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Abstract

Suspended sediment transport in montane headwaters is important to water quality
and nutrient balances. However, predictions of sediment source and transport can be
difficult, in part, because of a changing climate and increasing frequencies of distur-
bances. We used observations from 10 headwater streams in water year (WY; start-
ing on 1st October ending on 30th September) 2007-2009 and 2013-2018 to
determine the potential impacts of climate and forest management on suspended
sediment delivery. We analysed hysteretic responses of suspended sediment for
76 events in five headwater catchments within a snow-dominated site and another
five within a lower-elevation, rain-snow transition site, in the mixed-conifer zone of
California's Sierra Nevada. Hysteresis patterns were predominantly clockwise at both
sites, suggesting localized sediment sources such as streambeds and banks. The
warmer, transition site exhibited a lower proportion of clockwise-loop events, faster
transport speed and higher peak sediment concentrations than the snow-dominated
site. This suggests extended sediment sources and increases in transport can occur
as currently snow-dominated areas become rain-snow transitional. Over the nine
water years, we observed similar hysteresis effects amongst years under drought,
near-average, and extremely wet conditions. Hence, fluctuations in precipitation
amounts across years may not influence sediment source area substantially. Further-
more, we compared hysteresis metrics between the control, thin only, burn only and
thin combined with burn catchments during the posttreatment period (WY 2013-
2018). Hysteresis effects remained unchanged amongst treatments, which may be
attributed to the combinations of low-intensity operations implemented with best
management practises combined with a four-year drought (WY 2013-2016). Taken
together, sediment sources in small headwater catchments will probably remain local-
ized with changing precipitation levels and low-intensity management operations,
but it may be extended and potentially lead to higher sediment yields as the main

hydrologic input shifts from primarily snow to a mix of rain and snow.
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1 | INTRODUCTION

Suspended sediment is fine-size organic and inorganic material that
remains in the water column whilst water is flowing. In montane head-
water basins, suspended sediment is derived from multiple sources,
including: channel bed and bank erosion; raindrop splash, sheetwash,
rill and gully erosion on hillslopes; erosion from unpaved roads and
other disturbed areas; mass movement; and resuspension of in-
previously deposited (Arismendi
et al., 2017; Bryan, 2000; Gomi et al., 2005; Leonard et al., 1979).
Sediment yields in headwater catchments have often been reported

channel sediment that was

because of their importance to water quality, ecosystem nutrient bal-
ances and downstream habitats (Kjelland et al., 2015; Olson & Haw-
kins, 2017; Stacy et al., 2015, 2019; Yang et al., 2022). Studies of
sediment yield alone, however, provide limited information on the
source and transport of suspended sediment useful for managing ero-
sion and sediment delivery.

Sediment source and transport behaviour can be evaluated by fin-
gerprinting and tracing sediment (Collins et al., 2017 and 2020), or
analysing the hysteresis of suspended sediment concentration (SSC)
and discharge (Q; Aich et al., 2014). Compared to the fingerprinting
method, hysteresis approach requires fewer chemical analyses and is
more often used when high-frequency, paired measurements of SSC
and Q are available. The loops often identified in SSC versus Q graphs
reflect differences in sediment availability between the rising and fall-
ing limbs of the hydrograph, and these graphs have been used to infer
the source area. There are four common loop types (Malutta
et al., 2020; Williams, 1989): (1) clockwise, which occur when the SSC
peak leads the Q peak and imply localized sediment sources; (2) anti-
clockwise, which occur when the SSC peak lags the Q peak and imply
relatively distant sediment sources; (3) single-valued or linear loop,
which occurs when the SSC and Q peak simultaneously, suggesting an
unlimited source supply and (4) compound loop (e.g., figure-eight or
more complex patterns), which occurs when multiple sediment
sources co-exist. Because of the utility of hysteresis analysis, hystere-
sis metrics have been developed to characterize transport conditions,
such as peak values of SSC and Q that describe event intensity, and
Hysteresis and Flushing Indices (HI and Fl, respectively) that describe
the degree and behaviour of the hysteresis effect (Lloyd et al., 2016;
Vaughan et al., 2017).

In montane headwater basins, transport of suspended sediment
primarily occurs during storm events and snowmelt periods (Wipfli
et al, 2007). As the climate continues to warm in many montane
areas, snow-dominated regimes will shift towards more rain-
dominated regimes (Clifton et al., 2018; Klos et al., 2014; Safeeq
et al., 2016). This will increase high-flow events during the wet season
(Safeeq et al., 2015; Safeeq et al., 2016), followed by a greater and
faster transport of suspended sediment (Ares et al., 2016; Buendia
et al., 2016). The reduced snowpack and more frequent freeze-thaw
cycles with warmer climates will likely result in more-saturated condi-
tions over the catchment (Henry, 2008; Lépez-Moreno et al., 2017).
Consequently, overland flow may increase and transport more sedi-

ment from distant areas, which will result in more compound-loop

hysteretic events. A warmer climate should also increase the occur-
rence of severe drought in absolute terms (Diffenbaugh et al., 2015;
Williams et al., 2015), and because of the extremely low precipitation,
droughts are expected to impact sediment dynamics (Allen
et al.,, 2011). Hence, it is critical to understand how shifting precipita-
tion regimes and changing annual precipitation amounts will impact
sediment source and transport in montane regions.

