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Suspended sediment transport is an important contributor to ecologic and geomorphic functions of
streams. However, it is challenging to generalize predictions of sediment yield because it is influenced
by many factors. In this study, we quantified the relevance of natural controls (e.g., geology, catchment
physiography) on suspended sediment yield (SSY) in headwater streams managed for timber harvest. We
collected and analyzed six years of data from 10 sites (five headwater sub-catchments and five watershed
outlets) in the Trask River Watershed (western Oregon, United States). We used generalized least squares
regression models to investigate how the parameters of the SSY rating curve varied as a function of catch-
ment setting, and whether the setting modulated the SSY response to forest harvesting. Results indicated
that the highest intercepts (a) of the power relation between unit discharge and SSY were associated with
sites underlain primarily by friable rocks (e.g., sedimentary formations). The greatest increases in SSY
after forest harvesting (up to an order of magnitude) also occurred at sites underlain by the more friable
lithologies. In contrast, basins underlain by resistant lithologies (intrusive rocks) had lower SSY and were
more resilient to management-related increases in SSY. As such, the impact of forest management activ-
ities (e.g., use of forested buffers; building of new roads) on the variability in SSY was primarily contin-
gent on catchment lithology. Sites with higher SSY, or harvest-related increases in SSY, also generally had
a) lower mean elevation and slope, b) greater landscape roughness, and c) lower sediment connectivity.
We used principal component analysis (PCA) to further explore the relationship between SSY and several
basin physiographic variables. The PCA clearly separated sites underlain by friable geologic units from
those underlain by resistant lithologies. Results are consistent with greater rates of weathering and sup-
ply of sediment to headwater streams in catchments with more friable lithologies, and limited sediment
supply in catchments underlain by resistant lithologies. We hypothesize that a similar framework may
aid in predicting the overall SSY of a catchment as well as its susceptibility to increases in SSY following
forest harvesting.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Mountainous headwater streams may disproportionally con-
tribute to global sediment discharge (Kao and Milliman, 2008;
Milliman et al., 1999; Milliman and Syvitski, 1992), particularly if
impacted by land-use practices that often increase fine sediment
transport and deposition (Binkley and Brown, 1993; Croke and
Hairsine, 2006; Gomi et al., 2005; Montgomery, 2007; Sofia et al.,
2016; Tarolli and Sofia, 2016). Fine sediment can negatively impact
fishes and other aquatic ecosystem elements (Kemp et al., 2011;
Suttle et al., 2004) and degrade water quality (Brown and
Binkley, 1994; Wood and Armitage, 1997). It is, therefore, consid-
ered a pollutant under the United States (US) Clean Water Act. In
the western US, where mountainous regions of the temperate Paci-
fic Northwest (PNW) are targeted for timber harvesting activities,
the Environmental Protection Agency has classified >70% of
streams as water-quality impaired—�19,000 km of streams are
threatened by sediment pollution in Oregon alone (United States
Environmental Protection Agency, 2016). Despite this, Total Maxi-
mum Daily Loads (TMDLs) for suspended sediment have not been
defined in many states, including Oregon. As such, deciphering the
relative controls on suspended sediment transport in mountainous
headwater streams may be particularly crucial for understanding
both local effects important for water quality standards in
follow-
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timber-dependent economies (Haynes, 2003; Prestemon et al.,
2015) as well as mass flux of material on a broader scale.

In an effort to quantify the impact of forest practices on fine
sediment dynamics in temperate headwater catchments, an early
paired-watershed study (Alsea Watershed Study in Oregon) com-
pared 1960’s forest harvesting practices that included clearcutting
and burning of slash to forest management practices that retained
riparian vegetation along streams as buffers (Beschta, 1978; Brown
and Krygier, 1971). This study became the prime example of the
environmental consequences of unregulated logging, as annual
sediment yields increased up to 500% in the more heavily dis-
turbed catchment (Beschta, 1978). In part based of these findings,
contemporary forest management practices now limit slash burn-
ing, harvest size, and harvest frequency, while requiring riparian
buffers to be retained around streams (e.g., Oregon’s Forest Protec-
tion Laws). The principal objectives of these regulations is to medi-
ate increased sediment yields to streams and regulate stream
temperatures. A number of paired-watershed studies have since
occurred to assess the efficacy of modern forest practices on limit-
ing suspended sediment yields (SSY). The conclusions of these
studies have been mixed (Binkley and Brown, 1993; Gomi et al.,
2005) showing increases (i.e., Macdonald et al., 2003), decreases
(i.e., Grant and Wolff, 1991), and no changes (i.e., Hotta et al.,
2007) in SSY, hindering generalization concerning controls on sed-
iment flux rates in catchments impacted by contemporary forest
management activities.

The impacts of land-management on SSY are generally a func-
tion of both sediment supply and transport capacity. However,
thresholds for fine-sediment motion are met frequently in most
systems, often rendering sediment supply the limiting factor
(Church, 2002; Paustian and Beschta, 1979). Sediment supply gen-
erally varies across landscapes depending on factors associated
with catchment setting, such as climate, physiography, and geol-
ogy, or disturbance history (Buss et al., 2017; Croke and Hairsine,
2006; Gomi et al., 2005; Hicks et al., 1996; Johnstone and Hilley,
2014; Montgomery, 1999; Montgomery and Brandon, 2002;
O’Byrne, 1967; O’Connor et al., 2014). For instance, SSY was greater
in more erodible (e.g., sedimentary and volcanics) lithologies com-
pared to more resistant lithologies in Western Oregon and north-
western California (Wise and O’Connor, 2016), the Idaho Rocky
Mountains (Mueller et al., 2016; Mueller and Pitlick, 2013), Wyom-
ing (Colby et al., 1956), and in New Zealand (Hicks et al., 1996).
However, following high severity disturbances like wildfire, the
potential role of lithology may be greatly reduced relative to the
fine-sediment supply associated with the disturbance (Moody
et al., 2008; Wise and O’Connor, 2016).

Factors such as physiography and land management affect SSY,
but the relative influence of these in relation to other controls is
less clear. In a global analysis of large rivers, Syvitski and
Milliman (2007) found that geologic and physiographic variables
explained the majority of variance in long-term SSY among sites
(65%), whereas climate and land use accounted for 14% and 16%,
respectively. In a setting of uniform lithology, Klein et al. (2012)
found that harvest intensity and drainage area best predicted
10% turbidity exceedance levels (indicative of chronic turbidity),
whereas physiographic variables did not improve the prediction.
For Washington streams draining managed forests of the PNW, tur-
bidity (a proxy for suspended sediment transport) was correlated
with geologic province, independent of forest management prac-
tices (Reiter et al., 2009). Thus, evidence suggests that both basin
characteristics (lithology and physiographic conditions) and land
management influence SSY. Furthermore, interdependencies
between catchment setting and the response of SSY to land man-
agement activities may exist. For example, in North Westland
catchments of New Zealand, O’Loughlin and Pearce (1976) found
the most substantial increases in SSY occurred following forest
Please cite this article in press as: Bywater-Reyes, S., et al. Geology and geomor
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removal in catchments underlain by easily erodible sedimentary
formations.

