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ABSTRACT

The magnitude of sediment yield from headwater catchments is controlled by the interactions among hydrology,
geomorphology, and soil disturbance. In montane regions like the Sierra Nevada, snow is one of the main factors
controlling the timing and magnitude of hydrological fluxes. However, the role of snow on modulating spatial
and temporal variation of sediment yield remains unclear. Using 120-site years of sediment yield data from 10
headwater catchments (drainage area 50-475 ha), we examined the sediment yield characteristics across an
elevational gradient (1,777-2,381 m elevation) in the southern Sierra Nevada. Across space and time, we
calculated an average annual suspended sediment yield of 62 = 147 Mg/km?. In contrast, the measured mean
annual bedload yield from the study catchments was small, 1.1 + 2.4 Mg/km?2. A linear mixed-effects model
showed that maximum annual discharge alone can only explain 24 % (marginal R* = 0.24) of the variance in
sediment yield. Similarly, the hypsometric integral, which is often used as a metric for erosion susceptibility,
showed no predictive power (marginal R> = 0.005). As much as 65 % of the variance in sediment yield can be
explained by fixed effects when snow related drivers (i.e., center of flow timing and aspect) were included in the
model along with maximum annual discharge, suggesting a strong influence of snowmelt. Moreover, the rela-
tionship between area normalized suspended sediment yield (Q;) and unit discharge (Q) was significantly
different between rain and snow events (p = 0.001). Both average slope (@) and exponent () terms of the Q; =
aQ’ relationship across the ten catchments were higher for rainfall (¢ = 5.8, = 1.84) than those for snowmelt
(e = 3.1, = 1.77) events. As the erosion severity and power were higher during rainfall than the snowmelt
events, a shift in the precipitation form from snow to rain under a warming climate will likely increase sediment
yield. These results provide critical insights on background sediment yield in the southern Sierra Nevada and
likely changes under future climate.

1. Introduction

Anderson, 2015), is held behind dams during the rainy winter and early
spring snowmelt before it is released to customers during the peak

Forested and snow laden mountains of the Sierra Nevada provide
more than 60 % of California’s developed water supply (Sierra Nevada
Conservancy, 2014). Dams and reservoirs on the western slope of the
Sierra Nevada play an integral role in bridging the timing mismatch
between seasonal cycles of precipitation and water demand for Cali-
fornia. Much of the mountain runoff, on average 29 km? (Dettinger and

summer usage. However, these mountain streams across the United
States are also major conduits for non-point source water pollutants such
as sediment and nutrients that cause degradation of instream habitat
quality and reservoir capacity (Kemp et al., 2011; Podolak and Doyle,
2015; Schleiss et al., 2016; United States Environmental Protection
Agency, 2016a; United States Environmental Protection Agency,
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2016b). In the United States, half of the assessed (1,787,918 km or 31.4
% of the total waters) rivers and streams are classified as either threat-
ened or impaired (United States Environmental Protection Agency,
2016a; United States Environmental Protection Agency, 2016b).

In California, nearly 90 % of assessed rivers and streams (340,397 km
or 33 % of the total waters) are classified as water-quality impaired with
temperature and sedimentation/siltation as the top two causes. Nearly
60 % of the assessed rivers and streams and 70 % of reservoirs, lakes, and
ponds in California require determination of new Total Maximum Daily
Loads (TMDL, United States Environmental Protection Agency, 2016a;
United States Environmental Protection Agency, 2016b). Further, many
California reservoirs are losing water storage capacity. Minear and
Kondolf (2009) estimated as much as 2.1 x 10° m® of sediment depos-
ited in California reservoirs between 1890 and 2008. This represents a
loss of 4.5 % of the statewide total reservoir storage. The cumulative
sedimentation is predicted to reach 7.1 x 10° m® by year 2200, which is
15 % of statewide reservoir storage capacity. This historic and future
loss in reservoir storage alone is quite significant considering the
removal cost and lack of flexibility for building additional storage (Lund,
2011, 2014). Increased water demand, curtailment of groundwater use,
and decreased snow storage during winter months due to climate change
will result in increased reliance on reservoir storage. These coarse scale
estimates provide one view of sedimentation.

Evaluating background sediment yield, understanding site-scale
variability in sediment transport, and identifying predictive variables
for sediment yield such as geomorphology, land-use management, and
climatic controls could improve management of reservoir sedimentation
and achieve water quality standards (Borah et al., 2006; Costa et al.,
2018). However, the past literature reported mixed observations on
drivers of erosion and sediment yield. For example, catchment lithology
and relief were found to be key drivers of sediment yield in basins with
size less than 10 km? (Aalto et al., 2006; Andrews and Antweiler, 2012)
but not in basins with size over 10° km? (Syvitski and Milliman, 2007).
In the Rocky Mountains, Mueller and Pitlick (2013) found that the
relative sediment supplies, in basins ranging between 1.4 and 35,000
km?, were dominantly controlled by lithology and showed very little
correlation to relief, mean basin slope, and drainage density. Stallman
et al. (2005) reported a sharp contrast in sediment production between
the geologic terrains of older Western Cascades and relatively young
High Cascades where the former was represented by only 10 % catch-
ment area but accounted for 62 % of the sediment yield. Similarly,
Mueller et al., (2016) showed a strong relationship between sediment
composition, i.e., suspended versus bedload, and lithology. The linkages
between precipitation, temperature, and activation and cessation of
runoff and sediment sources are also critical, especially in mountainous
regions impacted by changing climate (Mano et al., 2009; Costa et al.,
2018). The magnitude and intensity of sediment transfer associated with
the snowmelt processes differ from rainfall-driven events. In the Medi-
terranean Region, where the snowmelt controls a major part of the
discharge during spring and summer season, the transition in sediment
regime from fine particle to coarser bedload was observed (Lana-Renault
et al., 2011). Similarly, changes in land cover from forest management
activities and/or wildfires can also alter the geomorphic regime (Safeeq
et al., 2020).

Limited studies exist on long-term background sediment production
rates in the Sierra Nevada. Riebe et al. (2000, 2001) investigated long-
term erosion rates in the southern Sierra Nevada using cosmogenic
nuclide data and found no correlation with climate and concluded that
inferring patterns of sediment delivery using hillslope gradient alone can
be misleading. At shorter time scales, sediment inputs to Lake Tahoe in
the central Sierra Nevada have been studied extensively and show strong
spatial and temporal variability due to differences in climate, geology,
and land use (Coats et al., 2016; Carl, 1976; Langlois et al., 2005; Reuter
and Miller, 2000; Simon et al., 2003). Studies in California’s Coast
Ranges go back to as early as the 1950s but focused mainly on doc-
umenting sediment yields associated with timber harvest and forest
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roads (Cafferata and Reid, 2013; Lewis et al., 2001; Richardson et al.,
2020). Numerous field studies on post-disturbance, specifically post-fire,
sediment delivery rates are also scattered spatially throughout the state
(Cole et al., 2020; Olsen et al., 2021; Robichaud et al., 2013, 2008;
Wohlgemuth et al., 2001). However, considering the range of variability
in hydrology, climate, and geology in California, these studies provide
limited specific applicability beyond their local landscapes. Looking at
the 1,300 km? Lake Tahoe Basin alone, median suspended sediment
yield varied by orders of magnitude between less than 0.5 Mg/km?/year
to as much as 14 Mg/km?/year (Simon et al., 2003). This variability was
largely controlled by the differences in precipitation and the amount of
upstream disturbance.

The variations in sediment yield over space and time were even
larger when looking across the Pacific Coast Region of the United States.
At the smaller forested catchment scale with area between 0.02 and
16.2 km?, reported sediment yields were found to vary by a factor of ~
10* (0.05-550 Mg/km?/year; Gomi et al., 2005). Across larger catch-
ments and geomorphic regimes, O’Connor et al. (2014) analyzed data
from a range of basins in northern California and Oregon, with size
ranging from 0.6 to 6906 km?, and reported bedload yields between 1.4
and 395 Mg/km?/year. Similarly, Czuba et al. (2011) reported sediment
yield variations between 1.3 and 584 Mg/km?/year from the major
rivers draining into Puget Sound and its adjacent waters (drainage area
between 181 and 220,149 km?). Looking at the sediment yield varia-
tions over time, Ambers (2001) reported sediment yield in the range of
38 and 244 Mg/km?/year, with a long-term average yield of 98 Mg/
km?/year, from the 686 km? Dorena Lake watershed in the western
Oregon. While the underlying hydrogeomorphic conditions in these
studies are much different from those in the southern Sierra Nevada,
these studies provide a basis for documenting and understanding locally
relevant background sediment production.