Montane, seasonally dry forests of the western United States
(US) will increasingly receive management operations such as forest
thinning and prescribed fire to help reduce drought-related tree mor-
tality and wildfire impacts (Agee & Skinner, 2005; Graham, 1999).
Those operations can introduce additional soil disturbances that influ-
ence sediment supply and transport to nearby streams (Kinoshita
et al., 2020; Safeeq et al., 2015). However, inconsistent changes in
hysteresis effects (e.g., HI) and transport intensity (peak values of SSC
and Q) have been observed following forest thinning (Gomi
et al., 2005; Nam et al., 2016) and prescribed fire (Klimas et al., 2020).
This has been attributed to variations in operation intensities and pre-
cipitation conditions following the treatment. More studies are
needed to examine changes in sediment supply and transport follow-
ing forest management.

Catchment topography can influence sediment source and trans-
port by constraining hydrologic connectivity and flow conditions over
the catchment. For example, increases in catchment areas tend to
shift the distribution of hysteresis loops from predominately clockwise
to a more diverse pattern because of the more extensive and distal
sediment source area (Gao & Josefson, 2012; Hamshaw et al., 2018).
Catchments with steeper slopes or lower vegetation cover will have
higher peak values of SSC and Q and higher FI because of the higher
detachment and transport capacity (Haddadchi & Hicks, 2020;
Roehl, 1962). Therefore, understanding topographic effects on sedi-
ment dynamics can help interpret variations in sediment source and
transport amongst catchments.

We conducted hysteresis analysis on 76 single peak events across
10 headwater catchments from water year (WY; starting on 1st
October and ending on 30th September) 2007-2009 and 2013-2018
in the mixed-conifer zone of California's Sierra Nevada. All catch-
ments experienced varied precipitation during the study period, rang-
ing from severe drought to extremely wet years. The catchments
were evenly distributed between a snow-dominated elevation band
and a warmer rain-snow transition elevation band. Catchments in
those two elevation bands (hereafter referred to as “sites”) were also
selectively thinned in 2012 and burned by prescribed fire in 2013 or
2016. We first determined hysteresis metrics for each event and the
predominant hysteresis pattern at the two sites. Second, we examined
if hysteresis metrics differed between the two sites and between
years with different annual precipitation amounts to assess potential
climatic impacts on sediment source and transport. Third, we exam-
ined the treatment effects on hysteresis metrics to assess impacts of
management operations on sediment delivery. Finally, we explored
whether hysteresis metrics across the 10 catchments can be predicted
by topographic characteristics. Observations and conclusions from

this study will help improve our understanding of sediment dynamics
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FIGURE 1 Location of five catchments at a lower elevation, rain-snow transition site (Providence Creek; left panel) and another five at a
higher elevation, snow-dominated site (Bull Creek; lower right panel) at the Kings River Experimental Watersheds in the Southern Sierra Nevada,
California. Elevation is designated by green to brown colours, denoting low to high elevations, respectively. Forest thinning was applied in the
summer of 2012 to two catchments at each site (B201 and B204 at the snow-dominated site and P301 and D102 at the rain-snow transition
site). Prescribed fire was applied to two catchments at the snow-dominated site (B203 and B204) in the fall of 2013 and two catchments at the
transition site (P301 and P303) in the fall of 2016. P304 and TO03 were control catchments, and P300 and B200 received integrated effects

in the montane forests in the western US, where ecosystems are

experiencing warming and increasing frequencies of disturbance.

2 | MATERIALS AND METHODS
2.1 | Site description

The Kings River Experimental Watersheds are a long-term research area
located in the Southern Sierra Nevada in California, USA
(Wagenbrenner et al., 2021). The research area experiences a
Mediterranean-type climate with an average of 90% of the annual pre-
cipitation occurring between October and June (Safeeq &
Hunsaker, 2016). It consists of a snow-dominated site at Bull Creek
(36°58.631' N, 119°4.917' W), where 75%-90% of precipitation falls as
snow, and a rain-snow transition site at Providence Creek (37°3.120' N,
119°12.196' W), where 35%-60% of precipitation falls as snow
(Figure 1a). Both sites have four individual headwater catchments and
an integrating catchment in similar ranges of catchment area (ha), mean

slope (%), mean aspect (°), relief (m) and drainage density (km km~2;

Table 1). Catchments at the snow-dominated site have an elevation
range from 2050 to 2490 m, with a mean annual temperature of 7.6°C
and mean annual precipitation of 1306 mm y~! (WY 2007-2018;
Hunsaker & Safeeq, 2018). Catchments at the transition site have an
elevation range from 1485 to 2115 m, with a mean annual temperature
of 10.0°C and mean annual precipitation of 1203 mm y~* (WY 2007-
2018; Hunsaker & Safeeq, 2018). Dominant soil series at the two sites
are Shaver, Cagwin, and Gerle-Cagwin (Johnson et al., 2011). The Cag-
win series, classified as loamy coarse sand, mixed, frigid dystric xerop-
samments, is most prominent at the snow-dominated site (67%-98%
coverage). The Shaver series, classified as coarse-loamy, mixed mesic
Pachic Xerumbrepts, is most prominent at the transition site (48%-
66%). The Gerle series is classified as coarse-loamy, mixed, frigid Typic
Xerumbrepts (Johnson et al., 2011). Overstory vegetation is dominated
by red fir (Abies magnifica A. Murray bis) and white fir (Abies concolor
[Gordon] Lindl. ex Hildebr.) at the snow-dominated site, and by white
fir and incense cedar (Calocedrus decurrens [Torr.] Florin) at the transi-
tion site (Lydersen et al., 2019).