The purpose of this research was to examine the relative influ-
ence of basin setting (lithology and basin physiographic variables)
and forest management on SSY in temperate headwater catch-
ments. Specifically, we analysed 6 years of data from a watershed,
which included harvested and unharvested sub-catchments and
was underlain by heterogeneous lithologies, to achieve the follow-
ing objectives:

1. Quantify how suspended sediment yield varies by catchment
setting in forested headwater catchments;

2. Determine whether contemporary forest management practices
impact annual suspended sediment yield in forested headwater
catchments;

3. Determine whether there are natural catchment settings that
result in different levels of vulnerability or resilience to
increases in suspended sediment yield associated with distur-
bances (e.g., harvest activities).

These objectives provide the structural subheadings used in the
following Methods, Results, and Discussion sections.
2. Background

2.1. Trask River Watershed Study

We used data from the the Trask River Watershed Study
(TRWS) of Oregon’s Watersheds Research Cooperative (WRC;
http://watershedsresearch.org/). The WRC studies were estab-
lished to investigate the impact of contemporary forest manage-
ment practices on biological, chemical, and physical water
quality, including fine-sediment transport. TRWS is located in
the northern Oregon Coast Range, occupying �25 km2 on the East
Fork South Fork Trask River in the Wilson-Trask-Nestucca Water-
shed, which drains to the Pacific Ocean at Tillamook Bay (Fig. 1).
The TRWS used a nested, paired-watershed approach. The study
area is composed of four larger catchments: Pothole (PH), Gus
Creek (GC), Upper Main (UM), and Rock Creek (RCK), with each
encompassing several smaller sub-catchments (Fig. 1). Three of
these larger catchments (PH, GC, and UM) included harvested
sub-catchments, while one catchment (RCK) remained unhar-
vested as a reference (Table 1). We used data from 10 sites, which
had continuous records of discharge and suspended sediment
across the period of interest, including five headwater sub-
catchments and five watershed outlets.

Baseline data collection began in water year 2010 and contin-
ued through water year 2015, with road upgrades (July–August
2011) and harvest (May–November 2012) occurring in the middle
of the study period. In particular, new roads were built July
through August 2011 in the UM (UM1 and UM2) and GC (GC3)
watersheds (Table 1). No new roads were built in the PH water-
shed; however, upgrades on existing roads occurred throughout
the TRWS (August 2011). Road densities were similar for all water-
sheds, with UM2 and GC3 having slightly higher densities (Table 1).
Harvest treatments of study sub-watersheds consisted of clearcuts
(UM2 and GC3) and a clearcut with buffers (50 ft; �15 m; PH4)
that were conducted May–November 2012. Depending on the
slope, headwater sub-catchments were harvested using different
contemporary techniques, including ground-based and cable log-
ging (Table 1).

Forests in the TRWS are dominated by second-growth Douglas-
fir (Pseudotsuga menziesii), with populations of red alder (Alnus
rubra) primarily located in riparian areas. The entire watershed
has been subjected to a combination of historic fires (Tillamook
phology control suspended sediment yield and modulate increases follow-
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Fig. 1. Trask River Watershed Study location showing treatment (Pothole, Gus, and Upper Main) and reference (Rock Creek) watersheds and nested headwater catchments
(numbered). Suspended sediment and discharge data were collected at sub-basin (flumes) and watershed (gages) outlets. New roads were built in summer 2011 and forest
harvest was conducted within headwater catchments in summer 2012.

Table 1
Sub-catchment characteristics showing physiographic variables and treatment details.

Catchment Slope
(%)1

Relief
(m)1

Channel
Slope (%)1

Stream
Morphology2

Dominant
Lithology3

Harvest Type % Area
Harvested

Existing
Roads (m)

New
Roads
(m)

Total Road
Density (m/m2)

Harvest
Type4

UM1 19.7 317 22 step-pool Intrusive No Harvest 0 776 564 0.0030 NA
UM2 17.3 274 26 step-pool Sedimentary Clearcut 83 838 904 0.0046 Ground
GC3 21.9 321 27 step-

pool/cascade
Intrusive Clearcut 94 754 918 0.0044 Cable

PH3 20.1 285 17 step-pool Landslide
sediments

No Harvest 0 1477 NA 0.0030 NA

PH4 18.5 229 22 pool-riffle/
step-pool

Sedimentary Clearcut with
Buffers

92 817 NA 0.0031 Ground

1 Derived from LiDAR (Oregon Lidar Consortium, 2012).
2 From Turner et al. (2007).
3 Wells et al. (1994).
4 Dominant method by percent catchment area.
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Fires, 1933–1951 and older complexes; Zybach, 2003) and timber
harvest activities, resulting in complete removal of old growth tim-
ber in the region. The TRWS is representative of temperate forested
regions (e.g., PNW), with climate heavily influenced by air masses
sourced from the Pacific Ocean—this results in high annual precip-
itation (�215 cm year�1 during the study period; Fig. 2) falling pre-
dominantly as rainfall during the winter (November–January).
During the study period, median annual discharge and cumulatlive
annual precipitation varied—water years 2010, 2011, and 2013
were higher, whereas 2014 and 2015 were lower (Fig. 2). The onset
Please cite this article in press as: Bywater-Reyes, S., et al. Geology and geomor
ing timber harvest in temperate headwater streams. J. Hydrol. (2017), http://d
of below-average, drought conditions was evident in water years
2014 and 2015 (Fig. 2).

The study watersheds are located within the Coastal Range geo-
logic province of western Oregon. Because of the geologic history
of the region, the underlying lithology varies throughout the TRWS
(Figs. 3A; 4 and Table 2). The oldest geologic units within the basin
are associated with accretion of the Siletz terrane, which forms the
basement of the Oregon Coast Range. The associated Siletz River
Volcanics (Paleocene to Middle Eocene) are composed mostly of
sea-floor basalt flows deposited on the former margin of the coast
phology control suspended sediment yield and modulate increases follow-
x.doi.org/10.1016/j.jhydrol.2017.03.048
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Fig. 2. Hydrograph for USGS Site No. 14302480 Trask River above Cedar Creek
(representative of the region; continuous record for the period of interest),
downstream of study watershed for the period of study. Red line = median annual
discharge; dashed line = median discharge for the period of record; blue
dots = cumulative annual precipitation (onset of drought in water year 2014).
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prior to accretion (Miller, 2014). The Tillamook Volcanics (Middle
Eocene) were similarly deposited in a marine environment, but
contain more reworked flows (tuffs, volcaniclastic breccias). Intru-
sive rocks associated with the Tillamook Volcanics include a dia-
base unit and basaltic dikes and sills (USGS, 2014). Marine
sedimentary rocks were deposited atop the Siletz terrane, includ-
ing the Eocene Trask River (turbidite deposits) and Yamhill forma-
tions (Miller, 2014; USGS, 2014; Wells et al., 1994). In general, the
eastern study catchments (e.g., UM1, UM2, UTR, GC3, GCR) are
composed of resistant diabase, whereas the western catchments
(i.e., PH3, PH4, PHC, RCK, LTR) have larger proportions of volcanic
and sedimentary formations and landslide deposits (Fig. 4).

