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ABSTRACT:  In this study, we proposed a new approach for linking event sediment sources to downstream sediment transport in a
watershed in central New York. This approach is based on a new concept of spatial scale, sub-watershed area (SWA), defined as a
sub-watershed within which all eroded soils are transported out without deposition during a hydrological event. Using (rainfall) event
data collected between July and November, 2007 from several SWAs of the studied watershed, we developed an empirical equation
that has one independent variable, mean SWA slope. This equation was then used to determine event-averaged unit soil erosion rate,
Qs/a, (in kg/km?/hr) for all SWAs in the studied watershed and calculate event-averaged gross erosion E., (in kg/hr). The event gross
erosion £ (in kilograms) was subsequently computed as the product of E., and the mean event duration, T (in hours) determined
using event hydrographs at the outlet of the studied watershed. Next, we developed two linear sediment rating curves (SRCs) for
small and big events based on the event data obtained at the watershed outlet. These SRCs, together with T, allowed us to determine
event sediment yield SY, (in kilograms) for all events during the study period. By comparing E with SY,, developing empirical
equations (i) between E and SY. and (ii) for event sediment delivery ratio, respectively, we revealed the event dynamic processes
connecting sediment sources and downstream sediment transport. During small events, sediment transport in streams was at capacity
and dominated by the deposition process, whereas during big events, it was below capacity and controlled by the erosion process.
The key of applying this approach to other watersheds is establishing their empirical equations for Qs/a and appropriately determining
their numbers of SWAs. Copyright © 2011 John Wiley & Sons, Ltd.
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Introduction

Soil erosion and associated sediment transport have increased
worldwide primarily due to land use change (Ramankutty and
Foley, 1999; Owens et al., 2005). Generally, eroded soils are
transported from source areas into stream channels, some
deposit and are resuspended later, while others travel through
the stream network of a watershed. In-stream sediment inversely
affects stream biotic communities and water quality (Russell
et al., 2001; Bilotta and Brazier, 2008), contaminates drinking
water (Gauthiera et al., 1999), and impedes river navigation
(Wren et al., 2007). However, much of in-stream sediment is
from upland point sources such as mass movement (de Vente
et al., 2006) and non-point sources such as agricultural fields,
mining sites, and urban regions (Quilbe et al., 2008) from which
soil erosion and sediment transport are spatially and temporally
variable (Van Dijk and Bruijnzeel, 2005; Wilkinson et al., 2009;
Moreno-de las Heras et al., 2010). Thus, understanding the
dynamic links between these sources and downstream transport
is critical for a variety of watershed management practices such
as soil and water conservation, reservoir sedimentation, river
restoration, and land-use planning (Pimentel et al., 1995; Fryire
et al., 2007; Jain and Tandon, 2010; Medeiros et al., 2010).

A common approach for linking sediment sources to down-
stream sediment loads is incorporating hysteresis analysis with
the development of sediment rating curves (Langlois et al.,
2005; Lecce et al., 2006; Lefran et al., 2007; Sadeghi et al.,
2008; Smith and Dragovich, 2009; Oeurng et al., 2010). The
former refers to temporal patterns of watershed discharge, Q,
and sediment concentration, C, during hydrological events
(Williams, 1989), while the latter is the statistical relationship
between Q and C (Gao, 2008). Although this approach is capa-
ble of exposing the cause—effect relationship between sediment
sources and downstream sediment loads, it requires detailed
information about hydrological events, Q and C (Salant et al.,
2008), which is not applicable to watersheds that have not
been intensively monitored. An alternative approach relies on
the sediment fingerprinting technique to identify quantitatively
the relative contribution of different sediment sources to the
downstream sediment transport (Walling, 1999; Collins and
Walling, 2004). This technique assumes that sediment sources
can be discriminated in terms of their geochemical properties
or fingerprints and their relative importance may be determined
by comparing the fingerprints in the samples from downstream
sediment with those from the sources (Collins and Walling,
2004). The technique has been successfully used to construct
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sediment budget (Rustomji, 2006), identify time-integrated
(Salant et al., 2007; Mizugaki et al., 2008; Wilson et al.,
2008) and event-based sediment sources (Russell et al., 2001;
Martinez-Carreras et al., 2010). However, the good composite
mixing models established using this technique for identifying
sediment sources generally require substantial data analysis
and intricate statistical methods, and hence are mainly appro-
priate for extensively studied watersheds.