In summer 2012, thinning treatments were applied in two catch-

ments each at the snow-dominated (B201, B204) and transition sites
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TABLE 1

Catchment characteristics at the Kings River Experimental Watersheds in the Southern Sierra Nevada, California (adapted from

Safeeq & Hunsaker, 2016). Catchments are ordered from the highest to the lowest mean elevation

Mean
elevation Catchment
Site Catchment Treatment (m) area (ha)
Snow- B203 Burn 2373 138
dominated, B204 Thin & 2365 167
Bull Creek burn
TOO3 Control 2289 228
B201 Thin 2257 53
B200 Integrate 2122 474
Rain-snow P301 Thin & 1979 99
transition, burn
Providence P303 Burn 1905 132
Creek
P304 Control 1899 49
P300 Integrate 1883 461
D102 Thin 1782 121

(P301, D102). Thinning treatments in mature stands were conven-
tional timber harvest (i.e., chainsaw-felling, slash left in the stand, logs
skidded to a landing) that removed trees across all diameter classes
and reduced basal area from 44-79 m? ha~! to 27-55 m? ha™! (target
basal areas varied by predetermined aspect and topographic position
classes; Lydersen et al., 2019). California black oak (Quercus kelloggii
Newb.), sugar pine (Pinus lambertiana Douglas) and ponderosa pine
(Pinus ponderosa Lawson) were retained preferentially. Trees removed
from USDA Forest Service land had a maximum diameter at 1.4 m
height (i.e., diameter at breast height, DBH) of 76 cm. The thinned
watersheds at the transition site contained some privately-owned
land, and in these areas some trees with a DBH up to 117 cm were
removed. Thinning treatments in young (<30 year old) and even-aged
stands were pre-commercial, and shrub cover was reduced to below
10% by mastication in stands with shrub cover >50%. Approximately
10%-25% of the area planned for thinning (or mastication) within
thinned watersheds, especially in D102, was excluded from operation
due to slope steepness (generally >30% slope) and lack of existing
roads.

Prescribed fire was applied to two catchments at the snow-
dominated site (B203 and B204) during 18 October 2013-19
November 2013. Burning in the two catchments at the transition site
(P301 and P303) was delayed until 14-16 November 2016 due to
unfavourable burn conditions. Backing fire, along with some flanking
and small runs of head fire, were used at both sites to consume sur-
face and ground fuels with no effect on forest structure. Maximum
flame lengths ranged from 1.2 to 1.8 m and burn-day wind speeds
were less than 4.5 m s~* at both sites. Details of prescribed fire oper-
ation and documentation of soil burn severity and postfire vegetation
composition can be found in Lydersen et al. (2019). The thinning and
burning treatments generated a thin only, burn only, thin and burn
and control treatment catchment at each site. The integrating catch-
ment at the snow-dominated site (B200) received effects from a thin
only, burn only and thin combined with burn, and the integrating
catchment at the transition site (P300) received effects from a control,

Mean Mean Drainage Mean normalized
slope aspect Relief density difference

(%) (°) (m) (km km~2) vegetation index
18 235 303 4.6 0.46

17 235 289 5.0 0.49

24 142 414 55 0.63

18 228 225 6.0 0.54

18 231 367 52 0.51

19 208 318 74 0.61

20 233 292 74 0.69

22 249 213 6.9 0.69

21 223 424 74 0.68

27 246 491 10.1 0.69

burn only and thin combined with burn (Figure 1). The thin, burn and
combined thin and burn treatments resulted in relatively low impacts
on soils and basal area (Lydersen et al., 2019). USDA Forest Service
best management practises (USDA, 2011) were followed during
implementation of treatments.

2.2 | Sample measurements and hysteresis analysis
We measured Q (L s~1) using a weir at the outlets of two catchments
(P300 and T003), a stage-discharge rating curve in B200, and a small
and large Montana-style Parshall flume in each of the other seven
catchments (Hunsaker et al., 2012; Hunsaker & Johnson, 2017;
Wagenbrenner et al, 2021). Stage was recorded at each rating
section using a pressure transducer, and turbidity was measured just
upstream of the rating section with a turbidimeter (Wagenbrenner
et al., 2021). Suspended sediment samples were collected using ISCO
6712 automated samplers (Teledyne ISCO, Lincoln, NE, US) at the
outlets of each catchment, upstream from the weir, small flume, or
stream gauge (Hunsaker et al., 2007). The ISCOs were triggered to
sample water every 15 to 30 min when the discharge rate and turbid-
ity were above preset thresholds (Hunsaker et al., 2007). Discharge
and turbidity thresholds were periodically adjusted to account for sea-
sonal variations (i.e., thresholds were higher in winter and lower in
summer). Water samples were processed for SSC (mg L™2) using vac-
uum filtration with 1 pm glass fibre filters. Precipitation at 15-min
intervals were measured using Alter-shielded weighing bucket precipi-
tation gauge (Belfort 5-780 weighing rain gage, Baltimore, MD, USA
and 260-952 Alter-style wind screen, Novalynx Corporation) at four
locations, two each at the snow-dominated and rain-snow transition
site (Wagenbrenner et al., 2021).

