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ARTICLE INFO ABSTRACT

Forest harvesting often decreases soil infiltration capacity, leading to rapid and increased delivery of surface
runoff, shallow subsurface runoff, and sediment to streams. While the general harvest area is typically the largest
area of disturbance, relative to forest roads or skid trails, less is known about the degree to which the general
harvest areas act as sources or sinks for runoff and sediment transport. This includes a need to improve un-
derstanding of the potential for runoff and sediment delivery from harvest areas through riparian buffers to
streams during infrequent, high intensity precipitation events, which are predicted to increase due to climate
change. In this study, we used rainfall simulations to investigate surface/shallow subsurface runoff, and sedi-
ment transport from plots during extreme precipitation events within a steep, headwater catchment in the Rocky
Mountains. Simulations consisted of one hour of high intensity rainfall (I55: 70-80 mm h~!), representative of an
~100 year, or greater, storm event for the northern Rocky Mountain region. Our objectives were to compare
runoff rates, sediment concentrations, and sediment yields between the general harvest area, along the edge of
the riparian buffer at the interface with the harvested area, and within the riparian buffer. Surface/shallow
subsurface runoff rates were greatest in the riparian buffer relative to the harvest area, especially when soil
conditions were dry. Mechanical soil disturbance during forest harvesting appeared to result in higher in-
filtration rates and vertical, preferential flow relative to the riparian buffer. However, sediment concentrations in
runoff from plots in the general harvest area were ~15.8-times greater than in the riparian buffer and ~4.2-
times greater than at the harvest-riparian edge. Comparatively, sediment yields in the general harvest area were
~2.0-times greater than in the riparian buffer and ~1.2-times greater than at the harvest-riparian edge.
Quantitative and qualitative evidence suggests differences in runoff and sediment between the harvest area,
harvest-riparian edge, and riparian buffer were due to site differences in hydrophobicity, surface roughness, soil
water content, and sediment supply. While we observed moderately high variability with only modest re-
plication, the spatial patterns in the amount and timing of runoff, sediment production, and their relationships
with soil moisture were consistent and monotonic along the gradient from harvested areas through riparian
buffers. This highlights the need for additional research to explore if similar patterns appear evident after forest
harvesting in other hydro-climatic settings.
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1. Introduction

Forest disturbances due to human activities (e.g., resource extrac-
tion) or natural processes (e.g., wildfire, pest outbreaks) can have
spatially extensive and long lasting effects on hydrologic and ecosystem
processes (Ebel and Mirus, 2014; Mirus et al., 2017). The hydrological
consequences of forest disturbance include changes in rates of inter-
ception, evapotranspiration, soil moisture dynamics, groundwater re-
charge, and annual discharge, baseflows, and peak flows (Bladon et al.,
2019; Hallema et al., 2017; Jones et al., 2012; Moore and Wondzell,

2005). Reductions in forest canopy cover can also lead to increased net
precipitation and changes in soil hydraulic properties, often resulting in
elevated erosion and sediment delivery to streams (Goode et al., 2012;
Silins et al., 2009). Such shifts in the delivery and transport of both
water and sediment from disturbed hillslopes into mountain streams
can degrade water quality for both aquatic habitat and downstream
water resource management (Emelko et al., 2011; Emelko et al., 2016).

The hydrologic effects of forest harvesting activities, in particular,
have been the focus of scientific investigation for decades (Bosch and
Hewlett, 1982; Brown et al., 2005; Stednick, 1996). The majority of
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research has focused on the most compacted surfaces—roads and skid
trails (Luce, 2002; Sheridan et al., 2006; Sosa-Perez and MacDonald,
2017). These highly compacted surfaces decrease the soil infiltration
capacity, leading to more rapid and increased delivery of surface runoff,
shallow subsurface runoff, and sediment to the stream (Luce and Black,
1999; MacDonald et al., 2001). Research has shown an increase of ~2-
to 100-times more runoff and sediment from roads and skid trails
compared to undisturbed surfaces, even during low intensity rain
events (Croke et al., 1999a; Luce and Black, 1999). Moreover, many
studies have found that unpaved haul roads or skid trails in steep, un-
stable terrain can increase the occurrence of mass movements by 25- to
350-times (Amaranthus et al., 1985; Gray and Megahan, 1981; Wemple
et al., 2001), increasing the delivery of sediment to stream channels
(Benda et al., 2005; Brardinoni et al., 2003).

However, the general harvest area (i.e., area of tree harvesting,
excluding primary skid trails and haul roads) typically represents a
much greater area of disturbance relative to forest roads or skid trails
and harvesting activities also impact this area, especially if ground-
based forest-harvesting equipment is used (Ampoorter et al., 2012;
Miller et al., 1996). Heavy machinery, such as harvesters, skidders, and
forwarders, can compact soils, increase bulk density, and decrease air-
filled porosity, infiltration capacity, and hydraulic conductivity across
the general harvest area (Mohr et al., 2013; Sidle et al., 2006). These
effects are spatially heterogeneous, leading to uncertainties about the
contribution of the harvest area to runoff and sediment (Croke et al.,
1999a; Croke et al., 1999b). For example, in the first two years after
forest harvesting Oyarzun and Pena (1995) observed 1.8- to 3.9-times
greater runoff and 1.9- to 5.8-times greater sediment concentrations
from harvested plots compared to undisturbed Pinus radiata (Monterey
pine) forest plots. In contrast, Hartanto et al. (2003) observed ~48%
less runoff and ~54% less soil loss from harvested plots compared to
undisturbed plots in Indonesian rainforest catchments. Thus, the degree
to which the general harvest areas act as sources or sinks for runoff and
sediment transport remains unclear (Mohr et al., 2013; Wallbrink and
Croke, 2002).