Identification of sediment sources and characterization of
transport processes have also been studied using processed-
based watershed models (Singh, 1995; Merritt et al., 2003;
Aksoy and Kavvas, 2005; Keesstra et al., 2009), which may
be divided into lumped and distributed models based on the
spatial arrangement (Gao, 2008). Distributed models have
received much more attention due to their capacity of accu-
rately describing various physical processes with mathematical
equations. However, some theoretical problems and practical
limitations emerge subsequently. One fundamental flaw is that
physically based laws (usually displayed as governing equa-
tions in these watershed models) for hydrological and sediment
transport processes are only valid in a very small scale (control
volume), which is even smaller than the finest cell size used in
distributed models. Therefore, the scale of theories always
mismatches that of the observable variables (Beven, 2002).
The other ties to the fact that model input parameters are not
always known — that is, models represent open systems that
have multiple outcomes and hence are impossible to be veri-
fied (Oreskes et al., 1994). Consequently, since most process-
based models only predict and validate sediment loads at
the outlet of a watershed this often leads to the problem of
predicting the correct results for the wrong reasons (Bloschl,
2001; Jetten et al., 2003). Thus, developing new watershed
models with more accurate description of each transport
process may not necessarily result in more accurate prediction
of suspended sediment loads (De Roo, 1998; Jetten et al., 2003;
Carpenter and Georgakakos, 2006).

In many watersheds lacking of hydrological and sediment
monitoring due to financial constraint and limited labor,
sediment-related watershed management can only rely on
limited data. Relatively simple approaches that can reasonably
characterize the dynamic processes of sediment transport within
a watershed are thus valuable. In this study, we developed one
such approach to reveal the event-based dynamic links between
sediment source areas and the downstream sediment transport in
a watershed located in central New York, USA.

This approach is based on a new concept, sub-watershed
area (SWA). SWA is a spatial scale in which all eroded soils
due to various hillslope and in-channel processes are trans-
ported out of it without deposition during a single hydrological
event. SWA is different from the traditional spatial scale, repre-
sentative elementary area (REA) that stands for the area in the
order of 1km? in which spatial heterogeneity is statistically
insignificant (Wood et al., 1988; Bloschl et al., 1995; Woods
and Sivapalan, 1995; Merz and Plate, 1997). It can be less or
greater than 1km?. SWA is also distinct from the fashionable
spatial scale, hydrological response unit (HRU) (Dooge, 1968;
Flugel, 1995; Bongartz, 2003), which represents an area in
which the change of hydrological dynamics is small with
respect to its surrounding areas and hence can be regarded as
homogeneous. It is much greater than an HRU. A fundamental
distinction between SWA and the other two is that the former
retains the geomorphological unit, watershed, which facilitates
the separation of hillslope processes from in-channel ones.

Based on this concept, we first developed an empirical equa-
tion to estimate event sediment loads from all SWAs of the
studied watershed and used this equation to determine event
gross erosion. Then, we established sediment rating curves
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(SRCs) for estimating event sediment yield of the watershed.
By comparing both among rainfall events, we identified various
event-based processes linking hillslope sediment sources to the
downstream sediment transport.

Study Area

Oneida Creek watershed is one of seven sub-watersheds
comprising Oneida Lake watershed in central New York. It is
located in the southwest of the Oneida Lake watershed and
has an area of 387 km? (Figure 1a). With an elongated geome-
try, the Oneida Creek watershed extends upstream to the
southwest and joins at the outlet to the Oneida Lake. Water-
shed elevations range from 123 to 574 m, with much higher
topographic variations in the upstream region and relatively
gentle slope in the downstream area. The watershed has a
typical dendric stream network with a drainage density of
1-3 and its main stream, Oneida Creek, is joined by the
major branch, Sconondoa Creek (Figure 1b). The mean annual
precipitation is more than 1270mm and annual peak dis-
charges are dominated by rainfall in summer and fall and
snowmelt events in spring. After more than 50 years of develop-
ment, the land use in the Oneida Creek watershed has changed
significantly towards agricultural and urban uses, which
currently occupy about 55% of the total area. Consequently,
sediment load in the Oneida Creek is greater than is usually
associated with natural landscapes typical of central New York
(Makarewicz and Lewis, 2003). Although the Oneida Creek
only contributes 7% of the total water inflow to the Oneida
Lake, it supplies about 22-3% of the total sediment load (about
215 tons of soil per storm day) to the lake (Makarewicz and
Lewis, 2003). Both the Oneida and Sconondoa Creeks have
been listed as prior water bodies for treatment (CNYRPDB,
2004). The needs for effectively controlling sediment load ne-
cessitate better understanding of sediment transport processes
and source distribution.