Basin characteristics (catchment slope, channel slope, and
stream morphology; Table 1) vary throughout TRWS catchments
as a function of the lithologic setting (Fig. 3A). Limited soil infor-
mation indicates the dominant soil type is roughly correlated with
lithology; however, most soils are well-drained loams to gravelly
loams with high water saturated hydraulic conductivity. Siletz Vol-
canics are associated with medial loam to very gravelly medial
loam of the Hemcross-Klistan complex. Most of the remainder of
the watershed is composed of medial loam to very cobbly loam soil
GC3

UM2
UM1

PH3PH4

LTR

RCK

UTR

GCRPHC

1
km

Diabase

Landslide dep

Basalt dikes a
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LegendA

Fig. 3. Maps of geology (A; Wells et al., 1994) and areas characterized by mass wasting
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of the Murtip-Caterl-Laderly complex. Within the PH watershed,
low saturated hydraulic conductivity have been documented
(Soil survey of Tillamook County, Oregon, 2013). Soil erodibility
(K factor from the Universal Soil Loss Equation; USLE) and thick-
ness vary as a function of lithology, with the lowest K factor and
thinnest soils in the northeast portion of Trask, which is underlain
by diabase (Schwarz and Alexander, 1995).

Certain regions of the TRWS display landslide features (Fig. 3B),
with the most prominent complexes in the UM and PH watersheds.
In particular, both unharvested (reference) headwater sub-
catchments (UM1, PH3) display a predominance of scarp and
slump terrain or a large proportion of landslide deposits (Fig. 4).
However, while the UM watershed displays the characteristic
‘‘hour-glass” shape of a shallow earthflow, the PH catchment
appears to be a rotational slump-earth complex (Highland and
Bobrowsky, 2008). Volcaniclastic formations of western Oregon,
including those within the Yamhill Formation, are linked to land-
side hazards (Burns et al., 2006; Marshall, 2016; Wong, 1999).
2.2. Suspended sediment and discharge measurements

Headwater catchments and downstream watershed outlets
were instrumented to record stream stage and collect water sam-
ples for suspended sediment concentration (Fig. 1). These data
were used to derive discharge and SSY (expressed as sediment dis-
charge per unit discharge per unit area). Headwater sites were out-
fitted with Montana flumes, whereas a stage-discharge rating
curve approach was used at downstream sites (gages). Water sam-
ples were collected at all sites with automatic water samplers
(Teledyne ISCO 3700) on a daily basis (12- to 24-h interval) for
the upstream catchments and based on a turbidity threshold sam-
pling scheme for downstream sites (Lewis and Eads, 2009). The
threshold-based scheme resulted in samples collected only during
storm events. All water samples were filtered using 1.5 lm glass
fiber filter paper (Whatman 934-AH), dried, and weighed following
standard protocols (Redwood Sciences Laboratory, 2016).

Given the discrepancy between sampling protocols among
headwater and downstream sites, we only included samples col-
lected during storms across all sites. We defined a storm event as
being preceded by 24 h without precipitation and having a magni-
tude of at least 40 mm based on the precipitation record from two
climate stations (Fig. 1). This threshold was found to most consis-
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Table 2
Catchment area and percent geologic unit per watershed in the TRWS varies.

Catchment Area (ha) Catchment Geology (% Area)1 % Friable2

Siletz Tillamook Diabase Dikes/Sills Yamhill Trask River Landslide

UM1 44.5 0 0 100 0 0 0 0 0
UM2 37.6 0 0 40 0 60 0 0 0
UTR 278.8 0 0 42 0 58 0 0 0
GC3 37.8 0 0 100 0 0 0 0 0
GCR 302.2 10 0 78 0 12 0 0 10
LTR 1458.9 28 1 41 0 30 0 0 28
PH3 48.5 23 0 0 0 8 0 69 92
PH4 26.4 36 0 0 0 0 52 11 99
PHC 324.6 20 28 0 15 1 13 23 56
RCK 667.6 32 0 27 0 39 0 3 35

1 Calculated from digitized version of Wells et al. (1994) in ESRI ArcGIS 10.2.2.
2 % Catchment area underlain by lithologies positively correlated (see Table 4) to site-dependent SSY.
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tently identify storms (92 total) represented by both sample collec-
tion schemes.

2.3. Rating curve theoretical background

The relationship between suspended sediment yield (SSY) and
unit discharge (Q) was described with a power function (Eq. (1))
that can also be expressed in a linear form (Eq. (2)):

Qs ¼ aQb ð1Þ

logðQsÞ ¼ b logðQÞ þ loga ð2Þ
where Qs is SSY (kg ha�1 h�1), Q is unit water discharge (m3 ha�1

h�1), and a and b are empirically derived parameters that vary
across catchments (Hotta et al., 2007; Roman et al., 2012; Syvitski
et al., 2000). The a parameter is considered a metric of erosion
severity whereas the b parameter is a function of the erosive power
of a stream (Desilets et al., 2007), with larger values indicating new
sources of sediment availability at higher Q (Sheridan et al., 2011).
Both Qs and Q were normalized by drainage area to account for dif-
ferences in catchment contributing areas, allowing for unbiased
comparison among sites (Leopold et al., 1964; Milliman and
Meade, 1983). The linearized function (Eq. (2)) was used in linear
statistical models to investigate how the equation parameters (a
and b) varied by site (objective 1) and year (objective 2).

Changes in either discharge or sediment supply can alter the
rating curve parameters (a and b; Warrick and Rubin, 2007). For
example, if sediment supply increased but discharge stayed the
same, the rating curve a coefficient would increase (Warrick and
Please cite this article in press as: Bywater-Reyes, S., et al. Geology and geomor
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Rubin, 2007). On the other hand, if discharge increased but sedi-
ment supply remained constant, a would decrease because of dilu-
tion (Warrick and Rubin, 2007). When watersheds are harvested,
streamflowmay increase because of a reduction in evapotranspira-
tion (Macdonald et al., 2003; Surfleet and Skaugset, 2013). Changes
in discharge can alter SSY rating curve relations (Warrick and
Rubin, 2007). Thus, any detected harvest-related increases in sed-
iment supply would have to be greater than the associated dis-
charge dilution effect.