We analysed 76 runoff events that included Q and SSC for a sin-
gle peak and a record for the complete rising and falling limbs of each
event (Appendix A, Table A1). For each event, we first graphed SSC as
a function of Q to determine the corresponding hysteresis loop type.
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We then determined the minimum value, maximum value, and speed
of Q and SSC (i.e., Qmin, SSCininy Qmaxr SSCimaxs Qspeed: aNd SSCspeed)
for each event. The Qgpeed and SSCpeeq Were defined as the differ-
ence between the maximum and minimum values divided by the time
between their occurrences. We report the Qmin, SSCiiny Qmaxs SSCraxe
Qspeed and SSCpeeq as the unit-area values because of differences in
area amongst the catchments and these indices are often sensitive to
catchment area (Gao et al., 2013; Park et al., 2019). We also calcu-
lated the lag time (min), defined as the time between SSC.x
and Quax-

To calculate the HI and FI of each event, we first normalized the
Q and SSC to reduce the influence of differences in Q and SSC
amongst events:

Qi — Czmin

o = Rmin 1
Ql,nOI’ITl Qmax _ Qmm ( )

~ 55C; —SSCin
SSCA,norm = my (2)

where Q; and SSC; are the discharge and suspended sediment concen-
tration (respectively) at time step i, Qmin and Qmax are the minimum
and maximum discharge values (respectively), and SSCin and SSCpax
are the minimum and maximum sediment concentrations (respec-
tively). We then calculated the sediment concentration at 2% intervals
of normalized discharge for both rising and falling limbs, using interpo-
lated linear regressions based on the two adjacent pairs of SSC;norm
and Q;norm (Lloyd et al., 2016; Vaughan et al., 2017). The overall HI of
one event was the mean of HI at all normalized discharge inter-
vals (2%):

HI = mean [SSCS" (Q; norm) — SSCIIine (Q,,norm)] ifor Qipom € [0.02,1].

i,norm i,norm
3

The HI was scaled from —1 to 1 with negative values indicating
anticlockwise loops (i.e., inferring distant sediment source) and posi-
tive values indicating clockwise loops (i.e., inferring localized sediment
source; Vaughan et al., 2017). We calculated the FI of one event by
subtracting the normalized sediment concentration at the beginning
of the event (Qinorm = 0) from that at the peak of the event
(Qisnorm = 1). The Fl was also scaled from —1 to 1 with negative values
indicating a diluting effect (i.e., decreases in SSC on the rising limb,
inferring source limited) and positive values indicating a flushing effect
(i.e., increases in SSC on the rising limb, inferring transport limited,;
Vaughan et al., 2017).

2.3 | Statistical analysis

All statistical analyses were conducted in SAS 9.4 (SAS Institute,
Inc., 2013). We used a priori alpha level of 0.10 to evaluate statistical
significance because of the greater variation typically found in field
studies and the limitation of setting thresholds at 0.05 (Amrhein

et al., 2019). We first determined median value and interquartile range
(IQR, the difference between the lower 25% and upper 25% quartiles)
for each hysteresis metric due to their strongly skewed distributions.
Hysteresis metrics included: unit-area Qmin, Qmax, Qspeeds SSChin,
SSCrnax, and SSCypecq, lag time, HI, and FI. A Spearman's rank-order
test was used to explore correlations between hysteresis metrics
(n = 76 events).

We examined the impacts of precipitation regimes and annual
precipitation levels on hysteresis metrics using a nonparametric
aligned rank transformation test with repeated measures based on all
events. We grouped the WYs that received similar amounts of annual
precipitation to increase the statistical power, and classified them as
an “average year” when annual precipitation was between 1046 and
1323 mm (WY 2008, 2009, 2016, and 2018, n = 27), a “dry year”
when average precipitation was less than 1046 mm (WY 2007, 2013,
2014, and 2015, n = 36), and a “wet year” when average precipitation
was greater than 1323 mm (WY 2017, n = 13; Appendix A,
Figure Al). Independent class variables were site with Catchment
nested within site and classified year (average, dry, or wet). The inter-
action of site and classified year was not significant for all hysteresis
metrics (data not shown), hence was not included in any of the
models.

We examined the forest treatment effects on hysteresis metrics
at each site using the aligned rank transformation test with repeated
measures. The Dunn's post-hoc test was used to compare between
groups when the null hypothesis of no effect was rejected. At the
snow-dominated site, we used measurements from the four treated
catchments (thin only, burn only, thin combined with burn, and control
(WY 2013-2018)). At the transition site, we only included posttreat-
ment measurements from the two catchments (thin only and control)
because of the limited number of observations at burn only (n = 2)
and thin combined with burn (1) catchments. The two integrating
catchments (i.e., B200 and P300) were not included in the analysis
because the delayed prescribed fire resulted in an inconsistent inte-
grating effect across repeated measures. We did not compare treat-
ment effects on hysteresis metrics at each site between different
classified years because datasets were not available for all three clas-
sified years (Appendix A, Table A1).