Hydrologic landscapes of the Sierra Nevada are affected by climate,
drought, and disease, resulting in tree mortality, wildfires, and other
forms of disturbance that can alter the sediment regime. Wildfires are
becoming more frequent, bigger, and more severe (Bedsworth et al.,
2018). Warmer temperatures and loss of snowpack in the Sierra Nevada
fuel the fires and alter the hydrology with higher rain-triggered winter
peak flows (Safeeq et al., 2016; Westerling et al., 2006). The recent 2020
Creek fire, 2020 North complex fire, 2021 Caldor fire, and 2021 Dixie
fire are examples of wildfire destruction in the source watersheds of
California. This trend is projected to intensify in the future (Das et al.,
2013; Huning and AghaKouchak, 2018), but its full range of geomorphic
impacts is largely unclear with some indication that self-organization of
channels may buffer the influence of climate signal evident in discharge
(Goudie, 2006; Phillips and Jerolmack, 2016). The amount of active
forest and fuel management, which is on the rise, is also modifying the
landscape significantly (Gomi et al., 2005; North et al., 2015; Safeeq
et al., 2020). Rachels et al. (2020) quantified the effect of forest har-
vesting on sediment sources in Oregon Coast Range headwater streams.
They discovered that sediment loss from the harvested area was 10.6
times greater than streambank and 4.5 times greater than unharvested
areas. Bywater-Reyes et al. (2017, 2018) showed catchment lithology
and physiography as dominant controls on suspended sediment yield
with catchments underlying friable lithologies and steeper slopes being
more susceptible to erosion after contemporary forest management.
Wise and O’Connor (2016) developed a spatially explicit suspended
sediment yield model for western Oregon and found lithology and
burned area, along with precipitation, explained 64 % of the variability
in suspended sediment yield. Olsen et al. (2021) studied the effects of the
2013 Rim fire and post-fire salvage logging on rill connectivity and
sediment yield in the Sierra Nevada. However, they did not find any
significant change in mean rill density or log-transformed normalized
sediment yield between logged and control catchments. Soil disturbance
related to road construction or maintenance, timber harvest, and forest
thinning or other management can also alter the erosion and sediment
delivery dynamics of headwater streams (Rachels et al., 2020).
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However, the impact of these anthropogenic and natural activities on
landscape geomorphology varies with space and time.

The purpose of this research was to investigate long-term suspended
and bedload sediment yields and assess underlying geomorphic and
climatic controls. We analyzed suspended sediment concentration along
with sediment load or yield due to their varying implications on aquatic
and geomorphic processes. We utilized a unique dataset, with 120 site
years (10 catchments * 12 years) of high-resolution sediment and
discharge data, across an elevational gradient to answer the following
research questions: 1) how does the sediment concentration and yield
vary in space and time? 2) What are the key hydrogeomorphic and cli-
matic controls on sediment yields in the Sierra Nevada? and 3) To what
extent do forest management treatments (i.e., tree thinning and under-
story prescribed burns) affect sediment yields?
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2. Materials and methods
2.1. Study area

The Kings River Experimental Watersheds (KREW), established in
2002, are active research sites located within the Kings River basin in the
Southern Sierra Nevada of California (Fig. 1). KREW arecomprised of
eight primary and two integrating catchments ranging in size from 0.5 to
4.7 km? (Table 1). Three primary catchments nest within each inte-
grating catchment P300 and B200 (Fig. 1). The ten catchments are
organized in two clusters across the rain-snow transition zone, consist-
ing of the lower elevation Providence and higher elevation Bull sites
(Fig. 2). Catchments at the Providence site drain to the Pine Flat
Reservoir through Big Creek. Except for Teakettle (T003), catchments at

(a) Kings River Watershed within the State of California

(b) Providence Catchments
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Fig. 1. Kings River Watershed within the state of California (a), lower elevation Providence (b) and higher elevation Bull (c) catchments in the Kings River

Experimental Watersheds (KREW).
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Table 1
Catchment characteristics for the Kings River Experimental Watersheds (KREW). Listed in order of increasing outlet-elevation.
Catchment  Forest Management Area Elevation Relief Slope Aspect Hypsometric Drainage Density 2011 Normalized Difference
Treatment (km?) (m) (m) (%) (deg.) Integral (HI) (DD) (km/km?) Vegetation Index (NDVI)*
Providence
D102 Thinning (2012) 1.2 1777 482 37 241(SW) 0.581 10.1 0.69
P300 Integrating and 4.6 1872 372 26 190 (S) 0.538 7.4 0.68
Thinning
P303 No-Treatment 1.3 1893 274 27 220 (SW) 0.567 7.4 0.69
P304 Control 0.5 1915 186 25 304 0.649 6.9 0.69
(NW)
P301 Thinning (2012) 1.0 1951 303 24 191 (S) 0.689 7.4 0.61
Bull
B201 Thinning (2012) 0.5 2249 232 24 272 (W) 0.448 6.0 0.54
T003 Control 2.3 2260 412 31 122 (SE) 0.526 5.5 0.63
B200 Integrating, Thinning & 4.7 2327 358 23 201 (S) 0.544 5.2 0.51
Prescribed Fire
B204 Thinning (2012) & 1.7 2373 249 21 224 (SW) 0.576 5.0 0.49
Prescribed Fire (2013)
B203 Prescribed Fire (2013) 1.4 2381 288 23 227 (SW) 0.622 4.6 0.46

* Calculated using 30-m U.S. Geological Survey national land cover data. https://www.mrlc.gov/nled2011.php.
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the Bull site drain to the North Fork of the Kings River through Dinkey
Creek. T003 drains directly to the North Fork of the Kings River further
upstream. The climate is described as Mediterranean with cold, wet
winters and warm, dry summers. Long-term (1981-2010) average
annual precipitation across the 10 catchments ranged from 1,026 mm in
P300 to 1,234 mm in T003, and the mean daily air temperatures varied
between 8 °C in B203 and 10 °C in D102 (Daly et al., 2008). The period
of current research was 2004-2016 which includes the 2012-2015
drought (Supplementary Fig. S1). During the study period, mean annual
precipitation of Bull and Providence was 1314 mm and 1208 mm
whereas the mean annual air temperature was 10 °C and 7 °C, respec-
tively. However, during drought years (2012-2015), the mean annual
precipitation was 755 mm and 866 mm which is 46 % and 44 % less than
the non-drought years (2004-2011 and 2016), for Providence and Bull,
respectively.

The KREW catchments are underlain by Mesozoic granitic rocks in
Providence and early Proterozoic to Cretaceous mixed rocks (mostly
schist and gneiss) in Bull (Jennings et al., 2010). Regolith thickness is
highest in Providence and constrained by temperature at higher eleva-
tions (O’Geen et al., 2018). Much of the Kings River Basin was glaciated
during the Pliocene and early Pleistocene (Gillespie and Clark, 2011;
Gillespie and Zehfuss, 2004; Kaufman et al., 2003). Well-drained Shaver
and Gerle-Cagwin soils, hydrologic soil group B, dominate the lower
elevation Providence and highly-drained Cagwin soils, hydrologic soil
group A, dominate the higher-elevation Bull catchments (Hunsaker
et al., 2012). The vegetation is characterized by mixed-conifer forest,
primarily white fir (Abies concolor), ponderosa pine (Pinus ponderosa),
Jeffrey pine (Pinus jeffreyi), sugar pine (Pinus lambertiana), and incense
cedar (Calocedrus decurrens). Bull catchments contain a larger amount of
red fir (Abies magnifica), in the range of 19-44 % (Hunsaker et al., 2012).
Bare ground, which is mostly rock outcrop in the Bull catchments, ac-
counts for 0-4 % of the land cover.