Historical research (1950s and 1960s) on the effects of forest
management illustrated that the general harvest area could act as a
principal source of increased runoff and sediment (Brown and Krygier,
1971; Fredriksen, 1970; Harris, 1977). The results from these early
studies led to legislation requiring retention of riparian vegetation
around streams to protect the freshwater environment (Cristan et al.,
2016). Recent studies suggest that current best management practices
(BMPs), including retention of a riparian buffer, are mostly effective at
reducing the potential for sediment from general harvest areas to reach
streams and negatively impact water quality and aquatic habitat
(Hatten et al., 2018; Litschert and MacDonald, 2009). However, there
are still instances where harvest units following contemporary forest
harvesting practices can provide a source of sediment (Bywater-Reyes
et al., 2017; Macdonald et al., 2003; Motha et al., 2003), indicating a
need to better understand processes and drivers of runoff and sediment
production from general harvest areas into or through riparian buffers.

Furthermore, projections suggest climate change may lead to in-
creased precipitation amounts and intensities in many regions
(Easterling et al., 2000; Trenberth et al., 2003). This may result in
higher rainfall erosivity, amplified runoff response, and increased ero-
sion rates (Praskievicz, 2016; Routschek et al., 2014). Model simula-
tions by Ramos and Martinez-Casasnovas (2015), based on mid-range
climate change scenarios (HadCM3 A2) in a Mediterranean climate,
indicate an increase in soil loss as high as 12% by 2020 and 57% for
2050. Similarly, models by Nearing et al. (2004) project an increase in
erosion of ~1.7% for each 1% change in annual precipitation, in part
due to wetter soil conditions and higher water tables. Improved un-
derstanding of the processes linking runoff and sediment delivery to
streams during infrequent, high intensity precipitation events are
needed to help frame the scope of these predictions in forested en-
vironments.
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Here, we provide insights into the role of the general harvest area
and riparian buffer as sources or sinks for runoff and sediment transport
during high intensity precipitation events. Specifically, in this study, we
investigated surface/shallow subsurface runoff, and sediment transport
from plots during extreme precipitation events within a steep, head-
water catchment, recently harvested in the Rocky Mountains. Our ob-
jectives were to evaluate and compare runoff rates, sediment con-
centrations, and sediment yields during high intensity precipitation
events between the general harvest area, along the edge of the riparian
buffer at the interface with the harvested area, and within the riparian
buffer. Specifically, we used rainfall simulations of high intensity, short
duration storm events to (a) quantify surface or shallow sub-surface
runoff rates, (b) quantify sediment concentrations and yields, and (c)
determine the influence of antecedent soil moisture on both runoff and
sediment production within the general harvest area, along the riparian
buffer edge, and within the riparian buffer.

2. Methods
2.1. Study area

Star Creek is a 10.3 km? headwater catchment on the eastern slopes
of the Rocky Mountains of southwest Alberta, Canada (49° 37’ N, 114°
40" W) (Fig. 1). The catchment is predominantly northeast-facing with
basin elevation ranging from 1479 to 2627 m. The average catchment
slope is ~45%, while the average channel slope is ~11% (Wagner et al.,
2014). Forest vegetation in the study catchment is dominated by stands
of lodgepole pine (Pinus contorta var. latifolia), trembling aspen (Populus
tremuloides), and Douglas-fir (Pseudotsuga menziesii var. glauca) at lower
elevations (upper montane). At mid-elevations (sub-alpine), the vege-
tation is characterized by Engelmann spruce (Picea engelmanii) and
subalpine fir (Abies lasiocarpa), while high elevations are alpine
meadow vegetation transitioning to talus slopes and bare rock. Soils are
well to imperfectly drained Eutric or Dystric Brunisols (Inceptisols [U.S.
Soil Taxonomy]), with weak soil horizon development typical of higher
elevation northern environments. Geology is primarily Cretaceous
shale, sandstone, mudstone, and limestone.

Winters are typically cold (mean monthly air temperature: —7 °C)
and summers are mild (mean monthly air temperature: 16 °C). The
mean annual air temperature is ~4.6 °C. The mean annual precipitation
ranges between 800 and 1360 mm year !, with mean annual stream-
flow ranging from 600 to 1225 mm year_1 (Silins et al., 2016). Pre-
cipitation predominantly falls as snow between October and April
(50-70%), leading to peak streamflow as snowmelt in May—June
(Mahat and Anderson, 2013).