3. Methods

3.1. Suspended sediment yield by catchment setting

To address objective 1, we tested for site differences in the rela-
tionship between SSY and catchment setting (geology and physiog-
raphy) by quantifying the parameters of Eq. (2) using sediment
yields from all 10 sites (all-site analysis; statistical analysis 1A)
in generalized least squares candidate models. These models were
developed to predict log(Qs) using site (proxy for catchment set-
ting) and log(Q), or an interaction between the two, as fixed factors.
To account for intra-year variance, we included water year both
with and without interactions between site and log(Q) (statistical
analysis 1A; Zuur et al., 2009). Model selection from candidate
models was based on an Akaike Information Criterion (AIC)
(Akaike, 1974) corrected for small sample size (AICc), where plau-
sible models have DAICc < 4 (Burnham and Anderson, 2002). To
test the robustness of the all-site analysis and characterize the
behavior of the rating curve at the treatment watersheds, we
phology control suspended sediment yield and modulate increases follow-
x.doi.org/10.1016/j.jhydrol.2017.03.048

http://dx.doi.org/10.1016/j.jhydrol.2017.03.048


6 S. Bywater-Reyes et al. / Journal of Hydrology xxx (2017) xxx–xxx
repeated the procedure outlined for the all-site analysis including
only the five headwater sub-catchments (statistical analysis 1B).

All statistical analyses were performed in R version 3.1.1 (R
Development Core Team, 2015). The AICcmodavg package was
used for AICc analysis (Mazerolle, 2015). The lme4 package was
used for mixed effect model (generalized least squares) analysis
(Bates et al., 2015). The effects and LMERConvenienceFunctions
packages (Tremblay, 2015) were used to compute an ‘‘effect” as
the range in the response variable resulting from varying the pre-
dictor of interest over its observed range while holding all others
constant at the midpoint of their observed range. We adopt this
definition of an effect in this study. Standard errors and confidence
limits for the effect(s) were calculated assuming a normal
distribution.

3.2. Forest management effects on suspended sediment yield

To address objective 2, we quantified the effect of forest man-
agement activities (road upgrades in summer 2011 and timber
harvest in summer 2012) on SSY by quantifying year-to-year
changes in rating curve parameters (Eq. (2)) for harvested, head-
water catchments. We did not conduct this analysis on down-
stream sites because of the confounding effects of multiple
treatments within each watershed (Fig. 1). To test how log(Qs) var-
ied by water year, we constructed generalized least squares candi-
dates by specifying water year or water year with a site interaction
as a fixed factor. To account for the variance caused by log(Q) and
site we included log(Q), site, or an interaction between log(Q) and
site as random factors (statistical analysis 2). As with the other
analyses, we chose the most parsimonious model based on the
AICc.

3.3. Catchment setting and physiographic variables

3.3.1. Catchment physiographic variables as proxies for geomorphic
processes

Objective 3 was to determine whether catchment setting influ-
enced the vulnerability or resilience of catchments to increases in
SSY associated with forest harvest. To achieve this objective, catch-
ment geologic and physiographic parameters were examined as
potential explanatory variables for observed SSY results (described
in Sections 3.1 and 3.2). Several physiographic variables were con-
sidered for the five harvested, upstream sites based on the expec-
tation that they may vary as a function of dominant geomorphic
processes operating within small watersheds (Table 1). Generated
metrics included the distributions of elevation (hypsometry),
slope, a landscape roughness metric (topographic position index),
and an index of sediment connectivity.

Catchment hypsometry (relationship between elevation and
area) reflects the tectonic, climatic, and erosional history of a
catchment (Cooley, 2015; Langbein, 1947; Strahler, 1952). Change
in elevation (slope) is correlated with slope stability (e.g., Carson,
1976) and stream morphology (e.g., Montgomery and Buffington,
1997), and is a proxy for the energy available to transport sediment
(Whipple and Tucker, 1999; Wobus et al., 2006). Landscape rough-
ness indices are correlated with landslide type and activity (Booth
et al., 2013, 2009; McKean and Roering, 2004), stream morphology
(Cavalli et al., 2008; McKean et al., 2009), and soil/sedimentary
thickness (Pelletier et al., 2016)—in this study, landscape rough-
ness was used as a proxy for sediment availability. As an indicator
of roughness, we used the standardized topographic position index
(SD TPI), a metric of variation in elevation at a location relative to
its neighbors’ position (Cooley, 2015; Jenness et al., 2013). A radius
of 10 mwas used as it was found to identify within network rough-
ness features (of interest here) as compared to network (ridge and
valley) scale features—this analysis was performed using the Land
Please cite this article in press as: Bywater-Reyes, S., et al. Geology and geomor
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Facet Corridor Tools extension version 1.2.605 (Jenness et al., 2013;
Majka et al., 2007). The index of sediment connectivity (IC), which
indicates areas likely to experience storage (low relative values)
versus transport (high relative values) (Borselli et al., 2008;
Cavalli et al., 2013; Tarolli and Sofia, 2016), was calculated using
the SedInConnect tool (Cavalli et al., 2013; Crema et al., 2015).
Metrics were derived from a high-resolution (3 ft; 0.9 m) LiDAR
bare-earth raster (Oregon Lidar Consortium, 2012) in ArcGIS
10.2.2 (ESRI, Redlands, CA), unless otherwise indicated.
3.3.2. Physiographic variable analysis
The distributions of each physiographic variable were visually

explored with histograms and empirical cumulative distribution
functions for each site—the first four moments (mean, variance,
skewness, and kurtosis) of the distributions were quantified for
each. Based on this preliminary exploration, moments of variables
with the greatest differences or groupings among sites were
included in a principal component analysis (PCA; statistical analy-
sis 3) that reduced the dimensionality of many variables into prin-
cipal components comprised of linear combinations of the
variables (Legendre and Legendre, 1998). Based on the proportion
of explained variance, we retained principal components (PCs) for
interpretation, dismissing components after 90% of the variance
was reached. Larger component loadings (analogous to correlation
coefficients) within a PC indicate a large proportion of variance
explained by a variable. A large loading was defined as anything
greater than expected if all variables contributed equally to the
observed variance. The scores for each site were interpreted in
the context of their location (score) in the new, rotated ordination
space using distance biplots, which also revealed the impact vari-
ables had on sample location (Legendre and Legendre, 1998). We
identified site differences or similarities using this procedure, and
explored the importance of the physiographic variables responsi-
ble for these patterns. This analysis was completed using the
prcomp function in R version 3.1.1 (R Development Core Team,
2015) after centering and scaling variables. The mean of variables
centered at zero (i.e., SD TPI) were excluded from the analysis.
4. Results

4.1. Suspended sediment transport by catchment setting

The generalized least squares regression model analysis indi-
cated that suspended sediment yield, SSY (Qs), was a function of
site when we accounted for year-to-year variability (Fig. 5A,B;
Table A1). Both the intercept (a) and slope (b) of the Qs – Q rating
curve were a function of site, as indicated by the site-Q interaction
(Table A1). The disparity in suspended sediment sampling methods
(time interval for upstream sites versus turbidity-threshold
method for downstream sites) led to a slope parameter (b) bias,
with steeper slopes generally observed at the turbidity-threshold
sites (downstream sites) (Table A1). For this reason, a comparison
of absolute b parameter values among all sites was not possible.
However, the a and b were weakly negatively correlated
(r = �0.47). Results from the analysis conducted on the upstream
sites in isolation (Figs. 6; 7; Table A2) were consistent with the
all-site analysis (statistical analysis 1A and 1B).