Hypsometric or area-altitude curves provide the relative area of a
catchment to the relative elevation above the catchment mouth and can
illustrate a range of conditions: inequilibrium (convex up) landform
associated with diffusive dominated catchments, equilibrium (original),
and monadnock (concave up) landform associated with fluvial domi-
nated catchments (Strahler, 1952; Cohen et al., 2008; Vivoni et al.,
2008). These curves can also be described as toeless to subdued concave
up or type I, J-shaped or type II, and convex up or type III (Vachtman
et al., 2013). Morphologically, all the catchments except B201 show
convex up, mostly in the middle of the hypsometric curves indicating
most erosion in the upper part of the catchment (Fig. 2). B201 shows a
concave up hypsometry suggesting more erosion in the middle part of
the catchment. The hypsometric integral (HI) is often used to quanti-
tatively describe the geomorphic differences reflected in the hypso-
metric curve with higher HI values indicating more erosion
susceptibility (Singh et al., 2008). The HI values across the ten catch-
ments range between 0.448 for B201 to 0.689 for P301. Both Providence
and Bull catchments can be classified as steep (Fig. 2) with an average
slope ranging between 21 % in B204 to as much as 37 % in D102
(Table 1). Catchment aspect is dominated by south and west facing
slopes. Estimated catchment drainage density varies between 4.6 km/
km? in B203 to as high as 10.1 km/km? in D102, and generally increases
with decreasing catchment elevation (R2 = 0.85), increasing slope (R2 =
0.54), and increasing vegetation cover (R? = 0.64) as inferred from the
Normalized Difference Vegetation Index (NDVI) (Table 1).

2.2. Forest management treatments

The paired-watershed design of KREW was implemented to assess
the impacts of two forest management treatments with a goal to better
understand their impact on hydrology and geomorphology. The first
phase of treatment was performed in the Providence and Bull catch-
ments between July and November 2012. Timber harvest and me-
chanical thinning, using feller-bunchers and hand felling combined with
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ground-based skidding, were performed in P301, D102, B201, and B204
(Table 1) (Lydersen et al., 2019). In the second phase, prescribed fire
was applied in Bull catchments B203 and B204 during fall 2013. The
prescribed fire treatment was delayed in Providence catchments P301
and P303 because of unfavorable weather and ignition conditions. The
subsequent prescribed burn in Providence occurred in late 2016 but falls
outside of our analysis period. As a result, catchment P303 remained
untreated during our analysis. Catchments P304 and T003 were the
controls for Providence and Bull, respectively.

The forest management treatments at KREW were not very intensive,
and had a negligible impact on basal area, canopy cover, and tree den-
sity (Lydersen et al., 2019). The thinning intensities of Providence and
Bull were 23 trees/ha, and 33 trees/ha, respectively. Further, the thin-
ning removed 4.5 m?/ha and 4.6 m?/ha basal areas from Providence and
Bull catchments, respectively (Lydersen et al., 2019). However, the
treatments were not applied uniformly throughout the catchments. In
Providence, 71 % area was undisturbed after thinning, and 48 % area
was found unburned after prescribed fire. Similarly, in Bull, 48 % and
61 % of the area were undisturbed and unburned after treatment,
respectively. In terms of hydrologic response from these treatments, Bart
et al. (2021) found a statistically significant increase in streamflow in
Providence but not in Bull.

2.3. Data collection

2.3.1. Meteorology

Snow water equivalent (SWE) was measured at upper Providence
(UP) and upper Bull (UB) at 15-minute intervals using rectangular snow
pillows (Fig. 1). Each pillow consisted of four 1.2 x 1.5 m sections
plumbed together and filled with non-toxic antifreeze and connected to
a Sensotec® pressure transducer (Honeywell Inc., Columbus, Ohio). The
pressure of the snow was converted to an equivalent water depth (SWE).
Daily average SWE values were derived from 15-minute measurements
(Safeeq and Hunsaker, 2016).

2.3.2. Streamflow

Streamflow was measured at 15-minute intervals using a combina-
tion of methods. Monitoring in the eight primary catchments began in
fall 2003. The two integrating catchments, P300 and B200, were added
in 2005 and 2006, respectively. All catchments except P300, B200, and
T003 were equipped with dual Parshall Montana flumes constructed of
structural fiberglass. An upstream small flume (8 or 15 cm throat width,
35.6 or 45.7 cm wall height) measured low flows and a downstream
large flume (30, 61, 91, or 122 cm throat width, 91.5 cm wall height)
measured high flows (Fig. 3). The distance between the two flumes
varied from catchment to catchment and was less than 30 m. P300 was
equipped with a 120-degree V-notch weir and TO03 was gauged with a
compound 90-degree V-notch and rectangular weir. The Teakettle Creek
Experimental Forest was established in 1936 and the weir at TO03 has
been operational intermittently since 1938 (Kattelmann, 1989). For
B200, discharge was estimated using a rating curve at a natural cross
section. Submersible pressure transducers, manufactured by Telog®
(Telog Instruments, Victor, New York), Solinst® (Solinst Canada Itd.,
Georgetown, ON) or Aquarod™ (Advanced Measurements and Controls,
Inc., Camano Island, Washington), were installed inside a stilling well
connected to the large flume where available, otherwise placed directly
in the stream. Similarly, Teledyne Isco® air bubbler modules (Teledyne
Isco, Lincoln, Nebraska) were connected to small flumes where avail-
able, otherwise placed directly in the stream. Manual discharge mea-
surements were conducted using a Sontek® FlowTracker acoustic
doppler velocimeter (FlowTracker, San Diego, California) across a range
of flows (0.0023 m%/s to 0.19 m®/s) for developing the rating curve for
B200.

2.3.3. Suspended sediment
Starting in fall 2006, stream water samples were collected at each
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Fig. 3. Parshall Montana flumes, small flume in the foreground and large flume
in the background, looking downstream, in B201 (top). An empty sediment
pond with pond liner and log structure, looking upstream in B204 (bottom).

site using Teledyne Isco® model 6712 24-bottle sequential pump sam-
plers (Teledyne Isco, Lincoln, Nebraska). Water samples were retrieved
for laboratory analysis on a bi-weekly basis, or sooner when necessary
and weather permitted. Grab samples were also collected when possible;
however, most of the water samples for the analysis came from the
automated samplers. Stream stage was used to initiate sampling. When
the stage values rose to a pre-specified level, it triggered the pump
sampler to begin sampling at a fixed time interval, typically one sample
every 15-30 min. The trigger threshold values were manually adjusted
frequently to account for seasonal changes in flow regime.

Across all sites and years (2006-2016), 1,267 water samples were
collected and analyzed for suspended sediment concentration in the
USDA Forestry Sciences Laboratory, Fresno CA. However, 41 samples
were marked as erroneous due to negative suspended sediment con-
centration values and removed from the analysis. All the water samples
were processed within seven days of collection to avoid biological
growth. First, all water samples were filtered using glass fiber filters (1.0
um pore size) and a vacuum pump (ASTM D 3977-97). Both filters and
vacuum pump assemblies were rinsed using deionized water, then filters
were placed in an aluminum pan and oven dried at 105 °C for 2 h. Oven-
dried filters were placed in a desiccator for overnight cooling before
taking the dry weight and subsequent vacuum filtering of water samples.
Materials greater than 6 mm in any dimension (length or width) were
removed from the filter. The filters with suspended sediment were oven
heated to 105 °C for at least 2 h before placing them again in a desiccator
for overnight cooling and recording the dry weight. The mass of sus-
pended solids was calculated by subtracting the weight of the clean dry
filter and aluminum pan from the total (dry filter, aluminum pan, and
sediment) weight. Finally, we divided the mass of suspended solids by
the volume of water sample to calculate the suspended sediment con-
centration (SSC, mg/L).
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2.3.4. Bedload sediment

Sediment and organic matter deposits from the eight primary
catchments were measured annually using lined settling ponds. These
settling ponds were in natural deposition areas of the channel immedi-
ately below the large flume (Fig. 3), except at TO03 where a permanent
concrete-walled weir pond with a storage capacity of 200 m® was con-
structed in 1938. The settling ponds at the remaining sites were lined
with 0.5 mm rubber pond liners and varied in storage capacity between
12 and 40 m®. For the annual bedload sediment collection, streams were
diverted, settling ponds were drained and emptied. The wet pond de-
posits were weighed in buckets to the nearest 0.5 kg. Volume-
proportional sub-samples were collected for determining the dry mass,
percent organic matter, and particle size distribution. Organic matter
was separated into three different classes: (i) large organic matter such
as sticks (>1 cm diameter and 10 cm length); (ii) coarse organic matter
such as twigs, needles, sticks, bark, cones (size less than large organic
matter but large enough to extract with tweezers); (iii) fine organic
matter such as wood fragments (size equivalent to sediment). Large and
coarse organic matter were separated from the pond material before the
sediment was removed and the dry weight was determined in the lab-
oratory. The fine organic matter fraction was determined by loss on
ignition (24 h at 500 °C) of an oven-dried subsample of the sediment
(Eagan et al., 2007; Hunsaker and Neary, 2012). Particle size distribu-
tion was determined for representative samples of the oven-dried min-
eral fraction following a standard sieve analysis using 2, 1, 0.5, 0.25,
0.125, and 0.065 mm sieve sizes (Eagan et al., 2007). Because of the
difficulty in separating the deposited suspended sediment from the
bedload sediment in the mineral fraction deposited in the ponds, we
assumed that all the mineral fraction was bedload sediment. Trapping
efficiencies of these settling ponds were not measured but, inferring
from other studies, it may have been as low as 50 % during high
discharge events (Richardson et al., 2020; Verstraeten and Poesen,
2001). Further information on meteorological, streamflow, and sedi-
ment measurements and quality control are available in earlier publi-
cations (Hunsaker and Safeeq, 2017; Safeeq and Hunsaker, 2016;
Wagenbrenner et al., 2021a).