Star Creek West, a 458 ha sub-basin of the Star Creek catchment,
was harvested as a variable retention clearcut between January-March
2015. Forest harvesting operations consisted of the removal of 62 ha of
timber using ground-based equipment where felled trees were skidded
to landings for processing. Following harvesting, the cutover areas were
drag scarified (dozer /anchor chain) and left for natural regeneration.
This harvest treatment represented contemporary forest management
practices in the region and was being compared with two alternative
harvesting treatments in the other two sub-basins of the Star Creek
catchment as part of the Southern Rockies Watershed Project study
(Silins et al., 2016). Operable areas were restricted to slopes less than
45%. A 30 m riparian buffer was retained around all mapped water-
bodies.

2.2. Rainfall simulation plots

We selected 15 plots for rainfall simulations along three transects on
a north facing hillslope (aspect: ~358°) and along two transects on a
southeast facing hillslope (aspect: ~129°) (Fig. 1). Each transect con-
sisted of three plots that were spaced ~20 m apart along the planar
hillslopes. Each plot was one square-meter, which was bounded by a
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Fig. 1. Map of (a) the province of Alberta with the general location of Star Creek (red circle), (b) the Star Creek catchment, indicating the locations for the rainfall
simulation sites and the area of the catchment (orange), and (c) the locations of rainfall simulation plots at the north site and southeast site with topographic wetness
indices (TWI). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Soil texture of the fine fraction for each of the 15 simulation plots.
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Table 1
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Summary of plot characteristics (mean and standard error) for the north-facing site, southeast-facing site, and all sites combined within the general harvest area,

along the harvest-riparian edge, and in the riparian buffer.

Plot Position Plot # Slope (%) Dry VMC Wet VMC Canopy Closure (%) Foliar Cover (%) Litter Depth (cm) BareSoil (%)
Oor (%) 0y (%) 6or (%) Oy (%)

Harvest Area 1 13 7.9 26.7 13.8 36.1 12 - 6 -
2 25 18.4 25.1 31.4 28.5 17 12 5 6
3 28 23.7 24.6 30.1 35.0 26 48 6 0
4 29 17.4 17.2 31.9 32.7 13 38 4 0
5 26 12.1 23.1 28.6 33.6 7 16 5 2

Harvest-Riparian Edge 6 42 18.0 17.0 - - 41 28 5 0
7 34 4.8 13.1 20.3 15.0 64 12 4 0
8 35 19.4 23.3 39.9 36.8 52 30 3 0
9 39 23.1 16.9 38.6 21.6 50 48 5 0
10 26 5.9 13.2 13.1 229 38 14 8 0

Riparian Buffer 11 46 4.1 8.3 21.7 17.7 80 24 3 0
12 36 9.4 8.1 9.8 14.7 89 40 2 0
13 37 7.8 8.6 25.3 18.3 85 52 6 0
14 50 6.2 7.3 23.6 19.7 90 54 9 0
15 55 11.7 8.0 16.2 13.9 84 32 9 0

three-sided steel frame that was inserted into the soil with the open side
facing down the slope. The plots were located either (a) within the
general harvest area, (b) along the edge of the riparian buffer at the
interface with the harvested area, or (c) within the riparian buffer.

We characterized each of the 15 plots based on soil texture (Fig. 2),
aspect, local slope, canopy closure, foliar and ground cover, and litter
depth (Table 1). The soil particle distribution for the sand, silt, and clay
fraction was determined in the laboratory using the hydrometer method
(Gee and Or, 2002). Soil texture for the fine fraction (< 2 mm) of the
upper 0-6 cm of mineral soil was similar along the north-facing and
southeast-facing hillslopes, ranging from silty loam to silty clay loam
(Fig. 2). Soil samples contained poorly sorted rocks and gravel, esti-
mated to make up ~2-20% of the sample volume.

Local plot slopes generally increased from the general harvest area
into the riparian buffer (Table 1). Slopes ranged from 13 to 29% within
the harvested area, 26-42% at the riparian-harvest boundary, and
36-55% within the riparian buffer. Canopy closure, which is a measure
of the portion of the sky hemisphere obscured by the vegetative canopy,
was estimated using a spherical concave densiometer held at the center
of each plot. Canopy closure also increased from the general harvest
area (~15%), to the buffer-harvest edge (~49%), and into the riparian
buffer (~86%). Foliar and ground cover was estimated within each plot
from 50 points along a 10 cm? sampling grid using the line point in-
tercept method (Bonham, 2013). Foliar cover classes included grasses,
forbs, and shrubs. Ground cover classes included litter/slash, moss,
wood, rocks, and bare ground. Foliar cover was generally greater on the
south-east facing slope compared to the north facing slope—it was
~3.1-times greater in the general harvest area, 2.2-times greater along
the buffer-harvest edge, and 1.7-times greater in the riparian buffer
(Table 1). We quantified litter depth (O-horizon) by measuring the
depth from the forest floor surface to the surface of the mineral soil (A
horizon) at three points along the exposed soil face at the bottom edge
of each plot. We then averaged the three point measurements for each
plot. Litter depths ranged from 2 to 9 cm, but were similar between the
general harvest area, buffer-harvest edge, and in the riparian buffer.
Mean upslope accumulated area above each of the 1 m? plots was
63.3 + 14.0 m? for the harvested plots, 44.4 = 6.0 m? for the buffer-
harvest edge plots, 54.4 = 6.3 m? for the buffer plots.