To avoid the method’s bias and generalize across sites, we pre-
sent site-dependent SSY, where SSY is Qs calculated if with other
parameters held constant at the midpoint of their range
(Figs. 5C and 7C). SSY varied over an order-of-magnitude between
some sites (Fig. 5C). Sites within the PH catchment (PH3, PH4) had
the largest SSY, with �3.8- to 6.9-times greater rates than sites
located within the UM and GC catchments (Fig. 5C; Table 3).
phology control suspended sediment yield and modulate increases follow-
x.doi.org/10.1016/j.jhydrol.2017.03.048

http://dx.doi.org/10.1016/j.jhydrol.2017.03.048


0.1 0.5 1 5 10 50 102

10−4

10−3

10−2

10−1

100

101

102

Q (m3/h/ha)

Q
s (

kg
/h

a/
h)

UM1
UM2
UTR
GC3
GCR
LTR
PH3
PH4
PHC
RCK

A

0.1 0.5 1 5 10 50 102

10−4

10−3

10−2

10−1

100

101

102

Q (m3/ha/h)

Q
s (

kg
/h

a/
h)

B

0.01

0.1

0.2

Q
s (

kg
/h

a/
h)

U
M

1

U
M

2

U
TR

G
C

3

G
C

R

LT
R

P
H

3

P
H

4

P
H

C

R
C

K

C

0.01

0.1

0.2

Q
s (

kg
/h

a/
h)

0 20 40 60 80 100

D

Percent Friable

Fig. 5. The all-site statistical analysis (analysis 1A) was conducted to predict suspended sediment yield (SSY; Qs) as a function of unit discharge (Q). The analysis indicated that
discharge, Q, had the largest effect on SSY (B). When year-to-year heterogeneity was accounted for (random effect), site had an additional effect on SSY (C). Generally ordered
by watershed (starting with same letter) from upstream (numbered) to downstream for each. See Figs. 1 and 3 for locations. The site effect increased as a function of percent
of the watershed composed of the Siletz volcanics, Trask River formation, and landslide deposits (friable; D). The 95% confidence interval for model effects are shown. The
error bars correspond to the 95% confidence interval for model effects.

S. Bywater-Reyes et al. / Journal of Hydrology xxx (2017) xxx–xxx 7
When catchment lithology by area was considered (Figs. 3, 4;
Table 2), site-dependent SSY was positively correlated with per-
cent friable watershed area. Specifically, SSY was greater in catch-
ments underlain by Siletz Volcanics (r = 0.6), the Trask River
Formation (r = 0.4), and landslide deposits (r = 0.9; Table 4), and
displayed an exponential relationship when plotted against per-
cent watershed area underlain by these lithologies, combined
(Fig. 5D). In contrast, the site effect had a strong negative correla-
tion with percent area underlain by diabase (r = �0.7; Table 4),
with the lowest SSY (UM1 and GC3; Table 3) associated with
100% diabase (Table 2), independent of whether or not earthflow
terrain was present (present for UM1; absent for GC3).

If absolute a (intercept of Eq. (2)) values (Tables A1, A2) had
been considered as a metric of catchment SSY rather than QS calcu-
lated at the midpoint of other parameter values, the main differ-
ences among sites would be consistent. For example,
downstream sites RCK and PHC had the highest a (Table A1) and
Please cite this article in press as: Bywater-Reyes, S., et al. Geology and geomor
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highest site-dependent SSY (Table 3), whereas UTR had the lowest
a and lowest site-dependent SSY. Similarly, the upstream sites PH3
and PH4 had the highest a and highest site-dependent SSY
(Table 3), whereas UM1 had the lowest a and lowest site-
dependent SSY. For upstream sites, b was highest for PH4 (under-
lain by 100% sedimentary rocks) and lowest for GC3 (underlain by
100% diabase). This indicates a greater ability to transport sedi-
ment with increasing Q in the sedimentary catchment (PH4),
whereas the sediment supply at the site underlain by diabase
(GC3) was exhausted more rapidly as Q increased.

Exceptions to the general correlation between rating curve
parameters and site-dependent SSY include GC3 and UM2 that
had intermediate a values and relatively low b values (Fig. 7D).
This resulted in intermediate Qs at low Q, but because of the low
b, Qs did not increase dramatically for mid- and high-Q values.
These mid- and high-Q values are arguably responsible for moving
the most sediment, thus our approach using the mid-point of the
phology control suspended sediment yield and modulate increases follow-
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observed range of Q to evaluate site-dependent SSY likely captured
the important variations in SSY across sites.

4.2. Forest management effects on suspended sediment transport

Year-to-year variability in SSY was a function of site (i.e., geo-
logic and physiographic setting), as indicated by plausible models
(DAICc < 4) from statistical analysis 2 (Table A3). Although statisti-
cal analysis 1 suggested a site-dependent b, a model including this
interaction in the random term was indistinguishable from one
including a constant b for upstream sites (Table A3). SSY increased
for all sites except PH3 in water year 2011—SSY in UM1, GC3, and
PH4 decreased the following year (Fig. 7D). Although roads were
built in 2011 in some portions of the study area (Fig. 1), the only
subsequent increase in SSY (in water year 2012) was detected in
PH3, which did not receive new road construction or upgrades.
However, PH3 also had elevated SSY in water years 2012 and
2013 (Fig. 7D) and generally had higher SSY than other sites
throughout the study (statistical analysis 1; Fig. 5C). Following har-
vest (water year 2013), increases in SSY occurred in the harvested
catchments PH4, GC3, and UM2 (Fig. 7D). The SSY in both PH4
(clearcut with buffers) and GC3 (clearcut without buffers) declined
to pre-harvest levels by water year 2014. Interestingly, the SSY in
UM2 (clearcut without buffers) increased annually throughout
the post-harvest period, ultimately resulting in the highest SSY of
all catchments during the final two years of the study after produc-
ing the lowest SSY in the pre-harvest period.
Please cite this article in press as: Bywater-Reyes, S., et al. Geology and geomor
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4.3. Catchment setting and physiographic variables

4.3.1. Catchment physiographic variables by site
Catchment physiographic variables (hypsometry, slope, stan-

dardized topographic position index (SD TPI), and sediment con-
nectivity (IC)) appeared to be good indicators of the underlying
lithology of each site. For example, the hypsometry (distribution
of elevation) of PH3, underlain by friable lithologies, was most
symmetric, whereas GC3, underlain by 100% diabase, had a pro-
nounced peak at higher elevations (Fig. 8). PH4 was similar to
PH3, but had less variance in elevation. UM1, underlain by 100%
diabase, but exhibiting earthflow terrain, displayed distinctly
bimodal elevation. UM2, underlain by mixed lithology (diabase
and sedimentary), had an elevation distribution intermediate
between UM1 (diabase) and PH4 (predominantly sedimentary).
PH3, PH4, and UM2 had similar, sigmoidal empirical cumulative
distribution functions, whereas GC3 and UM1 had near-linear
functions. The sigmoidal shape for PH3, PH4, and UM2 indicates
intermediate relative elevations are most frequent, with near-
equal probabilities of the occurrence of high or low relative eleva-
tions. In contrast, a larger proportion of area was at higher eleva-
tions for sites underlain by diabase (UM1, GC3) as shown by the
greater probabilities of higher elevations for these sites. Further-
more, sites underlain predominantly by diabase had higher mean
elevation, variance in elevation, lower skewness, lower kurtosis,
and greater relief (�1.8-times greater) compared to others
(Table 5).
phology control suspended sediment yield and modulate increases follow-
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Table 3
Effects of Q (m3 ha�1 h�1) and site on Qs (kg ha�1 h�1) when year-to-year heterogeneity by site was accounted for from the all-site analysis (statistical analysis 1A1,2,3). See
Table A1 for more details.