2.4. Sediment rating curves and yields

Suspended sediment rating curves were developed in the R envi-
ronment (R Core Team, 2020) for each site by regressing the catchment
area (A) normalized suspended sediment concentrations (SSC/A) (mg/
L/km?) from the samples against a range of flow metrics as explanatory
variables (Table 2, Fig. 4). Ideally, these rating curves should be
developed separately for pre- and post-treatment periods to account for
any shift in the relationship between sediment and explanatory variables
due to treatments. However, we felt that the highly unbalanced sample
size for pre- and post- treatment observed suspended sediment data was
problematic for developing separate rating curves at individual sites
(Supplementary Fig. S5). The explanatory variables included in the
rating curves were corresponding discharge, lagged discharge (by 2, 3,
4, 6, and 24 h) (L/s), day (time of water year as a decimal starting
October 1, mid-night as zero), and Fourier sine and cosine series of
sample date-time using ‘smwrBase’ package with k.max = 1 (Lorenz,
2015). With the exceptions of day and Fourier sine and cosine series, all
other explanatory variables were natural log-transformed and centered
(Cohn et al., 1992) prior to building the model. Explanatory variable day
was only centered, and Fourier sine and cosine series were used in the
model without any data transformation. Also, since automated and grab
samples were instantaneous while discharge was recorded at 15-min
intervals, corresponding discharge values were extracted by linearly
interpolating the two adjacent discharge values. An initial subset of 12
models were developed (nbest = 3, nvmax = 4) using the ‘regsubsets’
function (all possible subsets regression), from the ‘leaps’ package in R
(Lumley and Miller, 2020). The nbest parameter identifies best per-
forming, top 3 in this case, models and nvmax parameter sets the
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Table 2
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Summary of the least squared regression of log-transformed, area (A) normalized suspended sediment concentration (SSC/A) as a function of log-transformed cor-
responding (Q) and 2-hour (Q5), 3-hour (Q3),4-hour (Q4), 6-hour (Qg), and 24-hour (Q24) lagged discharge, day-time of the water year (day), and Fourier transformed
date-time describing one cycle of sine (sinday) and cosine (cosday) curves (Equation 1). With the exception of sinday and cosday, all explanatory variables were centered
and all explanatory variables except day were log-transformed prior to building the model. RSE = residual standard error, Rzadj = adjusted coefficient of regression, and
n = number of samples. The values for the variables that were not significant are shown as blank in the table.

Catchment Intercept Ln(Q) Ln(Qy) Ln(Q3) Ln(Q4) Ln(Qg) Ln(Qa4) day sinday cosday RSE Rzadj n
D102 3.66 1.50 -1.26 0.90 —0.57 0.81 0.53 122
P300 213 1.30 -0.37 -0.15 —0.51 0.87 0.61 167
P303 2.98 1.33 -0.33 —0.68 —0.856 0.81 0.58 91
P304 4.94 1.81 —-0.41 -0.24 —0.43 0.85 0.60 229
P301 2.28 1.80 -3.14 2.73 —0.65 1.02 0.53 71
B201 3.40 1.31 —0.44 —-0.33 0.58 1.03 0.57 94
T003 1.99 1.86 -1.11 —0.54 —0.18 0.52 0.75 86
B200 1.74 1.30 —0.30 —0.38 —0.26 0.26 0.77 0.54 126
B204 2.26 1.36 -0.43 —-0.23 0.0035 0.92 0.68 125
B203 2.05 1.56 -0.26 —0.48 —0.0032 1.08 0.57 110
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Fig. 4. Observed and predicted suspended sediment concentration using the rating curves described in equation [1] and Table 2.

maximum number of variables, in this case 4, that can be used in the
model. The best regression model was selected based on ANOVA with
statistical significance level p < 0.05, adjusted coefficient of regression,
and Akaike information criterion (AIC). The relationship between SSC
and Q for each catchment can be described, including all candidate
variables, as:

In <Si%€) =a+b.In(Q) + c.In(Q,) +d.In(Q3) + e.In(Q4) +f.In(Qs)

+g.In(Q,,) + h.(day) +i.(sinday) + j.(cosday)

(€8]

where SSC = sediment concentration (mg/L), A = watershed area
[kmz], Q = discharge [L/s], Q, = discharge prior to n hours [L/s], day =

day-time of water year [day], sinday and cosday = Fourier transformed
date-time describing one cycle of sine and cosine curves for each water
year, a-j = regression coefficients. The above-mentioned variables were
used to take care of the annual seasonality (sinday and cosday), time
trend (day), and flow dependence. The most frequently significant
predictors are shown in bold. From this point onward, SSCj, is used as the
acronym for area normalized suspended sediment concentration (mg/L/
km?).

Overall, predicted SSC, using models developed from equation [1]
explained 73 % of the variability in measured suspended sediment
concentration (Table 2, Fig. 4). At the individual catchment level,
adjusted coefficients of determination were between 0.53 for catchment
D102 & P301 and 0.75 for catchment TO03 (Table 2). SSC, was
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positively related to In(Q), suggesting an increase in one will lead to an
increase in another, and vice versa. With few exceptions, SSC, was
negatively related to the lagged discharge values that indicates a
delayed response in which either SSC, declined along the recession limb
after a peak discharge or increased along the rising limb. Derived sus-
pended sediment rating curves for each catchment were applied to 15-
min discharge measurements and other related explanatory variables
(Table 2) to create a continuous record of SSC,. Area normalized sus-
pended sediment yields (Mg/kmz) were calculated by first estimating
the sediment flux Qs (mg/s/km?) by multiplying the SSC, (mg/L/km?)
with the corresponding 15-min discharge Q (L/s). We then aggregated
the 15-minute suspended sediment flux values by water year to derive
annual suspended yields and added the corresponding annual bedload
yields to derive annual total sediment yields for each catchment.

2.5. Climatic and hydrogeomorphic controls on sediment yields

Effects of climate and other hydrogeomorphic variables on sus-
pended sediment and total sediment yields were analyzed using two
approaches. First, we used the power law relationship between area
normalized instantaneous suspended sediment flux Q; and discharge Q
to compare the differences in the relationships between rain and
snowmelt driven runoff events. The Qs was used as opposed to a more
typical SSC, ~ Q relationship to account for differences in dilution from
disproportional peak and baseflow behavior between rain and snowmelt
events. Power law relationships took the form:

0, = a(Q/A) )

where Qs [mg/s/kmz] is area normalized and flow weighted SSC,, Q/A is
discharge per unit area (L/s/kmz), and o and B describe the erosion
severity and erosive power respectively (Asselman, 2000). The f
parameter is usually greater than one, indicating an exponential effect of
Q on sediment transport. A typical range of p parameter for suspended
sediment transport range from 1.42 to 2.96 in different physiographic
settings (Morehead et al., 2003).

Sediment samples were grouped between rain and snow using the
snow water equivalent (SWE) information from the two meteorological
stations (Fig. 1). Storms and corresponding SSC samples were identified
as rain when there was no measured snow water equivalent. Based on
this criterion, 502 out of 1,267 samples were identified as rain and 765
as snowmelt. SWE data from UB were used for Bull catchments and UP
for classifying Providence catchments. We recognize that some of the
SSC samples classified as snowmelt driven may also have included
rainfall (e.g., rain-on-snow events) (Guan et al., 2016).