2.3. Rainfall simulations

We conducted two rainfall simulations on each of the 15 plot-
s—once under dry antecedent moisture conditions and once under wet
antecedent moisture conditions during August 2015. Simulations

consisted of one hour of high intensity rainfall (Is;: 70-80 mm h™1),
representative of a 100 year return period, or longer, storm event for
the northern Rocky Mountain region. The return period for the storm
event was estimated using rainfall frequency analysis (Weibull formula)
with an annual maximum precipitation series from a centrally located
precipitation gauge. Following the first (dry conditions) simulation, the
plot remained uncovered for 24-hr prior to performing the second (wet
conditions) simulation.

The rainfall simulator design was adopted and modified from Covert
and Jordan (2009) as a robust, portable device well suited for remote,
steep terrain (Fig. 3). The simulator consisted of a single wide-angle
spray nozzle (1/2HH-30WSQ, Spraying Systems Co., Wheaton, Illinois)
mounted to the bottom of a small platform. The platform was mounted
on a tripod base that extended to 3 m height above the plot, which was
found to produce rainfall velocities that were representative of high
intensity, short duration, convective storms that are common in the
study region (Covert and Jordan, 2009). The water supply for simula-
tions was drawn directly from the adjacent stream using a water pump
(Honda WX 15, American Honda Power Equipment Division, Alphar-
etta, GA) positioned at the base of the riparian buffer to deliver water to
the nozzle through 30 m of 3.8 cm diameter flat hose and 15 m of
1.6 cm diameter garden hose. This design provided a continuous water
supply to maintain the target rainfall intensity over the one-hour si-
mulation. The pump intake was screened to minimize the potential for
coarse debris to clog the system. Given that simulations occurred during
baseflow conditions in August, we assumed negligible fine sediment
contribution from the stream water. However, we collected a composite
water sample during simulations from two rain gauges (Model 6331
Manual Stratus Rain Gauge) placed on opposite corners of the plot, to
confirm that fine sediment in the simulated precipitation was insignif-
icant.

2.4. Runoff and sediment samples

During each rainfall simulation, we collected five surface/shallow
subsurface runoff samples from the bottom edge of the plot. These
runoff samples were a combination of near-surface biomat flow (Sidle
et al., 2007), surface runoff, and shallow subsurface flow (upper ~5 cm
of soil). Water samples were collected in 500 ml polyurethane bottles
from a trough, which was connected to the hillslope with a 0.04 cm
metal sheet inserted at the boundary between the organic layer and
mineral soil horizon. While a small amount of disturbance occurred
directly at the interface with the metal insert, installation was stan-
dardized across all plots to prevent introduction of bias into runoff
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Fig. 3. Photographs of the (a) rainfall simulator extended above the 1 m? plot, (b) rainfall simulator nozzle and pressure gauge, and (c) runoff into the trough at the
base of the plot showing the metal apron slotted into the organic-mineral soil horizon.

results. Samples were collected at 12-minute intervals. The amount of
time required to fill each bottle varied. Thus, a single bottle was used to
capture runoff during each collection interval, either until the bottle
filled or the 12 min had elapsed. We recorded the time of runoff in-
itiation as time from the start of the simulation to the moment when
runoff first exited the collection trough. The collection trough was
shielded from above during rainfall simulation with a clear Plexiglas
cover, while the plots were bounded on three sides with a steel frame to
ensure only runoff from within the plot contributed to the water
sample.

Sample volumes and total sediment concentrations were determined
in the laboratory following field collection. Runoff samples were first
passed through a 250 pum sieve to remove large particulates and then
filtered using a vacuum pump and 0.7 pum glass microfiber filters
(Whatman grade GF/F). Prior to weighing the filters to determine the
total mass of sediment, we removed the organic fraction through loss on
ignition by placing the filters in a muffle furnace at 450 °C for three
hours. Sediment concentrations were calculated as the mass (mg) of
sediment per unit volume (L) of runoff collected. Sediment yields
(mg m~2 min~') were calculated as the product of sediment con-
centration (mg L™ ') and plot discharge (L min~!) divided by the plot
area (1 m?).

2.5. Soil water content

The baseline soil content conditions of the organic (O) and mineral
soil horizons were determined directly preceding (pre-) and following
(post-) each simulation to characterize antecedent and post-rainfall soil
moisture. The volumetric water content of the O-horizon (0,,) was
measured at two points adjacent to the exterior edge of the plot frame.
The O-horizon sample was collected by removing a 5 cm? area of the O-
horizon down to the mineral soil and averaging the depth at four points
to obtain a known volume for each sample. We re-filled the void created
when extracting the O-horizon bulk density sample with representative

organic matter to keep the forest floor cover as continuous as possible
during the simulation. Water content of each sample was then de-
termined in the laboratory by weighing the sample before and after
oven-drying at 40 °C for 3-5 days.