We applied regression analyses with linear, exponential and qua-
dratic functions to examine if variability in the median values of the
hysteresis metrics across catchments and time was explained by topo-
graphic characteristics (n = 10 catchments). Independent variables
were mean elevation, catchment area, mean slope, mean aspect, relief,
drainage density and mean normalized difference vegetation index
(Table 1). Mean elevation, catchment area, mean slope, mean aspect
and relief (the difference in elevation between the highest and lowest
locations) were derived using a 30-m digital elevation model obtained
from U.S. Geological Survey repository (http://nationalmap.gov/
viewer.html). Drainage density was digitized from U.S. Geological Sur-
vey topographic maps and calculated by overlaying the stream net-
work layer on each catchment boundary. Mean normalized difference
vegetation index was calculated based on the Moderate Resolution
Imaging Spectrometer (MODIS) 250-m NDVI data for water years
2004-2014 (MYD13Q1 version 5). In each case, we chose the model
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with the lowest AICc (the Akaike information criterion [AIC] that cor-
rects for small sample sizes). A simpler model (i.e., linear) was chosen
if two models had AICc values that differed by less than 2 (Burnham &
Anderson, 2002). We log-transformed the hysteresis metrics for
regression analyses to meet the assumption of normality and homo-
scedasticity of the residuals.

3 | RESULTS

3.1 | Overall hysteresis patterns and metrics

Four types of hysteresis pattern were observed from the 76 single
peak events, namely, clockwise (68), anticlockwise (2), figure-eight
with a clockwise-anticlockwise-clockwise pattern (4), and non-
hysteretic pattern (single-valued loops, 2; Figure 2). The clockwise-
loop events were prevalent at both sites: 94% at the snow-dominated
site and 86% at the rain-snow transition site (Figure 3). The median
+IQR of 76 events were 0.15+0.23Ls ! ha=?! for Qu, 0.34
+0.72Ls ' ha ™! for Quax 008 +0.14Ls 2 ha ' for Qqpeea, 0.06
+0.16 mg L™t ha™? for SSCppin, 0.67 + 1.42 mg L~ ha™? for SSCrmax
0.22 £0.56 mg L™* s™ ha™?* for SSCqpeed, —30 % 44 min for lag time,
0.42 + 0.29 for Hl and 0.52 + 0.68 for FI (Table 2).

The Spearman's rank-order correlation test revealed that Quin,
Qmax and Qqpeeq Were positively correlated between each other, and
SSCiiny SSCnax and SSCypeeq Were also positively correlated between
each other (p < 0.01, r 2 0.56, n = 76; Figure 4). SSC,,;» was positively
correlated with Quin (p = 0.07, r = 0.21) and lag time (p = 0.09,
r = 0.20). SSC.x Was positively correlated with Q. (p = 0.07,
r =0.21) and Qqpeed (P = 0.05, r = 0.22). HI was negatively correlated
with SSCax (0 = 0.09, r = —0.20), lag time (p < 0.01, r = —0.52) and
FI (p <0.01, r = —0.58). Fl was positively correlated with lag time
(p < 0.01, r = 0.67; Figure 4).

3.2 | Variations in hysteresis metrics between
sites, years and treatments

Comparing hysteresis metrics between the two sites, Qqpeeq and HI were
higher, and SSCpin, SSCiax and SSCgpeeq Were lower at the snow-
dominated than transition site (p < 0.03; Figure 5). Qmin, Qmax lag time
and FI did not differ between the two sites (p > 0.14; Figure 5).

Comparing hysteresis metrics between classes of water years,
Qmin and Quax Were higher in the wet year compared to average and
dry years (p = 0.05 and 0.02, respectively; Figure 5). Conversely,
SSCopeed Was higher in dry years compared to average and wet years
(p = 0.03; Figure 5). There were no differences in Qspeed; SSCrmin,
SSCinax lag time, HI and Fl amongst the three classes of water years
(p 2 0.20; Figure 5).

At the snow-dominated site, the catchment that received for-
est thinning with no prescribed fire had higher SSCnin, SSChax
and SSCipeeq than the control catchment (p < 0.02; Figure 6);
catchments that received prescribed fire only or forest thinning

combined with prescribed fire had similar SSCin, SSChax, and
SSCspeed compared to the control. At the transition site, the
catchment that received forest thinning only had lower SSCin
(p = 0.05) and similar SSCp,ax and SSCypeeqd (p 2 0.19) compared to
the control catchment (Figure 6). All the rest of the hysteresis
metrics (i.e., Qmin, Qmax, Qspeea, lag time, HI and Fl) were similar
between the control and treated catchments at both sites
(p 2 0.12, Figure 6).

3.3 | Topographic influences on hysteresis metrics

Regression analyses were used to explore if hysteresis metrics were
explained by topographic characteristics, including elevation, catch-
ment area, slope, aspect, relief, drainage density, and normalized dif-
ference vegetation index. Across the 10 catchments, unit area SSCin,
SSCrax and SSCqpeeq decreased exponentially with greater catchment
areas (p < 0.01 and R? = 0.72, Figure 7). Relationships between those
SSC metrics and relief were best fit with quadratic functions (p < 0.01,
R? 2 0.75, Figure 7). Unit area SSCpin, SSCmax, and SSCspeed initially
decreased and then increased with higher catchment relief, with break
points estimated at 375, 384, and 382 m, respectively. However, Qnin,
Qmaxy Qspeed: lag time, HI and FI across the 10 catchments were not
predicted by any topographic characteristics (p = 0.24, data not