Second, we used a linear mixed-effects model to explore the hydro-
geomorphic controls on the total (i.e., suspended and bedload) sediment
yield from the KREW catchments. Prior to building the model, annual
total sediment yield data were log-transformed to approximately
normalize the error term. Fixed effects in the model were annual
maximum discharge (Qmax), center of flow timing (CT, defined as the
day of water year by which 50 % of the annual flow had passed the
gauge) and catchment aspect (Aspect) to capture the precipitation
regime and variability in snow among catchments. Hypsometric integral
(HI) was included as a geomorphic control. Catchment elevation, relief,
slope, drainage density, and NDVI were also explored but none of these
variables were statistically significant predictors of annual total sedi-
ment yield. Similarly, annual minimum and average discharge were also
explored but eventually left out in favor of Qnay. Catchment IDs were
treated as a random effect in the model. We used the ‘MuMin’ package
(Barton and Barton, 2015) in R for estimating coefficients of determi-
nation to describe marginal variation in sediment explained by the fixed
effects and conditional variation in sediment explained by both fixed
and random effects (Bywater-Reyes et al., 2018).
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3. Results
3.1. Suspended sediment concentration

The area normalized suspended sediment concentration (SSC,) be-
tween 2007 and 2016 varied by at least three orders of magnitude at
each location (Fig. 5). The average SSC, were lower in the high elevation
Bull catchments (39 + 92 mg/L/ka) as compared to low elevation
Providence catchments (98 + 195 mg/L/km?). Looking at individual
catchment groups, the highest SSC, in Providence was in P304 followed
by D102, and both were significantly greater than the other three
Providence catchments (Fig. 5¢). At Bull, SSC, was highest in B201 and
significantly different from the rest of the catchments (Fig. 5d). The
catchments at the Bull site were more similar than the catchments within
the Providence site. The integrating catchments in Providence and Bull
(P300 and B200, respectively) had the lowest SSC,, and the SSC, for
P300 was significantly lower than all other Providence catchments
(Fig. 5¢).

Both catchments received fall rain along with several rain on snow
events throughout the winter wet season (Neiman et al., 2008).
Discharge in Bull mainly originated from snowmelt and peaked in mid-
May (Supplementary Fig. S2). In contrast, the peak snowmelt discharge
in Providence was usually-two weeks earlier. The SSC, in Bull catch-
ments were more variable from month to month than those in Provi-
dence with two distinct peaks in October and January (Supplementary
Fig. S3). Both catchment groups showed relatively high SSC, during
early fall rain flush. There was also a noticeable lag between the timing
of peak SSC, and peak discharge in Bull but not in Providence. Highest
SSC,in Bull, after the fall flush, occurred in January as compared to peak
discharge in mid-May. Peak timing of the sediment flux Qs (SSC, x
instantaneous discharge Q) in Providence coincided with the average
center of flow timing (i.e., around March) as opposed to coinciding with
peak snowmelt discharge in Bull (Supplementary Fig. S4).

The sediment production characteristics in terms of erosion severity
(@) and erosive power () were highly variable between and within the
two catchment groups (Table 3). Overall, combining data from all
catchments within each group, the a parameter was higher in Provi-
dence (5.92) as compared to Bull (2.39). In contrast, the  parameter in
Providence (1.67) was very similar to that in Bull (1.68). However, this
pattern was not consistent in individual catchments, suggesting a strong
spatial variability within a catchment group. Looking at the a and
coefficients between rain and snowmelt flow types across all catch-
ments, we found a statistically significant difference (p = 0.001, based
on one-way ANOVA) in the intercept (i.e., @) of the sediment production-
discharge relationships [2] between rain and snowmelt events. The
difference in the slope of the linear regression () between rain and
snowmelt events was not statistically significant (p = 0.66). At the in-
dividual catchment group level, both slope and intercept of the linear
regression were statistically similar (p > 0.22) between rain and snow-
melt events in Bull. However, the opposite was true for Providence. The
a coefficients from the combined models in each catchment group
ranged from 11.0 for rain to 2.8 for snowmelt in Providence and 1.94 for
rain and 1.29 for snowmelt in Bull. In contrast, the j coefficient was 1.57
for rain and 1.85 for snowmelt in Providence and 1.90 for rain and 1.79
for snowmelt in Bull. In all Providence catchments, the a coefficients
were higher for rainfall and the $ coefficients were higher for snowmelt.
This effect of storm type in Bull was highly variable between catchments
but, in the regressions combining all Bull catchments, both @ and S co-
efficients were greater for rainfall events (Table 3).

3.2. Total sediment yield

The average annual total sediment yield in Providence (85 Mg/km?)
was twice as much as in Bull (42 Mg/km?). Annual total sediment yield
was highly variable (standard deviation, 148 Mg/km?) across all sites
and years (Fig. 6). Additionally, as compared to Bull (standard
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Fig. 5. (Top) Suspended sediment concentration and discharge relationships for the rain driven Providence (A) and snowmelt driven Bull (B) catchments for
2007-2016. (Bottom) Variability in the suspended sediment concentration among the different Providence (C) and Bull (D) catchments is shown as box plots. Each
box plot shows distribution of data points representing outlier, minimum, 25 percentile, median, 75 percentile and maximum values. Horizontal orange lines show
mean sediment concentration across the 5 catchments in each group and letters indicate Tukey’s Multiple Comparison results. Catchments marked with same letters
are not statistically different (p > 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

deviation, 61 Mg/kmz), annual sediment yield in Providence (standard
deviation, 200 Mg/km?) was more variable from year to year. During
2004-2016, the highest sediment yield (1,074 Mg/kmz) was recorded in
2006, a relatively wet year (Supplementary Fig. S1), for P304, while the
lowest sediment yield (0.1 Mg/km?) was recorded in P301 in 2015
during a multi-year drought. Average annual total sediment yield
ranged between a low of 11.7 (T003) and a high of 240.8 Mg/km?
(P304) across the 10 catchments (Table 4). The contribution of bedload
to the total sediment yield was fairly small: 0.4 (P303) to 3.8 (P304) Mg/
kmz, or ~ 1 to 7 % of total yield (Table 4).

Total sediment yield showed no significant statistical correlation (p
> 0.05) with the selected geomorphic descriptors. Among the selected
geomorphic descriptors, catchment aspect and hypsometric integral (HI)
showed the highest partial correlations with the total sediment yield,
0.62 and 0.64, respectively. Catchment drainage density was a distant
third with a partial correlation of —0.41. In terms of hydroclimatic

descriptors, total sediment yield was significantly correlated with
annual maximum discharge (Qnax) and center of flow timing (CT) with
partial correlations of 0.27 (p = 0.003) and 0.53 (p < 0.001), respec-
tively (Table 5).

The best mixed-effects model based on AIC (Quax + CT -+ aspect) was
able to describe 77 % of the variation in the annual total sediment yield
(model 8 in Table 6, Fig. 7). The marginal and conditional R? explains
the variance of mixed-effects model by fixed effects and by both fixed
and random effects, respectively. All three variables in the best model
are associated with the sediment yield directly or indirectly. The
catchment aspect influences the energy flux of the landscape along with
the soil moisture, runoff, and vegetation dynamics; thus, it has a strong
impact on sediment yield estimation. Similarly, CT was linked to the
highest observed sediment flux in Providence and 2 months lag was
observed between CT and the highest observed sediment flux in the Bull
catchment (Supplementary Fig. S3). Moreover, as can be seen from the
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Table 3
Erosion severity («) and erosive power (p) parameters along with least squares regression statistics for equation 2. (dendf = denominator degrees of freedom).
Catchment a i} R? F- Dendf a i} R? F- Dendf a i} R? F- Dendf
Statistic Statistic Statistic
Providence All (Rain + Snowmelt) Rain Snowmelt
D102 9.68 1.56 0.82 565 120 15.4 1.59 0.85 210 36 4.91 1.69 0.85 476 82
P300 4.62 1.75 0.84 859 165 7.32 1.65 0.86 385 65 1.82 2.00 0.83 475 98
P303 7.34 1.46 0.79 330 89 16.6 1.18 0.76 94 30 3.59 1.68 0.84 306 57
P304 2.75 2.11 0.69 511 231 3.56 2.12 0.65 197 105 1.39 2.27 0.75 362 124
P301 1.20 1.78 0.76 219 69 2.52 1.69 0.71 34 14 1.34 1.70 0.73 140 53
Combined (D102, P300, 5.92 1.67 0.75 1998 682 11.0 1.57 0.76 820 258 2.8 1.85 0.77 1418 422
P303, P304, P301)
Bull
B201 2.06 1.86 0.78 336 92 1.95 1.94 0.74 119 42 1.41 1.93 0.73 132 48
T003 14.3 1.12 0.36 47 84 4.77 1.77 0.82 54 12 11.2 1.16 0.26 24 70
B200 7.37 1.43 0.73 334 124 4.0 1.76 0.8 228 57 4.08 1.52 0.52 70 65
B204 1.66 1.89 0.83 586 123 2.23 1.93 0.85 326 57 0.59 2.09 0.84 327 64
B203 0.57 1.88 0.71 264 109 0.06 2.77 0.74 115 41 0.87 1.73 0.7 157 66
Combined (B201, T003, 2.39 1.68 0.71 1329 540 1.94 1.90 0.72 566 217 1.29 1.79 0.68 689 321
B200, B204, B203)
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Table 4
Means and standard deviations of annual estimated suspended, measured bed-
load, and total sediment yields from KREW catchments (2007-2016).