In this study, we selected the middle and upper portion of the
Oneida Creek watershed, which has an area of about 311 km?,
as the studied watershed (Figure 1b) for two reasons. First, the
US Geological Survey (USGS) gauging station available near
(upstream of) the outlet facilitates data collection. Second, this
portion has diverse land use and significantly variable physio-
graphic conditions, which warranty the spatial diversity of
suspended sediment loads required for developing an empirical
equation.

Methods
Data collection and preparation

Sampling and geomorphologic survey

We collected event-based water discharge and suspended
sediment data at two spatial scales: the outlet of the studied
watershed and a group of headwater sub-watersheds that
mainly contain order-one or -two streams [the stream order
was assigned based on the Strahler’'s method (Strahler, 1952)].
To ensure the selected sub-watersheds have diverse physio-
graphic conditions available in the studied watershed, we
created a preliminary geographic information system (GIS)
index map for all sub-watersheds in which the index is a linear
combination of topological wetness index (TWI) (Beven and
Kirkby, 1979; Beven, 1997) and soil conservation service curve
number (CN) (USDA-SCS, 1972) with equal weights. Since TWI
reflects the topographic nature of a watershed and CN repre-
sents the combined effect of soil types, land use, and land cover
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Figure 1.

The location of the studied watershed and sampled SWAs. (a) The location of Oneida Creek watershed in New York State, (b) the location

of the studied watershed within the Oneida Creek watershed, and (c) the sampled SWAs in the studied watershed.

on watershed hydrology, the index values are assumed to describe
at the first approximation the variations of overall physiographic
conditions within the watershed. A group of sub-watersheds that
have the index values spanning the full range of the possible values
in the studied watershed were selected. Their suitability for
sampling was subsequently confirmed based on field accessibility
and permission of land owners.

Automatic pumping (AP) samplers (ISCO 6712) were installed
to collect water samples of one rainfall event for each selected
sub-watershed and several events at the outlet, respectively.
The sampler was triggered by a pre-determined threshold stage
measured by the attached pressure transducer. Both the threshold
stage and sampling interval were carefully selected to ensure the
samples cover the full range of the event hydrograph. After the
sampled event, sample bottles were replaced and transferred to
the Physical Geography Laboratory at Syracuse University. The
standard gravimetric method was subsequently used to obtain
the corresponding suspended sediment concentrations. The
stage of flow at the sampling cross-section was recorded at the
15-minute interval and downloaded into a laptop. Not only did
it provide a reference for determining the time at which each
sediment sample was taken, but also could be used to calculate
water discharge associated with each collected sediment sample.

The geomorphologic properties of each selected site were
obtained by measuring channel cross-section profile, local
channel bed slope, and bed material distribution. The first
two were measured with the guide of traditional surveying
methods and procedures (Harrelson et al,, 1994). Channel
cross-section survey must include the point where the stage
was recorded by the AP sampler during the event. This relates
the cross-section profile to the recorded stage, which will be
used to calculate the associated water discharge at the cross-
section. Bed material size distribution was measured using the
Wolman Pebble Count method (Wolman, 1954). Based on the
measured data, water discharge at each site for each recorded

Copyright © 2011 John Wiley & Sons, Ltd.

stage was calculated using the reference reach spreadsheet
v4.2 level developed for channel survey management
(Mecklenburg, 2006). Discharges at the outlet were determined
by relating measured discrete values to those at the USGS
gauging station. The rainfall data were obtained from the
National Oceanic and Atmospheric Administration (NOAA)
and a local volunteer rainfall network.