shown).
4 | DISCUSSION
4.1 | Hysteretic response of suspended sediment

in montane headwater catchments

We observed 89% of the events exhibited a clockwise-loop pat-
tern at the two sites, suggesting a localized sediment source in
headwater catchments in the Southern Sierra Nevada. In the cen-
tral and northern Sierra Nevada, the predominance of clockwise
hysteresis pattern has also been observed in headwater catch-
ments and sub-watersheds (Langlois et al., 2005; Martin
et al, 2014). Those observations suggest that streambeds and
banks, rather than hillslopes, are the main sediment sources in
mixed-conifer forests in the headwaters of California's Sierra
Nevada. Because variations in Hl across our 10 catchments were
not explained by catchment area, catchment area may not affect
sediment source within the range of areas at our sites. In other
montane headwaters catchments of similar size, hysteresis pat-
terns are also often predominantly clockwise (e.g., 3 km? for
Seeger et al., 2004; 5 km? for Pagano et al., 2019; 9 km? for Tsy-
plenkov et al., 2020; 12 km? for Fang et al., 2015). In larger catch-
ments, hysteresis patterns become predominantly anticlockwise
partially because of the more extensive sediment source area
(e.g., 35 km? for Esteves et al., 2019; 85 and 230 km? for Mano
et al., 2009; 499 km? for Pagano et al., 2019). Thus, responses of
sediment source to catchment area may exhibit a threshold
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FIGURE 2 Examples of hysteresis relationships between suspended sediment concentration (SSC) and discharge (Q) at the Kings River
Experimental Watersheds. Four hysteresis patterns were observed, including a clockwise (a and b), anticlockwise (c and d), clockwise-
anticlockwise-clockwise figure-eight (e and f), and non-hysteretic pattern (single-valued pattern bending upwards; g and h)

behaviour: sediments are derived primarily from near-stream Not all events in our study exhibited a clockwise hysteresis pat-

areas in smaller catchments but also originate from hillslope loca- tern, suggesting multiple sediment source areas will occasionally occur

tions if catchment area increases to a certain larger size. in headwater catchments in the Southern Sierra Nevada. Across the
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10 catchments over nine WYs, we observed two events that exhibited
an anticlockwise hysteresis pattern: one in summer (21 July 2015,
B203, 28 mm total event rainfalll and the other in the fall
(27 November 2017, P303, 49 mm total event rainfall). In other stud-
ies, anticlockwise-loop hysteresis events that occurred in summer dry
season have been attributed to relatively large rainfall and fast flow
rates on dry soils that extends the hillslope sediment transport
(Buendia et al., 2016; Eder et al., 2010; Haddadchi & Hicks, 2021).
However, this was not the case in this study, as the anticlockwise-
loop event in July 2015 occurred during a relatively low flow event
(Qspeed = 0.06 Ls™2 ha™?, as compared to the median value of
0.08 Ls™2 ha™%). Our summer anticlockwise-loop event may have
been due to the storm event, with an average rainfall of 32 mm, that
occurred 10 days prior (Appendix A, Table A1), which may have
depleted in-channel storage and increased soil moisture within the
catchment. Therefore, more sediment was transported from primarily
hillslope positions due to the antecedent wet condition. Similarly,
anticlockwise-loop events that occurred in the fall in other studies
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FIGURE 3 Distribution of hysteresis patterns (from 76 total
events) in five catchments at a higher elevation, snow-dominated site
(Bull Creek) and another five at a lower elevation, rain-snow transition
site (Providence Creek) at the Kings River Experimental Watersheds
in the Southern Sierra Nevada, California

TABLE 2

have been attributed to an extreme soil moisture condition that intro-
duced sediment transport from the whole catchment area (Seeger
et al., 2004; Williams, 1989). Similarly, our anticlockwise-loop event in
November 2017 may have been due to a high-moisture condition that
allowed transport of sediment from distal unpaved roads
(Stafford, 2011). Storms occurred on this day and also 10 days prior
(49 mm total event rainfall on 17 November 2017). The two
anticlockwise-loop events in our study were probably not caused by
forest thinning and prescribed fire as the treatments had negligible
effects on sediment source area (Lydersen et al., 2019) and precipita-

tion on those dates occurred regionally.

Correlation coefficient

m 1.00
Qmax [ 0.90
0.50
Qspeed  0.76 (0.89
0.00
SSCmin 0.21 0.18 0.15 -0.50
SSCmax 011 021 0.22 (0.67 100

SSCspeed -0.07 0.01 0.16 0.56 (0.88
Lag time 0.05 -0.01 0.01 0.20 0.09 -0.03
HI -0.05 -0.12 -0.03 -0.12 -0.20 -0.02 -0.52

FI 0.16 0.04 0.19 0.12 0.14 -0.01 0.67 -0.58

T

Qmin
Qmax
Qspeed
SSChmin
SSCmax

SSCspeed
Lag time

FIGURE 4 Correlations between hysteresis metrics based on all
76 events at the Kings River Experimental Watersheds in the
Southern Sierra Nevada, California. Correlation coefficients were
estimated using Spearman rank tests and coloured based on their
magnitudes and directions. Bolded values were statistically
significant (o« = 0.10)