Catchment  Suspended (Mg/ Bedload (Mg/kmz) Total (Mg/kmz)
km?)
Mean  Standard Mean  Standard Mean  Standard
deviation deviation deviation
D102% 66 101 0.9 1.6 67 102
P300 76 153 na na na na
P303 21 30 0.4 1.0 21 30
P304 237 364 3.8 5.4 241 370
P301 18 28 0.5 0.8 18 28
B201 20 23 0.8 1.0 20 24
T003" 11 10 0.8 1.2 12 11
B200 48 47 na na na na
B204 53 68 0.5 0.8 53 69
B203 76 92 0.8 1.3 77 93

na Bedload sediment is not available for these sites.
2 D102 does not flow into P300, and T0O03 does not flow into B200.

Table 5

Partial Pearson correlation coefficients between total sediment yield and
hydroclimatic variables, Qni, = annual minimum discharge, Qmnean = annual
mean discharge, Qnax = annual maximum discharge, and CT = center of flow
timing. Statistically significant (p < 0.05) values are in bold.

Log (Total Sediment Yield) Qmin Qmean Qmax CT
Qmin 0.05 1
Qmean 0.00 0.70 1
Qmax 0.27 —-0.09 0.53 1
CcT 0.53 -0.22 0.46 —0.40 1

spread around 1:1 line (Fig. 7), the mean absolute error (40 Mg/kmz)
was small with respect to the mean (60 Mg/km2) and standard deviation
(148 Mg/kmz). The model with Qnuax (Model 1 in Table 6) as the only
predictor was able to explain 44 % of the variation in the total sediment
yield but only 24 % of the variation was explained by the fixed effect.
The best single predictor model was for CT, a metric of snowmelt, which
explained 68 % of the total variance (Model 2 in Table 6). Combining
Qmax and CT (Model 5 in Table 6) resulted in the highest conditional R?
with the two fixed effects explaining 55 % of the variance in the total
sediment yield. Adding the aspect increased the variance explained by
the fixed effects, from 55 % in model 5 to 65 % in this model (Model 8 in
Table 6), but marginally lowered the conditional R2. Surprisingly,
adding the hypsometric integral (HI) did not improve the conditional R?
of the Qmax and CT model (Model 5 in Table 6) or of the best model based
on AIC (Model 8 in Table 6). Both HI and aspect are constant within a
catchment. Thus, variation of sediment yields due to these variables was
accounted for by the random effect (i.e., catchment). Specifying HI and
aspect as fixed-effects shifts some of the random effects over to the fixed
portion of the model, increasing the marginal but not the conditional R?
(e.g., compare models 8 and 9 with model 5).

Table 6
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3.3. Effects of forest management on sediment

The association between forest management and area normalized
suspended sediment concentrations (SSC,) were analyzed by adding a
dummy variable (pre-treatment = 0 and post-treatment = 1) and its
interaction with discharge term, In(Q), in equation [1]. Effects of forest
management were evident in some catchments at both Providence and
Bull sites (Supplementary Table S1). In Providence, both the treatment
term and its interaction with discharge were statistically significant (p <
0.05) for D102 and P300. For P301, only the interaction term was sta-
tistically significant. In Bull, only the treatment term was statistically
significant for B201 and B204 and just the interaction term was signif-
icant in B200. Neither the treatment nor the interaction term was sta-
tistically significant (p > 0.05) for B203 that received prescribed fire
treatment only.

As mentioned previously, skewed sampling of SSC towards the post-
treatment period (Supplementary Fig. S5) may influence the robustness
of our catchment-level forest management impact analysis. To overcome
this, we combined all the data by site, i.e., Providence and Bull, and
performed linear mixed- effects modeling starting with the same vari-
ables as in Table 2 and adding a dummy treatment variable (pre-treat-
ment = 0 and post-treatment = 1) and its interaction with discharge, In
(Q). This site-based analysis showed a statistically significant difference
in SSC, between pre- and post-treatment periods in Providence but not
in Bull (Supplementary Table S2). For Providence, we found that both
the treatment term and its interaction with discharge were statistically
significant (p < 0.05). However, the negative coefficients suggest that
the shift in the rating curve may have been driven by the drought rather
than forest management. Under similar discharge conditions, forest
management is expected to increase sediment production from
increased supply while drought would likely reduce sediment
production.

Effects of forest management on total annual sediment yield, sus-
pended and bedload, were analyzed after adding the treatment impact
as a dummy variable in the best mixed-effects model (model 8). Adding
the treatment as an additional explanatory variable of total annual
sediment yield significantly improved the model fit (X2 = 14.19, p <
0.001), suggesting a significant shift in the total sediment yield during
the post-treatment period. The AIC decreased by 12.2 with marginal and
conditional R? values rising slightly to 0.68 and 0.78, respectively.

Another technique to evaluate the treatment effects on sediment is to
compare the slope of observed sediment yields for treated and control
catchments during pre- and post-treatment years (Fig. 8, Table 7).
Regression slopes of treated versus control sediment yields increased
after treatment, suggesting an increase in post-treatment sediment yield
relative to control (except for P303 which received no treatment). Also,
the shifts in slope for thinned catchments were small, suggesting a
greater influence of prescribed fire on sediment yield than thinning.
However, none of these shifts in regression slope were statistically sig-
nificant (p > 0.05). Because of the drought in 2012-2015, post-
treatment sediment yields in the controls (i.e., P304 and T003) were

Explanatory power and significance of fixed and random effects in linear mixed models of total annual sediment yield using catchment variables, Qmax = annual
maximum discharge (fixed), CT = center of flow timing (fixed), HI = hypsometric integral (fixed), Aspect = catchment aspect (fixed), d.f. = degree of freedom, and AIC

= Akaike information criterion.

Model No. Model predictors d.f. AIC Log-likelihood X2 (Chisq) Pr(>X2) Marginal R? Conditional R?
1 Qmax 120 467 —229 0.24 0.44
2 CT 120 404 —198 62.4 <0.001 0.45 0.68
3 HI 120 496 —244 0.00 1.000 0.00 0.15
4 Aspect 120 492 —242 3.87 <0.001 0.07 0.15
5 Qmax + CT 119 367 -178 128 <0.001 0.55 0.79
6 Qmax + HI 119 468 —229 0.00 1.000 0.25 0.44
7 Qmax + Aspect 119 462 —226 6.18 <0.001 0.31 0.40
8 Qmax + CT + Aspect 118 361 -175 103 <0.001 0.65 0.77
9 Qmax + CT + Aspect + HI 117 363 -174 0.33 0.56 0.66 0.77

11
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Fig. 7. Measured versus predicted annual total sediment yields. Predicted values were from the best linear mixed-effects model using Qmayx, CT, and Aspect (model 8,

Table 6) as the fixed effect predictors of sediment yield.

lower than their pre-treatment yields, with very little to no overlap in
range (Fig. 8); therefore, it is possible that the slope shifts are merely
indicative of non-linear relationships and drought rather than being
treatment effects. In terms of changes, observed post-treatment sedi-
ment yields were higher by 27 % (D102) and 28 % (P300) (Table 7),
relative to those estimated by the pre-treatment regressions (treated
versus control). In P301, post-treatment observed sediment yield was 72
% lower than those estimated by the pre-treatment regression. In Bull
catchments, observed post-treatment sediment yields were higher rela-
tive to those estimated by the pre-treatment regression, by 2 % in B204,
3 % in B200, and 19 % in B204. In B201, observed post-treatment
sediment yield was 36 % lower than those estimated by the model. It
was interesting to see a substantial increase in the total sediment yield in
P303, a catchment with no-treatment. Also, all of this increased sedi-
ment in P303 was generated in 2016, the first normal precipitation year
after the 2012-2015 drought (Bales et al., 2018; Safeeq and Hunsaker,
2016). This further suggests that these changes in sediment yield may
have been an artifact of the drought rather than the forest management
treatments.