Site Effect Discharge Effect

Site Qs (kg ha�1 h�1) 95% CI Q (m3 ha�1 h�1) Qs (kg ha�1 h�1) 95% CI

UM1 0.013 ±0.004 0.14 2.0 � 10�4 ±3.1 � 10�5

UM2 0.016 ±0.006 0.37 9.7 � 10�4 ±1.3 � 10�4

UTR 0.015 ±0.005 1.00 4.6 � 10�3 ±5.9 � 10�4

GC3 0.012 ±0.004 2.72 2.1 � 10�2 ±2.7 � 10�3

GCR 0.023 ±0.008 7.39 1.0 � 10�1 ±1.3 � 10�2

LTR 0.017 ±0.006 20.09 4.8 � 10�1 ±6.6 � 10�2

PH3 0.083 ±0.029 54.60 2.3 ±3.4 � 10�1

PH4 0.060 ±0.021
PHC 0.025 ±0.008
RCK 0.029 ±0.010

1 Generalized least squares model.
2 log(Qs) � log(Q) * Site + (1|Site:Water Year).
3 AICc = 39914; log-likelihood = �19935; Pseudo-R2 = 0.63. Deviance = 39870.0 on 11662 residual degrees of freedom.
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Table 4
Pearson correlation coefficients between the site effect and lithology (% area). Those with a moderate to strong (±0.4) correlation (Rumsey, 2016) are italicized and those that had
a positive correlation with site coefficient are bolded.

Site Effect Siletz Tillamook Diabase Dikes/Sills Yamhill Trask River

Siletz 0.6
Tillamook �0.1 0.1
Diabase �0.7 �0.7 �0.4
Dikes/Sills �0.1 0.1 1.0 �0.4
Yamhill �0.3 �0.2 �0.3 �0.1 �0.3
Trask River 0.4 0.5 0.1 I 0.1 �0.4
Landslide 0.9 0.3 0.2 �0.6 0.2 �0.3 0.1
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Slope distributions were also indicative of the underlying lithol-
ogy of each catchment (Fig. 9). For example, PH3, which is under-
lain by friable lithologies and exhibits a rotational landslide
complex, displayed a right-skewed, bimodal distribution, and
greatest variance in slope (Table 5). Slope distributions were most
similar for UM2 and PH4, as indicated by their cumulative distribu-
tion functions (Fig. 9). The distribution of PH3 was similar to UM2
Please cite this article in press as: Bywater-Reyes, S., et al. Geology and geomor
ing timber harvest in temperate headwater streams. J. Hydrol. (2017), http://d
and PH4 at low slopes, but had a greater proportion of higher
slopes (Fig. 9), corresponding to steep head scarps. Catchments
with a lithology more resistant to erosion (i.e., UM1, GC3) generally
had a greater proportion of their area at higher elevations and typ-
ically had steeper slopes. In contrast, catchments with more easily
erodible lithologies (i.e., PH3, PH4, UM2) were lower in elevation
and had more gentle slopes.
phology control suspended sediment yield and modulate increases follow-
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Table 5
Distribution moments for physiographic variables used in the principal component analysis.

Site Mean Variance (var) Skewness (skew) Kurtosis (kurt)

Elevation (z)
UM1 828.2 7048 0.02 1.7
UM2 805.9 3879.7 0.51 2.8
GC3 884.5 5228.3 0.02 2.1
PH3 494.6 3373.9 0.15 2.6
PH4 458.7 2241.3 0.56 2.9

Slope (%)
UM1 19.7 9.9 0.3 2.8
UM2 17.3 8.9 0.3 2.4
GC3 21.9 7.3 -0.3 2.9
PH3 20.1 12.2 0.6 2.5
PH4 18.5 9.3 0.6 2.9

SD TPI
UM1 0.0055 0.067 -0.43 8.19
UM2 0.0017 0.079 -0.14 7.05
GC3 0.0046 0.029 -0.78 9.07
PH3 -0.0019 0.091 -0.054 5.89
PH4 0.0025 0.086 -0.18 5.25

IC
UM1 0.4 0.0053 0.39 4.11
UM2 0.37 0.0045 0.76 5.08
GC3 0.39 0.0038 0.65 4.56
PH3 0.38 0.0069 -0.35 4.73
PH4 0.38 0.0044 0.68 4.83

z = elevation.
SD TPI = standardized topographic position index.
IC = index of connectivity.
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The SD TPI metric illustrated the gradation in distribution of
roughness across sites (Fig. A1). PH3 had the greatest variance in
SD TPI, and lowest kurtosis, whereas GC3 had the lowest variance
and greatest kurtosis (Table 5). With decreasing proportion of fri-
able lithologies, the variance of SD TPI decreased, whereas kurtosis
increased. This gradation is illustrated in the cumulative distribu-
tion function of SD TPI (Fig. A1). As the proportion of the catchment
underlain by resistant geology increased (PH3 < PH4 < U-
M2 < UM1 � GC3), the cumulative distribution function increas-
ingly deviated and became more sigmoidal. This analysis of
roughness (SD TPI) was conducted over a 10-m window, and thus
provides information about mesotopographic variations in topog-
raphy, such as hummocks and swales. The relatively high variance
and low kurtosis for SD TPI in relatively friable catchments (e.g.,
PH3, PH4) suggests a high proportion of these features, which are
correlated to soil and/or sedimentary thickness (Pelletier et al.,
2016). Conversely, low variance and high kurtosis in SD TPI indi-
cates fewer such features in sites underlain by resistant diabase
(e.g., UM1, GC3). Thus, we can infer that PH3 and PH4 have a
greater supply of sediment within their catchments compared to
UM1 and GC3 and by extension, UM2 has intermediate sediment
supply.

The index of sediment connectivity (IC) exhibited some differ-
ences among sites (Fig. A2). The distribution for PH3 was left-
skewed, whereas the others were right-skewed (Table 5). UM2,
PH3, and PH4 had the greatest kurtosis. Comparatively, UM1 and
PH3, which had scarp and slump terrain, had the greatest variance.
UM1 and GC3, underlain by diabase, had the greatest mean IC and
the lowest a. The lowest mean connectivity was observed for the
site with the greatest a (PH3). UM2 displayed characteristics inter-
mediate between PH4 (underlain by sedimentary rocks) and those
underlain by resistant diabase (UM1 and GC3).