Minimum (min), maximum (max), mean, median and standard deviation (SD) levels of hysteresis metrics for 76 single peak events at

the snow-dominated and rain-snow transition site from water year 2007-2009 and 2013-2018 at the Kings River Experimental Watersheds in

the Southern Sierra Nevada, California

Hysteresis metrics®

Lag Qumin (L Qax (L Qspeed (L
time,min s *ha?Y) s tha?) s2ha?)
Min -120 0.01 0.02 0.01
Max 120 1.85 4.80 0.46
Mean -34 0.27 0.73 0.12
Median  —-30 0.15 0.34 0.08
SD 46 0.38 0.98 0.11

SSCrin (Mg SSCnax (Mg SSCspeed (Mg

Lha™? L*ha? L~tsha™? HI FI
0.01 0.06 0.01 -0.32 —0.68
1.04 11.07 4.40 0.81 1.00
0.16 1.84 0.63 038 048
0.07 0.80 0.24 042 052
0.23 272 0.94 024 041

®Hysteresis metrics include the unit-area minimum, maximum, and speed of discharge and suspended sediment concentration (i.e., Qmin, Qmax, Qspeeds
SSChiny SSCraxs and SSCspeed), lag time (defined as the time between SSCiay and Qmay), hysteresis index (HI) and flushing index (FI; see text for Hl and FI
calculations). The Qspeed and SSCepeeq Were defined as the difference between the minimum and maximum values divided by the time between their

occurrences.
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Four events exhibited a figure-eight hysteresis pattern (i.e., a
clockwise followed by an anticlockwise loop), which implies a switch
from localized to distant sediment source that provides a continuous
sediment source even during the hydrograph recession (Gao &
Josefson, 2012; Seeger et al., 2004). One figure-eight event occurred
in the winter (18 February 2016, P300) and another occurred in early
spring (7 April 2018, P304); the other two both occurred in the fall
(31 October 2014, B201 and 28 October 2016, P300). In our study,
the mechanism for generating a clockwise loop followed by an anti-
clockwise loop is unclear. In other studies, figure-eight events have
been attributed to an ice breakup (Williams, 1989) or a mid-storm
bank failure (Fan et al., 2012; Stafford, 2011) that increases erosive
capacity and sediment concentration sharply. Consequently, in-

channel storage is depleted, and sediment sources transition to

hillslope locations. We also observed two non-hysteretic events, sug-
gesting a continued sediment supply from stream banks or erosion
from distal sources that occurred before the exhaustion of localized
sediment. In montane headwater catchments, substantial temporal
variabilities in hydro-meteorological conditions introduce dynamic
sediment sources (Duvert et al., 2011; Zabaleta et al., 2007).

4.2 | Impacts of precipitation regimes and annual
precipitation levels on sediment source and transport

The transition site exhibited a lower proportion of clockwise-loop
events (lower HI) and higher SSC.x and SSCspeeq cOmpared to the

snow-dominated site, suggesting the warmer site had an extended
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Box and whisker plots showing effects of elevation band (snow-dominated and rain-snow transition site) and class of water year

(dry, average, or wet) on hysteresis metrics for single peak events at the Kings River Experimental Watersheds. We defined an “average year” as a
year with annual precipitation within 30% of the average annual precipitation, a “dry year” that had less than 30% of the average precipitation,
and a “wet year” that had at least 30% more precipitation than the average. Each boxplot shows the median value (line), interquartile range (box),
90th and 10th percentiles (tails), and outliers falling outside the 90th and 10th percentiles if they occurred (dots). Significance was determined
using nonparametric aligned rank transformation tests with repeated measures (indicated with p values in red when statistically significant

at o =0.10)
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FIGURE 6 Box and whisker plots showing effects of forest thinning and prescribed fire on hysteresis metrics at a higher elevation, snow-
dominated site (Bull Creek) and a lower elevation, rain-snow transition site (Providence Creek) at the Kings River Experimental Watersheds in the
Southern Sierra Nevada, California. Treatment effects at the snow-dominated site were tested for thin only (n = 7), burn only (4), thin combined
with burn (5) and control (12). Treatment effects at the transition site were tested for thin only (11) and control (12); burn only and thin combined
with burn were not tested at this site because of limited observations (2 and 1, respectively; Table 2). Data were combined across posttreatment
water years (WY 2013-2018). Each boxplot shows the median value (line), interquartile range (box), 90th and 10th percentiles (tails), and outliers
falling outside the 90th and 10th percentiles if they occurred (dots). Significance was determined using nonparametric aligned rank
transformation tests with repeated measures (indicated with p values in red when statistically significant at o = 0.10)

sediment source area and greater sediment availability and transport.
This may be due to more frequent freeze-thaw cycles that produced
areas of greater soil erosion coupled with rain events that increased
hydrological connectivity between the sources and the channel
(Goudie, 2006; Inamdar et al., 2018; Lopez-Tarazon et al., 2012). Hys-
teresis analysis in other Mediterranean headwaters also reveals that
suspended sediment sources were mostly derived within the channel
during snowmelt-related events, but were extended to hillslope
sources during rainfall events along with melting snow (Lana-Renault
et al, 2011). Climate warming that shifts montane snow-dominated
regions to rain-snow transition zones may therefore increase hillslope
erosion and downstream sediment delivery.