4. Discussion
4.1. Total sediment yield

The average annual total sediment yield value of 63 Mg/km? from
the KREW catchments is within the range of reported values for forested
catchments in California and other parts of the western U.S. (Anderson,
1954; Gomi et al., 2005; Patric et al., 1984). In the Sierra Nevada,
average annual sediment yield from the Lake Tahoe basin ranged from
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0.7 to 67.9 Mg/km2 (Nolan and Hill, 1991). Catchments in the Lake
Tahoe study are comprised of a mixture of volcanic, metamorphic, and
granitic rocks with scattered unconsolidated sediments that are more
erodible than the soils at KREW. One of the Lake Tahoe catchments,
General Creek (drainage area of 19.3 km?), has comparable geology
(granitic) and climate (average annual precipitation = 1,270 mm and
temperature 5.8 °C) to KREW and generated 17.6 Mg/km2 (1981-1987)
and 10.4 Mg/km2 (1984-1987) of annual suspended sediment yield
(Nolan and Hill, 1991), approximately 28 % and 17 % of the mean value
at KREW, respectively. Analyzing the datasets of Richardson and
Wagenbrenner (2020), the average total sediment yield for the North
Fork of Caspar Creek was found to be 43 Mg/km?. However, Caspar
Creek is rain dominated (mean annual precipitation ~ 1200 mm) and
relatively warmer than KREW catchments with underlying marine
sandstone and shale (Cafferata and Reid, 2013; Richardson et al., 2020).
Snowmelt driven systems produce less hillslope erosion and, as a result,
lower sediment overall. The only KREW catchment that substantially
exceeded the range for the Sierra Nevada was P304, which is a baseflow
dominated stream (Safeeq and Hunsaker, 2016; Eagan et al., 2007) and
has a mining history. Also, the presence of channel bedrock is more
dominant in the other KREW catchments (Safeeq and Hunsaker, 2016).
Turowski et al. (2011) suggest that even a small amount of bedrock
exposure can make a stream act like a bedrock channel. Other factors
such as low rock fraction in topsoil, low proportion of exposed granite,
and ongoing down-cutting of channels have been reported as possible
mechanisms for higher sediment yields in P304 (Stacy et al., 2015;
Hunsaker and Neary, 2012; Eagan et al., 2007; Martin et al., 2009). P304
had the highest, by a factor of 4, coarse sediment or bedload yield among
the studied catchments, providing the necessary tool for channel
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Fig. 8. Comparisons of pre- and post-treatment sediment yields between the treated (y-axis) and control (x-axis) catchments in Providence (top row) and Bull
(bottom row). Circles and triangles are the observed data and solid lines represent best linear fits.

Table 7

Effect of forest management treatments on annual total (suspended and bedload)) sediment yield.
Catchment Slope (Treated ~ Control) Sediment Yield (Mg/km?) % Change

Pre-Treatment  Post-Treatment  Pre-Treatment (observed) Post-Treatment (observed)  Post-Treatment (estimated)*

Providence
D102 (thinning) 0.93 1.15 93.4 6.4 5.0 27°
P300 (thinning) 1.22 1.32 122 5.3 4.5 19°
P303 (no-treatment) 1.07 1.03 29.4 1.4 1.1 28>
P301 (thinning) 1.18 1.42 25.3 1.4 5.0 —72b
Bull
B201 (thinning) 0.93 1.01 28.0 3.3 5.2 -36"
B200 (thinning & prescribed fire) ~ 0.24 2.43 57.3 35.1 34.1 3b
B204 (thinning & prescribed fire)  1.35 2.10 73.8 6.8 6.6 2°
B203 (prescribed fire) 1.30 1.72 96.5 11.1 9.4 19

*Estimated using the pre-treatment regression between treated and control.

# Using post-treatment sediment as (observed-estimated) x100/estimated, a = statistically significant (p = 0.10), b

incision in granitic catchments of the Sierra Nevada (Callahan et al.,
2019).

Despite the high sediment yield in P304, which is one of the two
smallest catchments, we found no relationship between suspended or
total sediment yield and catchment area (R? = 0.03, p = 0.6). Catchment
area and sediment yield are generally known to have a negative corre-
lation (Griffiths et al., 2006). However, a positive correlation was also
observed between turbidity and drainage area for 28 streams of the
Coast Range of Northern California (Klein et al., 2012). A similar finding
between sediment yield and area was observed in the North Fork of
Caspar Creek before the disturbance in the experimental catchments
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= not statistically significant (p > 0.10).

(Lewis et al., 2001). The varying nature of this correlation is due to its
dependency on multiple catchment variables, i.e., slope, vegetation
cover, and soil type. Bedload yield at KREW was marginally correlated
with the catchment area but statistically not significant (R? = 0.24, p =
0.21). Lack of correlation between sediment yield and drainage area at
KREW suggests that erosion processes at this scale are highly complex.
The transport limitation seems apparent when looking at the two inte-
grating catchments, B200 and P300. Average annual total sediment
yields from these two integrating catchments were only one-third of the
total sediment yield generated by the upstream catchments. This shows
a significant loss in sediment transport capacity as one moves
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downstream to lower elevation with less steep slopes. While looking into
individual catchments, the total sediment yields of P301 and P303 are
lesser than the P300 due to their lean flow conditions. The ratio of
steeper slopes to flat areas generally decreases with increasing catch-
ment area as indicated by lower HI values for P300 and B200 (Table 1,
Fig. 2).

4.2. Sediment yield and snow

Our results indicate a strong control of precipitation phase, i.e., rain
vs snow, on measured SSC,; suspended sediment flux Qs (SSC, X
instantaneous discharge Q), and total (suspended and bedload) sediment
yield. Effects of the precipitation phase on SSC,, analyzed using a linear
mixed-effects model after adding a dummy variable (snow = 0 and rain
= 1) and its interaction with discharge, In(Q), to the list of variables
included in the sediment rating curve [1], showed a statistically signif-
icant (p < 0.05) positive association with the precipitation phase (Sup-
plementary Table S2). In terms of sediment fluxes, measured Q; for
rainfall events were significantly (p < 0.001) higher than those for snow
events under similar discharge. This was also evident in the values of &
and f [2] between rainfall and snowmelt events. Higher values of a for
rainfall events in Providence suggest higher erosion severity when
compared with snowmelt driven events. However, snowmelt driven
events have higher erosive power, indicated by higher values of 3, when
compared with rainfall events. In contrast, snow-dominated Bull
catchments showed both higher erosion severity and erosive power
during rainfall events (except for $ in B204), indicated by higher a and g
values for rainfall driven events than those under snowmelt. Further, it
was observed that the measured suspended sediment fluxes were lower
during April-June, the peak snowmelt season in Bull site particularly
(Supplementary Fig. S4). These findings suggest a likely increase in SSC,
and Qs as the catchments transition from more snow to rain. However,
the overall impact on the total annual sediment yield will depend on the
future runoff regime, both the magnitude and intermittency of runoff
along with the availability of sediment. Currently, persistent higher
discharge during the snowmelt season contributed on average 51 %
(range: 43 % in P301 and 60 % in P301) and 63 % (range: 56 % in B200
and 72 % in B204) of the total suspended sediment yield in Providence
and Bull sites, respectively. In the future, the extent of shifts in both
runoff regime and sediment sources/availability remains highly uncer-
tain. As discussed earlier, annual total sediment yield was positively
correlated with Qe and CT. Based on the historical observation, an
earlier shift in CT would imply a reduction in annual total sediment
yield. However, an increase in Qnax through more extreme precipitation
or increased rain-on-snow events along with enhanced sediment supply
between rainfall events as the catchments go through wetting and dry
cycles can lead to an overall increase in total sediment yield.

Similar findings have been reported in other Mediterranean high
mountain catchments of Spain (Lana-Renault et al., 2011). Mano et al.
(2009) also stated the important role of snowmelt in transporting most
of the suspended sediment (i.e., 50 %) in Mediterranean watersheds.
Lana-Renault et al. (2011) also found the absence of bedload during
snowmelt events due to insufficient energy of snowmelt runoff to move
particle sizes greater than 2 mm. Hunsaker and Neary (2012), compared
the bedload rates and changes in channel morphology and found as
much as twenty times more sediment originating from streambanks than
those from headcuts. Prolonged and consistent high flows, diurnal
fluctuations, and increased turbulence during the snowmelt season are
more likely to destabilize streambanks, scour the channel, and transport
the solids in the water column or along the bed (Anderson et al., 2000)
than short-lived rain-driven discharge events of similar magnitude.