Calculation of suspended sediment loads

Averaged sediment concentration, G, (in mg/L), and water
discharge, Q. (in m’/s), for each sampled sub-watershed
during one rainfall event were calculated using:

G2 50 g, a

_ "Qi
Q=211 /S au (1b)

where t; is the time interval between two consecutive samples,
and n is the number of samples collected during the event.
Paired values of C,, and Q,, were then used with proper unit
conversion factors to determine event-averaged area-specific
sediment load, Qg (in kg/km?/hr), Qs/a=CnQm/A, where A
is the area of the sub-watershed. These data were subsequently
used to develop an empirical equation for Qs/a of SWAs. Data
collected at the outlet were used to establish sediment rating
curves for estimating event sediment yields.

GIS determination of sediment-related parameters

Previous studies have shown that hydrological processes can
be sufficiently represented using only three to five environmen-
tal parameters (Beven, 1989; El Hassanin et al., 1993; Jakeman
and Hornberger, 1993; Limbrunner et al., 2005). Following this
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wisdom, we selected in order to develop an empirical equation
three main environmental parameters that commonly influence
sediment transport (Yang et al., 2003; Dijk and Bruijnzeel,
2005; Mishra et al., 2007), the mean slope of a sub-watershed,
S, the percent of cropland in a sub-watershed, P, and the soil
erodibility factor, K. Slope (9) is a critical individual factor that
controls the degree of soil erosion. It not only directly affects
soil erosion rate (El Hassanin et al., 1993; Knighton, 1998) but
also indirectly influences erodibility by affecting spatial hetero-
geneity of soil moisture, vegetation patterns, and flow patterns
(Stieglitz et al., 1997). Values of S for all sub-watersheds were
calculated using the GIS technique based on the downloaded
digital elevation model (DEM) data. National Land Cover
Dataset (30 m resolution) was downloaded to calculate P for
each sub-watershed. Parameter P reflects the significant influ-
ence of vegetation cover on soil erosion at the watershed scale
(Kirkby and Cox, 1995). Soil erodibility factor (K) characterizes
soil properties such as soil texture, structure, organic matter and
permeability (Yang et al., 2003) and has been used in Universal
Soil Loss Equation (USLE) model to represent soil erodibility
(Wischmeier and Smith, 1965). From the hydraulic perspective,
Soil erodibility factor stands for soil resistance to flow and thus
plays the same role as the threshold value of shear stress at
which soil begins to be entrained by surface runoff. The origi-
nal values of K were downloaded from Natural Resources
Conservation Service (NRCS) GIS Data Mart and were aggre-
gated into each sub-watershed. Values of each parameter
were averaged within each sub-watershed, such that one
sub-watershed is associated with one set of all three parameters.

Data analysis

Sediment load estimation at different spatial scales
According to the definition of SWA, event-averaged area-
specific sediment load (Qs/) obtained at the outlet of a SWA is
equivalent to event-averaged soil erosion rate per unit area from
that SWA. Therefore, Qs/4 may be termed as event-averaged unit
soil erosion rate. Using data collected from sampled SWAs, we
explored the empirical relationship between Qs and rainfall
intensity, as well as the three environmental parameters. Theoret-
ically, sediment transport is a function of erosivity (i.e. the driving
force) and erodibility (i.e. the resistance) (Bocco, 1991). This
function has been empirically expressed as the multiplication of
five variables representing both erosivity and erodibility in the
USLE model (Wischmeier and Smith, 1978). Following the same
line, we assumed that Qs/s can be characterized by a function of
parameters in a multiplication form and developed an empirical
equation for Qsa.

The role of this equation is to calculate Qs for ungauged
SWAs and subsequently to determine event-averaged gross
erosion, E., (in kg/hr), which is defined as:

n

Eeq = Z (Q%)I_Ai.

i=1

A, is the area of one SWA and n is the number of SWAs. Utilizing
this equation requires dividing the studied watershed into SWAs
and the associated stream network. However, no theory or
protocol is available to guide such division (Hornberger and
Boyer, 1995; Devito et al., 2005). Practically, sub-watersheds
are often delineated at the users’ discretion (Tripathi et al.,
2003; Mishra et al., 2007; Kliment et al., 2008). In this study,
we identified the appropriate SWAs by examining the pattern
between E., and the associated spatial scale.

Copyright © 2011 John Wiley & Sons, Ltd.

Data collected at the outlet of the studied watershed were
used to develop SRCs. The established SRCs were subsequently
used to estimate event-based sediment loads from the entire
studied watershed. These loads were subsequently used to
calculate event sediment yields.