The volumetric water content of the upper 0-6 cm of the mineral
soil horizon (6,) was measured vertically at six points evenly dis-
tributed around the exterior edge of the plot frame with an impedance
soil moisture probe (ML3 ThetaProbe, Delta T-Devices, Cambridge, UK,
accuracy: *+ 1%). The mineral soil surface was exposed for each reading
by carefully displacing the O-horizon. For each reading, we averaged
three point measurements to account for high spatial variability in 6,,.
The O-horizon was then replaced to cover the mineral soil during
rainfall simulation. As both the organic and mineral sampling proce-
dures caused disturbance to the soil, measurements were taken from
unique (slightly offset) locations at each of the four sampling periods
(i.e., pre-dry, post-dry, pre-wet, post-wet).

2.6. Statistical analysis

We used one-way analysis of variance (ANOVA) to test for differ-
ences in means of runoff rates, sediment concentrations, sediment
yields, and soil water content. Assumptions of equal variance, nor-
mality, and independence in each of the data sets were evaluated; se-
diment concentrations and yields exhibited skewed distributions and
were log-transformed for statistical tests.

While aspect was initially explored as a potential factor, response
variables were unrelated to aspect and all five transects were pooled to
explore the effect of plot position (i.e., general harvest area, harvest-
riparian edge, riparian buffer). Pseudoreplication in the study design
was addressed by conducting independent tests for each of the time
periods or soil moisture conditions (i.e., pre-, post-, dry, wet). The five
runoff samples collected during each simulation were repeated mea-
sures, producing temporal autocorrelation in the repeated sampling
data. As a result, statistical comparisons among sites used the aggregate
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Fig. 4. Box-and-whisker plots of the average runoff rate from plots in the general harvest area, at the harvest-riparian edge, and in the riparian buffer plots during the

dry and wet rainfall simulations. Grey dots indicate the arithmetic means.

mean runoff rate and geometric mean sediment concentration or yield
(back transformation of log values) from each simulation. Post-hoc
comparisons between means of the general harvest area, buffer-harvest
edge, and riparian buffer were conducted using Tukey HSD tests.
Statistical significance was assessed at a threshold of a = 0.05. All
statistical analyses were performed in R version 3.4.0 (R Core Team,
2017).

3. Results
3.1. Runoff rates

During the dry condition rainfall simulations the general pattern of
runoff rates (surface/shallow subsurface flow) was riparian buffer
(175.6 = 17.3 [SE] ml min™YH) > harvest-riparian edge
(125.8 + 182 ml min~?Y) > general harvest area
(37.2 + 85 mlmin~ ') (Fig. 4). Mean runoff rates within the riparian
buffer plots were greater than within the general harvest area plots
(t = 2.90, p = .03). Runoff rates along the riparian edge appeared to be
transitional between the harvest area and the riparian buffer with no
difference in the runoff rates between the harvest-riparian edge and the
general harvest area (t = 1.86, p = .19) or the riparian buffer
(t = 1.05,p = .56).

The surface/shallow subsurface runoff rates decreased in all plots
during the wet condition rainfall simulations relative to the dry simu-
lation runoff rates. While the general pattern of mean runoff rates re-

mained the same (Fig. 4)—riparian buffer (83.6 * 9.9
[SE] ml min~1) > harvest-riparian edge
(40.4 + 6.8 ml min Y > general harvest area

(29.4 = 10.2 ml min~?!), variation in wet runoff rates among plot
positions was comparatively weak (p > .25 for all pairwise compar-
isons).

Not surprisingly, runoff ratios, calculated as the fraction of total
precipitation collected as surface/shallow subsurface runoff, followed a
similar pattern as the basic runoff rates (Table S2). Runoff ratios were
only statistically greater in the riparian buffer plots (13.9 = 3.1%)
relative to the general harvest area (2.9 = 1.5%) during the dry

condition rainfall simulations (t = 2.9; p = .03). Comparisons in runoff
ratios between all other plot positions were weaker (p > .20). Simi-
larly, all runoff ratios declined during the wet condition rainfall simu-
lations relative to the dry condition simulations with no evidence for
differences between any of the plot positions (p > .27 for all pairwise
comparisons).

In contrast, while the variation among plot positions was weaker,
the general pattern of time to surface/shallow subsurface runoff in-
itiation after the start of rainfall simulations under dry and wet con-
ditions was opposite of that observed for runoff rate. Time of runoff
initiation under the dry condition rainfall simulations was approxi-
mately the same in the riparian buffer plots (2.02 = 0.39 [SE] mins)
and the harvest-riparian edge plots (1.89 + 0.26 mins), and only
marginally longer in the harvest area plots (3.66 * 1.08 mins) (Fig. 5;
all pairwise comparisons p > .18). However, during the wet condition
rainfall simulations, it took longer for surface/shallow subsurface
runoff to initiate and a weak pattern of time to runoff initiation was
apparent. The time to runoff initiation was shortest in the riparian
buffer (2.38 + 0.45 [SE] mins) followed by the plots at the harvest-
riparian edge (3.76 * 0.46 mins) and the general harvest area
(5.12 = 1.14 mins) (Fig. 5; Fig. S2). Again, none of these comparisons
were significant at « = 0.05 (p > .10).