4.3.2. Physiographic variable analysis
PCA, constructed from the moments of the physiographic vari-

ables, indicated the first three components explain >90% of the
variance (Table 6). The first PC (PC1; Fig. 10) separated the sites
within resistant diabase (UM1 and GC3; positive values) from
those located in mixed lithologies (PH4, PH3, UM2; negative val-
Please cite this article in press as: Bywater-Reyes, S., et al. Geology and geomor
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ues). Positive values of PC1 were correlated with SD TPI kurtosis,
elevation variance, mean IC, mean relative elevation, and mean
slope. Negative values of PC1 were correlated with skewness of
slope, skewness of elevation, SD TPI variance, IC kurtosis, relative
elevation kurtosis, and SD TPI skewness (Table 6).

Sites with relatively low SSY and underlain by a resistant lithol-
ogy (UM1, GC3) plotted in the positive PC1 space of PCA ordina-
tion. These sites had low overall SSY (statistical analysis 1), and
were resistant to harvest-related increases in SSY (statistical anal-
ysis 2), despite road building (UM1, GC3) and harvest without buf-
fers (GC3). In contrast, sites with negative PC1 values were located
within weaker, or mixed lithologies and had either higher overall
SSY (PH3, PH4; statistical analysis 1), or had harvest-related
increases in SSY (UM2, PH4; statistical analysis 2).

The second PC (PC2; Fig. 10A) separated sites with the greatest
slump and earthflow terrain (PH3 and UM1; positive values) from
those with lower proportions or none (PH3, UM2, and GC3; nega-
tive values). Positive PC2 values were associated with greater IC
variance, slope variance, and mean IC (Table 6). UM2 and PH4 plot-
ted in a similar region of the PC1-PC2 ordination space. The site
within the negative PC1 and positive PC2 field (PH3) had the great-
est SSY and had high annual variability in SSY, despite its lack of
harvest treatment. The third PC (PC3; Fig. 10B) separated UM sites
(UM1, UM2; negative values) from GC3, PH3, and PH4 (positive
values). Positive PC3 values were associated with greater mean
catchment slope and slope kurtosis, whereas negative values were
associated with large relative elevation variance and mean relative
elevation (Table 6).
5. Discussion

5.1. Suspended sediment transport by catchment setting

Our results indicated lithology was a first order control over
suspended sediment yield (SSY) in the temperate headwater
streams studied, with the SSY varying by an order-of-magnitude
across the lithologies observed. Catchments underlain by more fri-
able lithologies (e.g., PH3, PH4), such as landslide sediments, sand-
phology control suspended sediment yield and modulate increases follow-
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stones and shales, and volcaniclastics generally had the greatest
SSY, regardless of land-use activity. Alternatively, catchments that
were underlain by resistant lithologies (e.g., UM1, GC3), such as
diabase, typically had the lowest SSY during the study. These
results are consistent with other studies from diverse regions,
including temperate systems in Oregon and California, as well as
in the Plains and Rocky Mountains, that have found the magnitude
of fluvial sediment yield to be a function of lithology (Colby et al.,
1956; Hicks et al., 1996; Kao and Milliman, 2008; Mueller and
Pitlick, 2013; O’Connor et al., 2014; Wise and O’Connor, 2016). If
lithology is the dominant control on the magnitude of SSY, this
could have broad implications for our ability to predict baseline
SSY yields, as well as catchment-scale responses to high-flow
events and low- to moderate-severity disturbances.

5.2. Forest management effects on suspended sediment transport

Our results provide evidence that temperate, headwater catch-
ments may have differing levels of vulnerability or resilience to
Please cite this article in press as: Bywater-Reyes, S., et al. Geology and geomor
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increases in SSY following disturbance from forest harvesting
activities depending on their lithology. For example, road upgrades
appeared to have little impact on SSY for sites underlain by resis-
tant diabase (UM1; GC3), despite previous research that has shown
roads to be a principal source of SSY relative to the general harvest
area (Beschta, 1978; Grant and Wolff, 1991; Hotta et al., 2007;
Swanson and Dyrness, 1975; Tarolli and Sofia, 2016). Similarly, a
site that was clearcut without riparian buffers (GC3), which was
underlain by resistant diabase, had modest increases in SSY in
the first year after harvest that was not evident two years later.
In contrast, a site that was harvested with riparian buffers (PH4),
but was underlain by friable rocks, had almost an order-of-
magnitude increase in SSY following harvest. Likewise, an unhar-
vested site underlain by friable rocks (PH3) had high year-to-year
variability in SSY. Thus, the relative erodibility of contrasting
lithologies appears to have influenced the magnitude of SSY
response to forest harvesting by controlling sediment supply. This
interpretation is additionally supported by the contrasting rating
curve b parameter between PH4 (highest b) and GC3 (smallest b),
phology control suspended sediment yield and modulate increases follow-
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Table 6
Principal component (PC) cumulative proportion of variance and loadings for the first
three components for moments of physiographic variables. Loadings greater than that
expected if all variables contributed equally to the variance explained are bolded. See
text footnote for variable and moment abbreviations.

PC1 PC2 PC3

Cumulative Proportion Variance (%) 57.1 84.2 92.8
SD TPI kurt 0.31 �0.07 �0.13
z var 0.29 0.13 �0.39
mean IC 0.28 0.28 0.01
mean z 0.27 0.18 �0.41
mean slope 0.25 0.11 0.56
slope kurt 0.18 �0.10 0.31
IC skew 0.03 �0.47 �0.25
IC var �0.11 0.46 0.09
slope var �0.16 0.44 0.08
slope skew �0.27 0.23 �0.17
z skew �0.28 �0.26 �0.16
SD TPI var �0.30 0.19 �0.19
IC kurt �0.30 �0.09 0.15
z kurt �0.31 �0.18 0.19
SD TPI skew �0.32 0.16 �0.17

z = elevation.
SD TPI = standardized topographic position index.
IC = index of connectivity.
kurt = kurtosis.
var = variance.
skew = skewness.

Fig. 10. The first principal component (PC1) (A and B x-axes) explained 57 percent
of the variation in physiographic variables between sites. An additional 27 percent
of variance in explained by PC2 (A) and 9 percent by PC3 (B). The vectors are
proportional to the loadings for each physiographic variable, indicating how each
contributes to the principal components.
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where the higher b parameter presumably indicates increasing
sediment sources with increasing Q (PH4). In contrast, the low b
parameter (GC3) indicates constant or limited increases in sedi-
ment sources with increasing Q (Sheridan et al., 2011).