Identification of event-based sediment dynamic links

For a single rainfall event, the developed empirical equation
and the appropriately delineated SWAs allowed us to deter-
mine event gross erosion. However, using the developed SRCs,
we were able to compute the event sediment yield. We then
compared the two and calculated event sediment delivery ratio
(ESDR) for different events to identify the dominant processes
controlling sediment transport between small and big events.

Results and Analysis

An empirical equation for estimating Qs/x and Ee,
from SWAs

We were able to sample 16 sub-watersheds that have no more
than order-three streams for one event from July to November,
2007. To identify whether all these sub-watersheds are SWAs or
not, we scrutinized the obtained sediment data and the proper-
ties of these sub-watersheds in two ways. First, we analyzed the
trends of scatter plots and the correlations between Qs/x and
each of the three environmental parameters. Since S is highly
correlated to s/, data points that are significantly off the main
trend in the associated scatter plot were considered ‘outliers’
meaning the associated sub-watersheds do not appropriately
represent SWAs. Second, we reviewed the laboratory analysis
and revisited these sub-watersheds to check their physio-
graphic conditions. We finally identified 10 sub-watersheds as
SWAs with appropriately collected event-based data (Table I).
Although they were clustered in the southwest part of the
watershed (Figure 1c), the values of the three parameters in
these sub-watersheds have similar ranges to those in others.
Therefore, these sub-watersheds reasonably reflect the physio-
graphic variation of the studied watershed.

Examination of the relationship between Qs/a and rainfall
intensity showed that there is no clear correlation between
the two (Figure 2), which indicates that in the studied water-
shed where upland hillslope is relatively well covered by vege-
tation, rainfall intensity does not directly influence soil erosion.
This is consistent with the finding in a humid Mediterranean
watershed (Nadal-Romero et al., 2008) and distinguishes the
studied watershed from those in arid and semi-arid regions
where rainfall intensity directly contributes to soil erosion
through splashing erosion on the relatively bare hillslope
surface (Fang et al., 2008). Consequently, we only treated the

Table I. Relevant variables of the identified and sampled SWAs.

SWA  Area (km?) Qg (Kg/km?/hr) P K S
CR55 8812 0-4889 05231 02734 8812
CR34  13.03 10-691 0-5842  0-3204 13.03
CR59  10-47 7-2295 0-5236  0-2525 10-47
CR22 1133 8-8099 0-6706  0-2823 11-33
CR39 6-879 0-2109 09230 02757 6.879
CR38 8-695 3.7907 02553  0-2785 8695
CR68  11-64 13-018 07353 02723 11-64
CR20 7-598 0-0407 07301 02713 7.598
CR27 6273 1-3047 07262 02697 7229
CR47 7.229 0-2463 05321 02711 6273
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Figure 2.  Plot of rainfall intensity (in mmv/hr) against Qsa (in kg/kmz/hr).

three environmental parameters as the independent variables.
However, there may exist multiple possible sets of empirical
equations that may appropriately describe the set of measured
Qs/a values, a well-known issue termed equifinality (Beven
and Freer, 2001; Beven, 2006). This problem was solved by
proposing two possible candidates that have the most complex
and simplest forms

%zaﬁﬁﬂﬁ4 (2a)

Qs =bS" (2b)

where a;, a,, as, a4, by, and b, are coefficients to be determined
statistically.

Natural logarithm transformation was applied to the two
equations and fitted to the data. The results indicated (Table II)
that though Equation (2a) had a slightly higher R* value than
Equation (2b), the latter produced a better adjusted R* than
the former. Additionally, the two regression coefficients in
Equation (2b) were statistically significant, whereas only that
of Sin Equation (2a) was (Table Il). These regression outcomes
indicated that both P and K were not useful explanatory vari-
ables or predictors for Qs;a. Furthermore, the negative values
of two coefficients in Equation (2a) (i.e. a, and a4) implied that
(i) more cropping would lead to less sediment load and (ii)
higher erosion would cause less sediment produced. Both are
at odds with the physical processes of erosion. Thus, Qs from
SWAs may be sufficiently characterized by the mean slope, S.
Although R? (0.60) for Equation (2b) was not high, the variation
in the prediction was primarily caused by SWAs with smaller
values of Qsa (Figure 3), which have less contribution to
event-averaged gross erosion (E.,). Accordingly, Equation (2b)
is an adequate empirical equation to calculate Qg in all SWAs
within the studied watersheds.
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Figure 3. Predicted versus measured Qg (in kg/kmz/hr).

