water equivalent (SWE) change to the 2050s in the Fraser River, British Columbia. Historical (1961–1990 April 1st) average SWE (mm) is illustrated in the top left-hand panel. The six scenar
	FIGURE 19.8 �Simulated winter snow water equivalent (SWE) in the mature lodgepole pine forest at the Upper Penticton Creek Experimental Watershed (1600 m elevation) under typical winter temperature and precipitation (2005–2006) conditions (solid blue line)
	FIGURE 19.9 �Scatterplots of (a) winter and (b) summer precipitation versus temperature projections provided by the six GCM emissions scenarios. The modelling centre is identified in the legend followed by the GCM name/version: CCCMA – Canadian Climate Cen
	FIGURE 19.10 �Six GCM emissions scenarios projecting annual temperature changes to the 2050s in the Fraser River Basin. Historical temperatures are illustrated in the top left-hand panel. The six scenarios are shown as degree Celsius anomalies from the 196
	FIGURE 19.11 �Six GCM emissions scenarios projecting annual average precipitation changes to the 2050s in the Fraser River Basin. Historical precipitation is illustrated in the top left-hand panel. The six scenarios are shown as percentage differences from
	FIGURE 19.12 �Six GCM emissions scenarios projecting annual average runoff changes to the 2050s for the Fraser River Basin. Historical runoff is illustrated in the top left-hand panel. The six scenarios are shown as percentage differences from the 1961–199
	FIGURE 19.13 �Fraser River streamflow: (a) future projections of Fraser River streamflow at Hope, B.C., with the 1961–1990 baseline period (average of all GCMs) depicted by a black line; (b) differences in streamflow from the baseline period with the range
	FIGURE 19.14 �Six GCM emissions scenarios projecting summer runoff changes to the 2050s for the Fraser River Basin. Historical runoff is illustrated in the top left-hand panel. The six scenarios are shown as percentage differences from the 1961–1990 baseli
	FIGURE 19.15 �Six GCM emissions scenarios projecting winter runoff changes to the 2050s for the Fraser River Basin. Historical runoff is illustrated in the top left-hand panel. The six scenarios are shown as percentage differences from the 1961–1990 baseli
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