While the overall SSY response was predominantly controlled
by lithology, the duration of the response to harvest appeared to
be dependent on the forest management practice. For instance,
PH4 (harvested with buffers) had a large-magnitude increase in
SSY following harvest, but the effect was short-lived (one year).
In contrast, increased SSY was observed in all years after forest har-
vest in a site with similar geology and physiographic character to
PH4 (UM2), but was harvested without the retention of riparian
buffers. Other studies have shown that the general harvest area
often contributes little SSY to streams (Hotta et al., 2007;
Kreutzweiser and Capell, 2001; Mohr et al., 2013). Rather, the
greatest impacts are attributed to linear features, such as roads
and skid trails, which can increase sediment connectivity of the
landscape to streams (Beschta, 1978; Fredriksen, 1970; Tarolli
and Sofia, 2016). Furthermore, riparian buffers are thought to be
effective at reducing sediment transport from harvested hillslopes
to streams (Broadmeadow and Nisbet, 2004; Gomi et al., 2005).
Therefore, the observed increase in SSY in PH4 (harvested with
buffers) may have been indirectly related to other harvest activi-
ties, rather than transport of sediment through the buffer itself.
Once log hauling in the region ceased, SSY returned to pre-
harvest levels,. For UM2 (harvested without buffers), increased
SSY may have been related to increased ground disturbance or
roads, but we cannot definitively link SSY to a specific source.

Our results are consistent with previous studies quantifying the
relative contribution of both land-use practices and catchment set-
ting on SSY. In a review of forested headwater streams in the PNW,
all sites underlain by erodible sedimentary formations (including
the Alsea and Caspar Creek watersheds; n = 13) or volcaniclastic
formations (H.J. Andrews Experimental Forest; n = 2) had elevated
SSY after forest harvesting, whereas SSY did not increase in sites
that were underlain by more resistant metamorphic or intrusive
formations after forest harvesting (Gomi et al., 2005). Similarly,
several western US watersheds predominantly underlain by resis-
tant basalt had little to no change in suspended sediment concen-
tration following harvest activities, including the Middle Santiam
Please cite this article in press as: Bywater-Reyes, S., et al. Geology and geomor
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River, Oregon (Sullivan, 1985), Coyote Creek, Oregon (Harr et al.,
1979), and Bull Run Watershed, Oregon (Harr and Fredriksen,
1988). The lithologic control on harvest-SSY response has also been
observed in other temperate regions such as New Zealand
(O’Loughlin and Pearce, 1976).

5.3. Physiographic controls on suspended sediment transport

In this study, catchment physiographic variables varied by
dominant catchment lithology, suggesting a correlation between
lithology and physiography. This may be an expression of the influ-
ence of lithology on both chemical and physical weathering rates
(Buss et al., 2017; Portenga and Bierman, 2011), which are respon-
sible for providing eroded material to channels. At large basin
scales, physiographic variables have been well correlated with ero-
sion rates (Ahnert, 1970); however, a recent study in Oregon indi-
cated that lithology was a more reliable predictor of erosion and
SSY (Wise and O’Connor, 2016).

Comparatively, catchments with erodible lithologies had lower
elevations and slopes than more resistant lithologies. We interpret
this to be the result of higher rates of erosion in these catchments,
which has reduced the higher elevation regions and concentrated
phology control suspended sediment yield and modulate increases follow-
x.doi.org/10.1016/j.jhydrol.2017.03.048
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the intermediate elevations. High rates of sediment supply for
catchments underlain by easily erodible lithologies (e.g., PH3 and
PH4) was further supported by the larger proportion of roughness
features (i.e., hummocks and swales), suggesting higher hillslope
sediment supply (Pelletier et al., 2016). Alternatively, catchments
with the lowest SSY, which were underlain by resistant lithologies
(e.g., UM1, GC3), had a greater proportion of their area at high ele-
vations and steeper slopes. These sites (UM1, GC3) also had the
greatest mean sediment connectivity, suggesting high transport
efficiency and supply-limited conditions, whereas sites with
greater sediment supply (i.e., PH3, PH4) were transport-limited.
The supply-limited conditions in streams underlain by diabase is
further supported by the presence of several bedrock reaches in
these streams (UM and GS). In contrast, streams underlain by fri-
able lithologies (PH) are incising into alluvial material in many
reaches.

Although we found relationships among catchment lithology,
physiographic catchment characteristics, and catchment SSY, the
specific sediment sources and delivery processes to the streams
are still unclear. While surface roughness has been associated with
hillslope erosional processes, such as interill, rill, and gully erosion,
this connection has been principally restricted to cultivated, agri-
cultural catchments (Auzet et al., 1995). Forest soils are typically
well structured, which promotes infiltration, and limits the poten-
tial for infiltration-excess overland flow, even on disturbed forest
hillslopes (Litschert and MacDonald, 2009; Wallbrink and Croke,
2002). As such, hillslope erosional processes and contributions of
sediment from forested hillslopes are usually minor. However,
we argue that the association between catchment physiography
and SSY in this case is due to greater availability of hillslope sedi-
ment supply, which was likely deposited during previous mass
wasting events. Additionally, increases in SSY may be exacerbated
by higher rates of in-channel sediment comminution in catch-
ments underlain by friable lithologies. For instance, even though
the mass wasting features present in PH are likely inactive, these
features are associated with high sediment supply (e.g., landslide
toe material), in-channel storage of sediment, and transport capac-
ity (e.g., steep scarps) that would provide high SSY under high flow
events. In this case, SSY was elevated even when riparian buffers
were retained to mitigate increases in SSY after forest harvesting
(PH4). In this unique catchment setting, the greater sediment sup-
ply and elevated rate of sediment comminution likely increased
the catchment vulnerability to elevated SSY after harvest activities.
Additional studies are needed to help clarify the dominant pro-
cesses driving differential SSY responses across diverse physiogra-
phy and lithology. Research would benefit by combining SSY
measurements with observations/quantification of specific
sediment-source erosion through repeat topographic surveys, use
of sediment tracer techniques, and/or numerical modelling of ter-
rain evolution.
6. Conclusion

In this study of temperate, headwater streams, we found that
catchment characteristics (lithology and physiography) were a
dominant control on suspended sediment yield (SSY) under both
unharvested and harvested conditions. Furthermore, we found sys-
tematic variations in physiographic variables as a function of
lithology, with overall SSY and harvest-related increases in SSY
varying with physiographic characteristics. Friable lithologies
exhibited higher SSY compared to those underlain by resistant
lithologies. The occurrence of harvest-related SSY increases was
more dependent upon site characteristics (underlying lithology
and physiography) than the specifics of the type of activity (e.g.,
road building, presence/absence of riparian buffers). We propose
Please cite this article in press as: Bywater-Reyes, S., et al. Geology and geomor
ing timber harvest in temperate headwater streams. J. Hydrol. (2017), http://d
that in similar settings, physiographic variables in conjunction
with lithology may provide a framework to improve predictions
of catchment-scale SSY and land-use impacts on SSY (Fig. 11).
Additional research is required to determine the applicability of
our findings across broader climatic and geologic settings, as well
as across different disturbance regimes.
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