Similar HI and SSC,,,.« were observed amongst years classified

as dry, average, and wet, suggesting annual precipitation amounts

did not influence sediment source area and event-based sediment
transport in our catchments. We observed a higher sediment
availability (i.e., SSCspeed) in the dry years compared to years with
near-average and above average precipitation. The higher sedi-
ment availability during the drought period was likely due to soil
disaggregation leading to increased erodibility (Buendia
et al., 2016; Vermang et al., 2009). Compared to the years with
near-average precipitation, decreases in total sediment yield in
dry years and increases in sediment yield in wet years have been
observed from the same catchments (Safeeq et al., 2022). There-
fore, variations in sediment yield amongst years are likely regu-
lated by frequency and duration of precipitation and flow events
whilst sediment sources may remain localized across years in our

sites in the Southern Sierra Nevada.
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4.3 | Impacts of forest thinning and prescribed fire
on sediment source and transport

We observed similar His from the catchments that received forest
thinning and untreated control catchments, suggesting forest thinning
did not impact sediment source area in our headwater catchments.
We observed differences in SSCpin, SSCinax and SSCypeeq between the
thin only and control catchments at the two sites (Figure 6), but
because the direction of change is not consistent, we attributed these
differences to variations in catchment area (Figure 7). The thin only
catchment at the snow-dominated site (B201) and the control catch-
ment at the transition site (P304) had higher SSC.in, SSCrmax and
SSCspeed cOmpared to the other catchments, in part, due to their smal-
ler areas (Figure 7). Our explanation of unchanged sediment transport
intensity and availability is further supported by similar SSC.in, SSCinax
and SSCpeeq between the control catchment and catchment received
forest thinning combined with prescribed fire at the snow-
dominated site.

The negligible impacts of forest thinning on sediment delivery can
be attributed to minor soil-surface disturbances under the low-

intensity operations, combined with implementation of best

management practises: mechanical equipment was prohibited within
30 m of the streambeds (Lydersen et al., 2019; USDA, 2011). In other
montane catchments, the primary sediment source remained in-
channels following strip and selective thinning along with road main-
tenance (Nam et al., 2016; Rachels et al., 2020). However, in thinned
catchments that were exposed to heavy machinery for transporting
timber, dominant hysteresis patterns changed from clockwise to anti-
clockwise following the thinning operation due to increases in hill-
slope contribution, and then returned to clockwise 5 years later
(Kinoshita et al., 2020). In our study catchments, the limited erosion
from hillslope and unpaved roads following forest thinning is also
attributed to the restricted number of flow events under the con-
founding drought period; drought occurred immediately following our
thinning treatment in 2012 and lasted for nearly 4 years (WY 2013-
2016). Hillslope erosion and sediment delivery can be substantial if an
intense precipitation occurs following the thinning treatment
(e.g., Nam et al., 2016).

None of the hysteresis metrics were different between the con-
trol catchment and catchments receiving prescribed fire (burn only
and burn combined with thinning; Figure 6), suggesting low severity

prescribed fire did not impact sediment sources and transport
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intensity. This again can be attributed to a combination of low-
severity prescribed fire, implementation of best management practises
and the confounding drought period (Lydersen et al, 2019;
USDA, 2011; Yang et al., 2022). Significant hillslope erosion and sedi-
ment transport have been observed under prescribed fire immediately
followed by substantial rainfall events (Benavides-Solorio &
MacDonald, 2001; Pierson et al., 2009). In contrast, slope steepness
likely plays a minimum role in controlling sediment transport following
prescribed fire in montane headwater catchments, as increases in sed-
iment transport were negligible on steep slopes even after high-
severity prescribed fire and wildfire (Harrison et al., 2016; Robichaud

et al., 2010).

5 | CONCLUSIONS

We examined the effects of the proportion of precipitation that falls
as snow, annual precipitation, management operations and physiogra-
phy on sediment source and transport using hysteresis analysis on
76 single-peak events from 10 headwater catchments over nine water
years in the mixed-conifer zone of California's Sierra Nevada. Five
catchments from the rain-snow transition site exhibited a lower hys-
teresis effect and higher sediment availability and transport intensity
compared to another five located in the snow-dominated site. This
suggests that a warmer climate that shifts precipitation regimes from
snow-dominated towards rain-snow transition may increase the
chances of multiple sediment sources and event-based transport
intensity. Sediment source areas may remain localized across years
despite changes in annual precipitation, whereas sediment availability
may increase during drought years compared to years with near-
average and relatively high precipitation. During the drought period,
changes in sediment source and transport intensity can be negligible
in catchments receiving low-intensity management operations using
best management practises. Overall, in small montane headwater
catchments, sediment source will probably remain localized despite
changing precipitation amounts and low-intensity management opera-
tions, but source may become more distant and possibly lead to
higher sediment yields as the main hydrologic input shifts from snow

to rain.
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—-O-- Rain-snow transition site —3— Snow-dominated site —O— Average year —3— Normal year —8— Wet year
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FIGURE A1 Climatic temporal variation within the Kings River Experimental Watersheds in the Southern Sierra Nevada, California. Annual
precipitation amount (a) and mean annual air temperature (b) at the snow-dominated site (square symbol) and rain-snow transition site (circle
symbol) for water years 2007-2018. Symbols with different colours indicate the classified years based on precipitation levels: Yellow indicates a
“dry year” that had 30% below the average precipitation amount or more, white indicates a “average year” that had near-average annual
precipitation amount, and blue indicates a “wet year” that had at least 30% above the average precipitation amount or more
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