Determination of the spatial scale for SWA delineation

To identify the most appropriate SWAs, we delineated the stud-
ied watershed using ArcHydro (Maidment, 2002) at six different
spatial scales. With the increase of the scale, E., decreases and
finally levels off (Figure 4) suggesting that E., is affected by the
selection of the scale. Generally, three zones can be identified
based on the trend of E., variation (Figure 4). Zone 1 involves
two scales represented by the median areas of two sets of
sub-watersheds, 0-611 and 0-933 km?, respectively. At these
two scales, the delineated sub-watersheds are so small (the
largest sub-watersheds are 3-203 and 3-960 km?, respectively)
that many of them only contain order-one stream channels.
The spatial structure of the studied watershed is not effectively
reduced at these scales. Zone 3 includes two large scales at
which the median areas of the delineated sub-watersheds are

10000

1000

E,, (kg/hr)

zonel zone 2 zone 3

100

0 1 2 3 4 5 6 7 8

Spatial scale (km?)

Figure 4. Impact of spatial scales on the event-averaged gross erosion,
Eea (in kg/hr). Each scale is represented by the median area of the
delineated sub-watersheds.

Table II.  Fitting statistics and coefficient estimates of the two candidate equations.

a by a by as ay R*  Adjusted R
Equation 2a  1-40 x 107 (0-266) —0-85 (0-579) 6-41 (0-029) —3-09 (0-751) 0-63 0-45
Equation 2b 1-63 x 107 (0-0099) 6-25 (0-0083) 0-60 0-55

Note: values in parentheses are p-values.

Copyright © 2011 John Wiley & Sons, Ltd.
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3-606 and 7-096 km?, respectively. At these two scales, the
stream network is oversimplified and several order-three stream
reaches are inappropriately eliminated. In addition, their maxi-
mum sub-watersheds are as high as 17-147 and 16-119 km?,
which are more than 5% of the total area of the studied water-
shed. Therefore, sub-watersheds at these scales are generally
too big to be SWAs. Apparently, the most appropriate spatial
scale should be within Zone 2 (Figure 4). Because E., values
at the two scales are not significantly different from each other,
the scales a or b do not affect the following analysis. However,
comparison of area distribution at either scale with that of the
sampled SWAs shows that the distribution pattern at scale a is
much more consistent with that of the sampled SWAs than that
at scale b. Therefore, the delineated sub-watersheds at scale a
may be reasonably regarded as appropriate SWAs. At this scale,
the studied watershed can be divided into 182 SWAs with the
median size of 1-429 km? (Figure 5). The event-averaged gross
erosion (E.,) will be calculated based on these SWAs.

Sediment rating curves (SRCs) at the outlet of the
studied watershed

Sediment samples, collected at the outlet of the studied water-
shed for four different rainfall events, involved discharges span-
ning from 0-91 to 25 m*/s, which cover almost the full range of
those in the study period. Although for each event, data could
be described by a different SRC, the collective of all data
generally followed two different linear trends (Figure 6), which
may be expressed as follow:

Small events C=¢ Q (3a)
Big events C=c¢, Q (3b)

The definition of small and big events was based on the bound-
ary discharge that separates the two SRCs (Figure 6) and is
approximately 6 m*/s. The results from non-linear regression
analysis (Table 1lI) displayed that both equations were

TR

0 1.252.5 5 Kilometers

Figure 5. Delineated SWAs and the associated stream network in the
studied watershed.
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Figure 6. Two sediment rating curves (SRCs) established using the
event data collected at the outlet of the studied watershed.

statistically significant with relatively high R* values. Although
data with larger discharges showed relatively greater scatter
(Figure 6), they were not from the same event suggesting no
discernable hysteresis loops during single events. Thus,
sediment transport was generally controlled by two different
SCRs in which the one for smaller discharges has a steeper
slope. This means that smaller discharges in the main stream
of the studied watershed may transport more suspended sedi-
ment than larger discharges. The apparently count-intuitive
phenomenon cannot be fully understood without the knowl-
edge of the dynamic links between upland sediment sources
and downstream sediment transport.