3.2. Sediment concentrations and yields

During the dry condition rainfall simulations the general patterns of
sediment concentrations and sediment yields were opposite of the
runoff rates, with the general harvest area > harvest-riparian
edge > riparian buffer (Fig. 6). Specifically, the geometric mean and
95% confidence intervals (back-transformed) for the sediment con-
centration was (a) 424.8 mg 17! (151.0-1195.3 mg 1~ %) in the general
harvest area, (b) 100.9 mg 17! (45.8-222.1 mg 1™ ') along the harvest-
riparian edge, and (c) 26.9 mg 17! (12.2-59.1 mg 171 in the riparian
buffer. Statistically, there was strong evidence for differences in sedi-
ment concentrations between the general harvest area and along the
harvest-riparian edge (t = 3.21, p = .01) and between the harvest area
and the riparian buffer (t = 6.17, p < .001). There was moderate
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Fig. 5. Time of runoff initiation from the start of the rainfall simulation under dry and wet antecedent soil moisture conditions from plots in the general harvest area
(plots 1-5), at the harvest-riparian edge (plots 6-10), and in the riparian buffer (plots 11-15).

evidence for differences between the harvest-riparian edge and the ri-
parian buffer (t = 2.96, p = .03). The geometric mean and 95% con-
fidence intervals (back-transformed) for the sediment yields during the
dry simulations was (a) 7.3 mg m~ 2 min ! (0.7-46.2 mg m~ 2 min 1)
in the general harvest area, (b) 59 mg m~ 2 min™’
(1.6-34.3 mg m~2 min™Y) along the harvest-riparian edge, and (c)
3.7 mg m~2 min~! (1.1-12.1 mg m~2 min~?) in the riparian buffer

(Fig. S3). Statistically, there was no evidence for differences in sediment
yields between any of the plot positions.

While the general pattern in sediment concentration among plot
positions remained the same during the wet rainfall simulations as the
dry rainfall simulations—general harvest area > harvest-riparian
edge > riparian buffer (Fig. 6)—variation in sediment concentrations
among plot positions was somewhat weaker than observed under dry
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Fig. 6. Box-and-whisker plots of the average sediment concentration from plots in the general harvest area, at the riparian edge, and in the riparian buffer during the

dry and wet rainfall simulations. Grey diamonds indicate the geometric means.
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Fig. 7. Average volumetric water content (with standard errors) of the (a) organic (6,,) and (b) upper 0-6 cm of the mineral soil (6,,,) from plots in the general harvest
area, at the riparian edge, and in the riparian buffer under dry and wet antecedent moisture conditions.

rainfall simulations. The geometric mean and 95% confidence intervals
(back-transformed) for the sediment concentration was (a)
285.7 mg 17! (67.9-1201.5 mg 17 !) in the general harvest area, (b)
79.6 mg 17! (36.5-173.5 mg 1™ 1) along the harvest-riparian edge, and
(c) 22.3 mg 17! (3.5-141.7 mg 1™ ") in the riparian buffer. However,
while sediment concentrations differed most strongly between the
general harvest area and the riparian buffer (¢t = 3.51, p = .01), other
pairwise comparisons were not significant (p > .20) as riparian-edge
sediment concentrations during wet rainfall simulations were inter-
mediate between those of the other two plot positions. The geometric
mean and 95% confidence intervals (back-transformed) for the sedi-
ment yields during the wet simulations was (a) 3.0 mg m ™2 min !
(0.1-1345 mg m~2 min~!) in the general harvest area, (b)
2.3mgm~?min~" (0.9-6.3 mg m 2 min~') along the harvest-riparian
edge, and (c) 1.3 mg m ™2 min ! (0.2-9.3 mg m~2 min~!) in the ri-
parian buffer (Fig. S3). Statistically, there was no evidence for differ-
ences in sediment yields between any of the plot positions.

3.3. Soil water content

Prior to the dry condition rainfall simulations, mean volumetric
water content of both the O-horizon (6,,) and the upper 0-6 cm of the
mineral soil (6,,) generally followed the pattern of general harvest
area > harvest-riparian edge > riparian buffer (Fig. 7a). However,
variation in soil moisture among plot positions was weaker for 6,, than
was evident for 6,,. While differences in 6, were observed between the
harvest area and the riparian buffer (t = 2.55, p = .04,), there was no
evidence of differences in 0, among the other plot positions (p > .13).
However, we observed much stronger differences in 6,, between the
harvest and the riparian buffer (t = 15.42,p < .001), and between the
harvest-riparian edge and both the harvest area (t = 5.16, p < .001)
and the riparian buffer (t = 10.26, p < .001).

The soil water content of the O-horizon (0,,) increased from the dry
condition simulation to the wet condition simulation by ~11.3% in the
harvest area, ~14.5% at the harvest-riparian edge, and ~10.8% in the
riparian buffer. Similarly, the soil water content of the upper 6 cm of
mineral soil (6,,) increased ~8.7% in the harvest area, ~5.1% at the

harvest-riparian edge, and ~10.6% in the riparian buffer. Thus, prior to
the wet condition rainfall simulations, both the 6,, and the 6,, followed
the pattern of general harvest area > harvest-riparian edge >
riparian buffer (Fig. 7b). However, while no statistically meaningful
variation in 6,, was evident among plot positions (p > .19), much
stronger effects of plot position were observed in deeper layers for 6,,
(p < .001 for all pairwise comparisons).