As mentioned previously, the Providence catchments are in the rain-
snow transition zone and precipitation phase at this location is highly
sensitive to temperature (Klos et al., 2014; Safeeq et al., 2016). Soils in
these catchments contain a significant portion of gravel (Johnson et al.,
2011) which along with sand currently dominate the composition of the
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bedload (Hunsaker and Neary, 2012). In Bull catchments, the average
gravel and sand content was 6-31 % and 67-88 %, whereas, for provi-
dence catchments, they varied in the range of 3-16 % and 76-81 %,
respectively (Hunsaker and Neary, 2012). However, the average silt
content of most of these catchments was less than 10 %, except for B201
(12 %), P303 (12 %), and P304 (16 %). An increase in temperature will
lead to more prevalent rain-initiated runoff events, which in turn will
likely mobilize more coarse sediment. This will also shift the timing of
the sediment transport as the runoff timing shifts earlier in the season.
Similar results also have been reported in an Alpine catchment (Costa
et al., 2018) that the temporal shift in temperature changes the driving
force of suspended sediment from ice melt and snowmelt to rainfall. The
lack of snow on the ground surface increases the chance of erosion
during heavy rainfall events. Annual bedload of Providence is better
correlated with flood flows (Qmax, R? between 0.88 and 0.94) than
average annual flows (Qmean, R? between 0.75 and 0.91) or flow timing
(CT, R? between 0.13 and 0.45), suggesting discharge pulses from
snowmelt were incapable of moving coarse sediment downstream. This
may be driven by a lack of supply as the bankfull discharge, common
during the snowmelt season, generally exceeded the effective discharge
(Nolan et al., 1987). As the snowmelt contribution to runoff diminishes,
sediment production will be concentrated within the rainy season,
typically between October-April (Safeeq and Hunsaker, 2016).

4.3. Effect of forest management

Our study found that the impacts of forest management on total
sediment yield were confounded by the drought. Despite the observed
changes in post-treatment runoff in Providence (Bart et al., 2021),
changes in sediment yield with respect to control were within the same
range as those observed in untreated catchment P303. The intensity of
the treatments at KREW was relatively low and the impacts were distant
from streams (Lydersen et al., 2019). Several catchments showed up to a
28 % increase in estimated sediment yield with respect to their control
catchments. But these changes may have been an artifact of the
2012-2015 drought that coincided with the post-treatment period. In
years soon after treatment, when treatment impacts are generally
highest, many streams had low streamflow (Safeeq and Hunsaker,
2016), and had very little capacity to mobilize sediment.

Forest management activities with ground disturbance, such as the
mechanical thinning and prescribed burning at KREW, were expected to
increase sediment production (Gomi et al., 2005). Higher post-
management sediment yields are often associated with an increase in
sediment supply from excessive ground disturbance (Safeeq et al., 2020)
and extreme rainfall events (Bathurst and Iroumé, 2014; Grant and
Wolff, 1991; Rainato et al., 2017; Robichaud et al., 2016; Swank et al.,
2001). Mechanical thinning in KREW was performed using a combina-
tion of feller-bunchers, hand felling, and ground-based skidding that was
likely to disturb the soil and change soil physical properties (Solgi et al.,
2016). Mechanical equipment was not allowed within 30 m of the
stream bank; trees could be felled within 15 m of the stream and dragged
out. Prescribed fire can also remove ground cover and alter soil prop-
erties like infiltration, leading to increased erosion (Certini, 2005;
DeBano, 1991). It is likely that the lack of hydrologic drivers during
prolonged drought allowed our catchments to recover from manage-
ment related physical changes in the landscape. Similar results have
been shown in post-wildfire conditions where drought after fires resul-
ted in minimal response (Florsheim et al., 2017; Mayor et al., 2007;
Wagenbrenner et al., 2021b).

4.4. Uncertainty

Implementation constraints associated with field experiments and
monitoring can introduce uncertainty and are worth highlighting.
Among these, the one with the largest impact on the results of this study
involved sampling of suspended sediment. First, although stream
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discharge measurements in primary catchments started in 2003, sus-
pended sediment sampling did not begin until late 2006. Additionally,
due to logistical and staffing constraints twice as many samples were
collected between 2013 and 2016 than in the preceding six years with no
sampling in water years 2011 and 2012 (Supplementary Fig. S5). This
unbalanced sampling may have influenced our rating curves towards
drought years. Having fewer samples during the pre-treatment period
also limited our ability to develop separate pre- and post-treatment
rating curves at the individual catchment level.

Second, the discharge range for suspended sediment samples across
all catchments (0.00027-1.6 m3/s) was well below the maximum
observed discharge from KREW catchments (Supplementary Fig. S5).
Except at B204, the highest sampled discharge values had recurrence
intervals of less than 2.5 years. Although measured discharges above the
upper limit of suspended sediment sampling were less than 1.5 % of all
the 15-minute discharge records, their contributions to total suspended
sediment yields were in some cases substantial. The percentage of sus-
pended sediment yield generated from discharge above the upper limit
of sampled discharge for suspended sediment ranged from 15 % in D102
to 58 % in P300 and 18 % in TO03 to 43 % in B201. These high discharge
events are often short-lived, hence challenging to sample. Although the
automated ISCO samplers were set to trigger during high streamflow, a
maximum of 12 samples could be taken during a high flow event.
Nonetheless, considering the non-linear relationship between sediment
flux and discharge [2], a paucity of sediment samples during these high
discharge events may have caused underestimation of suspended sedi-
ment yields. Additionally, as mentioned earlier, the lower trapping ef-
ficiency of sediment ponds during high flows may have caused
underestimation of bedload yield (Verstraeten and Poesen, 2001).

Third, suspended sediment for integrating catchments B200 and
P300 may have been under-reported from the flow disruption by the
instream flumes and settling of fine sediments in the upstream sediment
ponds. Pond-deposited sediment, which includes some fraction of the
suspended sediment (Richardson et al., 2020; Stacy et al., 2015) from
the stream network above P300 and B200 were removed each year. The
fraction of clay and silt in the bedload sediment upstream from P300
ranged between 56 % in P303 and 71 % in P304. Similarly, 39 % (B203),
44 % (B204), and 74 % (B201) of the sediment materials upstream from
B200 were clay and silt (Stacy et al., 2015). However, considering the
other sources of uncertainty (e.g., laboratory analysis, rating curves,
sampling as discussed earlier) and the overall small contribution of
bedload sediment to the total sediment yield, the influence of upstream
sediment ponds probably was minimal.

5. Conclusions

Continuous discharge and sediment data from 10 headwater catch-
ments in the southern Sierra Nevada allowed us to quantify the
magnitude and spatio-temporal variability in background sediment
yield and assess potential changes under future climate and forest
management conditions. We showed that the background sediment
yields in these catchments are comparable to reported values for
forested catchments in California and other parts of the western United
States. Although the headwater catchments were selected to have
similar landscape characteristics and are adjacent to each other within
the two sites, we found their average annual total sediment yields to be
highly variable (ranging between 12 Mg/km? and 241 Mg/km?). We
also found the contribution of bedload sediment to the total sediment
yield to be negligible. An undisturbed catchment in the Teakettle
Experimental Forest (T003, part of the Bull site) had an estimated mean
annual sediment yield of 12 Mg/km2 (range 1.5-30 Mg/kmz) and can
serve as a reference for background sediment yields in the southern Si-
erra Nevada. The area normalized measured suspended sediment con-
centrations of Bull and Providence were in the range of 39 + 92 mg/L/
km? and 98 + 195 mg/L/km?, respectively.

Catchment aspect, annual maximum discharge, and center of flow
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timing together were able to explain 77 % variance of the total (sus-
pended and bedload) annual sediment yield. A statistically significant
effect of precipitation phase (rain vs. snow) on the sediment-discharge
relationship was also found. Loss of snowpack under a warming
climate may increase the contribution of bedload sediment as the
streams become flashier. Effects of forest management treatments were
not significant and were confounded within the drought signal. Our
study illustrated the challenges in paired-catchment based attribution
analysis under varying climate conditions such as extreme droughts.
This study provides the first long-term (10 years) suspended and bedload
sediment results for multiple catchments with varying land use and
management conditions in the southern Sierra Nevada. Additional
research is needed to further improve our understanding of forest
management impacts on erosion and sediment delivery at varying
spatial and temporal scales and under different weather (climate)
patterns.
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