4. Discussion
4.1. Runoff rates

Our study, in a high elevation Rocky Mountain catchment, de-
monstrated that surface and shallow subsurface runoff rates during high
intensity rainfall events were greater in a riparian buffer relative to a
recently harvested cutblock, especially when soil conditions were dry.
This finding was counter to our expectation, as mechanical soil dis-
turbance during forest harvesting activities has previously been asso-
ciated with decreased porosity, infiltration capacity, and hydraulic
conductivity, leading to intensified surface runoff (Birkinshaw et al.,
2011; Huang et al., 1996; Malmer and Grip, 1990). However, after
forest harvesting in Chile, Mohr et al. (2013) also observed higher in-
filtration and lower runoff rates in the general harvest area, which they
partially attributed to the breakup of naturally occurring water-re-
pellency at the soil surface and prolonged ponding of water due to in-
creased soil surface roughness. In our study, we observed many de-
pressions in microtopography in the general harvest area plots from
mechanistic disturbance, which were not prevalent in the riparian
buffer plots. Previous studies have illustrated that the presence of in-
creased microtopographic variation can increase the proportion of
precipitation infiltrating by 20-200 % (Dunne et al., 1991; Thompson
et al., 2010). Indeed, in our study microtopography appeared to lead to
greater ponding of water and infiltration in the plots in the harvest area
compared to the riparian buffer. However, the effect of harvesting ac-
tivity on surface microtopography was heterogeneous, especially at the
harvest-riparian edge, which contributed to high variability in runoff
response observed between plots.
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Additionally, we postulate that the greater runoff volumes (Fig. 4)
and shorter times to runoff initiation (Fig. S2) during the dry condition
simulations and within the riparian buffer were strongly governed by
the presence/absence of water repellency. We observed hydrophobic
conditions most frequently during the dry condition rainfall simulations
in the riparian buffer and, to a lesser extent, at the harvest-riparian
edge. Specifically, we observed water visibly flowing along the organic
horizon surface (above the mineral soil) shortly after the start of each
rainfall simulation—we did not observe this phenomenon in the general
harvest area. This is consistent with the presence of resins, waxes, or
aromatic oils associated with pine-dominated forests and/or organic
matter, which are most prevalent during hot, dry conditions and are
known to increase runoff generation at the surface (Brown et al., 1999;
Doerr et al., 2000; Kim et al., 2005; Miyata et al., 2007). These water
repellent properties of the topsoil may have been broken up during
forest harvesting or may have been reduced in the moister soils in
harvested plots (Doerr et al., 2000), thereby increasing infiltration rates
and reducing surface or shallow subsurface runoff in the harvested plots
(Mohr et al., 2013).

The differences in runoff rates between the harvest area and the
riparian buffer may also be partially attributable to differences in soil
water content. Prior to the dry condition rainfall simulations, the vo-
lumetric water content in the upper horizons of the mineral soil was
~2.9-times greater in the harvest area compared to the riparian buffer.
This finding is consistent with other studies, which have documented
increased soil water content after forest harvesting because of strongly
reduced rainfall interception and transpiration losses (Ares et al., 2005;
Bethlahmy, 1962; Rab, 1996), including related research in our study
catchments (Greenacre, 2019). Due to wetter soil conditions in the
harvest area, initiation of preferential flow through larger macropores
likely occurred more rapidly, enhancing vertical drainage and infiltra-
tion (Beven and Germann, 1982). Indeed, the greater infiltration we
observed in the harvested area occurred despite much greater sediment
entrainment in harvested plots, supporting the notion that preferential
macropore flow (less susceptible to pore plugging) was the likely
pathway responsible for enhanced drainage in harvested plots. In our
study, shallow runoff rates decreased in all plots in the wet condition
rainfall simulations relative to the dry condition simulations. This ob-
servation reinforces the idea of increased connection of pore networks
as soil water content increases, resulting in greater and more rapid
vertical flow (McDonnell, 1990; Sidle et al., 2000; Tsuboyama et al.,
1994).

While we established transects and plots across a gradient of har-
vested to riparian settings, which had mostly similar environmental
settings, unfortunately, there was a gradient of increasing slopes from
harvested to riparian plots. This occurred because the harvested areas
were constrained to gentler slopes less than 45%, which is typical for
operations in high elevation, mountainous catchments. Despite this
difference in plots, there was no clear reason to suspect slope had a
major influence on infiltration or runoff from our small (1 m?) plots.
Rather, the well-established effects of water repellency and soil
moisture on small plot infiltration-runoff were likely the more domi-
nant factors (Mohr et al., 2013). Indeed, others have also observed the
importance of microtopography, surface litter, and soil conditions (e.g.,
moisture content, bulk density) as dominant factors controlling in-
filtration and runoff at the small plot scale (Hartanto et al., 2003; Liu
et al., 2019; Zhou et al., 2018). Moreover, Wu et al. (2017) recently
noted that the role of slope on infiltration remains uncertain and a
controversial issue even at the hillslope scale, with contrasting ob-
servations of increased runoff with increasing slope (Essig et al., 2009;
Fox et al., 1997), decreased runoff with increasing slope (Abrahams
et al., 1988; Assouline and Ben-Hur, 2006), or no relationship between
runoff and slope (Cerda and Garcia-Fayos, 1997; Grosh and Jarrett,
1994).
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4.2. Sediment transfer

In our study, the geometric mean of the sediment concentrations in
runoff from plots in the general harvest area was ~15.8-times greater
than in the riparian buffer and ~4.2-times greater than at the harvest-
riparian edge. Thus, it was apparent that forest harvesting activity in-
creased sediment availability on hillslopes within the general harvest
area, as observed previously in other experiments (Croke et al., 1999b).
While the percent exposed bare soil in our harvested plots was only
moderately greater than in the harvest-riparian edge or riparian area
plots, drag scarification decreased soil aggregation and increased soil
surface roughness in the harvested plots. Such effects on soil properties,
would have increased hillslope sediment availability (Jordan et al.,
2010). Within the limitations of the small (1 m?) erosion plots in this
study, the low runoff rates and high surface roughness in our general
harvest area plots illustrated that the combination of greater particle
detachment and initial sheet flow likely governed the greater sediment
production from harvested plots. However, we also did not observe
evidence of larger scale erosional features associated with broader
concentrated surface flow or uniform sheet flow in the harvested areas
known to entrain and redistribute sediment down hillslopes (Croke
et al., 2005; Hairsine et al., 2002; Lakel et al., 2010; Neary et al., 2009;
Rivenbark and Jackson, 2004). The low sediment concentrations in the
riparian buffer plots may be attributable to surface runoff occurring at
the duff/litter layer (above mineral soil). The cover and surface
roughness provided by the litter layer is often a dominant control on
surface erosion in forested environments (Ghahramani and Ishikawa,
2013; Powers, 2002; Stuart and Edwards, 2006). As such, while there
was a clear gradient in mean plot slope from riparian buffers >

riparian-harvest edges > harvested areas, our results for sediment

production showed the opposite pattern, which supports the notion that
the first order controls governing sediment production in this study
were surface cover, litter, and soil exposure.

Sediment concentrations decreased during the wet condition rain-
fall simulation in all of the plots in the general harvest area and along
the harvest-riparian edge. We attribute this surprising result to the re-
moval of the loose sediment supply during the initial, dry condition
rainfall simulation (Croke et al., 1999b). High surface roughness in the
harvest area plots may also have contributed to moderately low sedi-
ment transport during the wet condition simulations (Bryan, 2000).
Despite these observations, we caution that scale effects from plots are
typically more variable for erosion than runoff, with sediment con-
centrations generally increasing with plot length along the hillslope
(Bagarello and Ferro, 2017). Given that most observations and model
simulations indicate higher erosion rates during high intensity pre-
cipitation events (Praskievicz, 2016; Routschek et al., 2014), it is cri-
tical to continue to improve our understanding of the drivers of ero-
sional processes and sediment delivery to streams under these rare
conditions at a range of spatial scales.

Our study also provides mechanistic insights into functional roles of
riparian buffers in the broader suite of best management practices
(BMPs) often employed in forest harvest operations. Many agencies
describe one of the functions of riparian buffers as “filter-strips” that
serve to limit sediment transfer from harvested areas to receiving
streams. However, considerable historic and contemporary research
indicates forest soils typically have high infiltration capacities, which
rarely enable substantial surface runoff and sediment transfer into ri-
parian reserves after harvesting (Litschert and MacDonald, 2009). In-
deed, even under the extreme precipitation intensities employed in this
study (> 100 yr. return period Isp), high surface roughness in the
general harvest area promoted higher infiltration, and both lower sur-
face runoff and runoff ratios in the general harvest area, which would
make sediment penetration into or through riparian buffers highly
unlikely in this setting.
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5. Conclusions

Understanding the potential for surface or shallow subsurface runoff
and erosion during infrequent, high intensity precipitation is critical
given the projections for greater occurrence of these events in the future
due to climate change. Observation of these rare events is difficult;
however, the data from our rainfall simulations indicate such events
may produce moderate surface/shallow subsurface runoff rates
(~17.6-105.4 mm h™ 1Y) in high elevation Rocky Mountain catchments.
Forest harvesting activity appeared to result in higher infiltration rates
and vertical, preferential flow compared to the riparian buffer. In
contrast, the surface/shallow subsurface runoff rates were highest in
the riparian buffer, which was likely due to differences in hydro-
phobicity, surface roughness, and soil water content between the sites.
We also found differences in sediment concentrations—the highest se-
diment concentrations were from the general harvest area plots.
Surprisingly, sediment concentrations decreased during the wet con-
dition rainfall simulation relative to the dry condition rainfall simula-
tions, especially in the general harvest area. This was likely due to
exhaustion of a sediment supply, reduced connectivity due to surface
roughness, and increased vertical, preferential flow with increasing soil
wetness. Overall, while we observed moderately high variability in this
plot scale study with only modest replication, the spatial patterns in
runoff generation (both amount and timing of runoff initiation), sedi-
ment production, and their relationships with soil moisture were con-
sistent and monotonic along the gradient from harvested areas through
riparian buffers. This highlights the need for additional research to
further explore if similar patterns appear evident in other hydro-cli-
matic settings. Ultimately, a better understanding of mechanisms that
regulate efficacy of best management practices such as riparian buffers,
will contribute to continued improvements in practices for watershed
protection.
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