Event-based sediment dynamic links between
sources and the downstream transport

Geomorphologically, a watershed may be viewed as the combi-
nation of hillslopes and the inter-connected stream network.
With the concept of SWA, hillslopes (and their included small
streams) of the studied watershed become a number of SWAs
that are connected to the stream network (Figure 5). The stream
network in Figure 5 is simpler than that in Figure 1 because the
lower-order stream branches are ‘digested’ by SWAs. The event-
based dynamic links between the two may be revealed using
Equations (2b, 3a), and (3b).

For a given rainfall event, event gross erosion E, (in kilograms)
is the product of E., and the duration of the ‘effective’ surface
runoff (in hours) that is large enough to transport suspended
sediment (i.e. the storm flow). Unfortunately, the exact duration
varies with SWAs because each SWA has a different hydrograph
for the same rainfall event. Detailed durations for all SWAs
require detailed field measurement in all SWAs during one
event, which is practically difficult and unnecessary. An alterna-
tive is seeking a representative duration for all SWAs during a
given event based on the connection between surface runoff
in SWAs and the downstream discharge that can be represented

Table I1l.  Fitting statistics and coefficient estimates of the two SRCs.
Coefficient R?

Small events (Equation (3a)) 26:37 0-74

Big events (Equation (3b)) 9-49 0-80
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by a hydrograph at the outlet. Because the storm flow of the
hydrograph is primarily supplied from surface runoff on hill-
slopes (Bedient and Huber, 2002), the representative duration
of the ‘effective’ surface runoff in SWAs may be reasonably
denoted by the duration of storm flow in the hydrograph for
the same event. In this study, the constant-slope baseflow sepa-
ration method (McCuen, 2004) was used to separate the storm
flow, the duration of which, T, is the representative duration of
the surface runoff in all SWAs for the same event. Accordingly,
E; may be calculated by E = E.,T and the corresponding event
sediment yield, SY, (in kilograms), may be determined using
either Equation (3a) or Equation (3b) for data points within the
time period, T.

The study period (between July and November, 2007) was
mainly comprised of 13 rainfall events in which seven were
small and six were big events (Figure 7). Both E and SY, were
calculated using the previously described methods and com-
pared with each other for all events. Figure 8 showed that
during all small rainfall events, E, > SY., whereas during all big
events, F, < SY,.. These event dynamic links between hillslope
sediment supply and in-channel sediment transport provided
necessary information to decipher the two different SRCs at
the outlet of the watershed (Figure 6).

If E;=SY,, then all in-channel sediment supplied from SWAs
during a given rainfall event is transported through the stream
network. Consequently, stream channels are in equilibrium
and sediment transport is (approximately) at capacity. If £, > SY,,
then in-stream deposition occurs, while sediment is still trans-
ported at capacity. If E <SY,, then the erosion process domi-
nates and sediment is transported below capacity. During
small rainfall events, water discharges in stream channels were
relatively small, such that the stream power was not strong
enough to carry all sediment loads supplied from all SWAs,
though these sediment loads were also relatively low. As precip-
itation increased within small events, the difference between
hillslope sediment supply (i.e. £) and downstream sediment
load (i.e. SY,) decreased progressively (Figure 8). This suggests
that gradually more proportion of supplied sediment was trans-
ported through the stream network. The more important impli-
cation is that the rate of the increase of sediment load was
faster than that of the discharge increase, which explains why
the SRC for small events had a steeper slope (Figure 6).

As discharge generated by big events was greater than the
threshold value (i.e. 6 m®/s) but not very high (e.g, no more than
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Figure 7. Identified small and big events in the studied watershed

during the study period. ‘S” denotes small rainfall events, whereas ‘B’

denotes big rainfall events.
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Figure 8. Comparison of event sediment yield, SY, (in kilograms) with
event gross erosion, £ (in kilograms).

10m?/s) (represented by the point on the line of perfect agree-
ment in Figure 8), stream channels were in equilibrium. The
increase of precipitation within big events resulted in the
increase of discharge, so fast that flow could transport more than
what was supplied from SWAs. Therefore, sediment transport
was below capacity. The greater discrepancy between E and
SY. for higher values (Figure 8) suggests that further increase of
precipitation enlarged the sediment transport deficit (i.e. the
increase of discharge was faster than that of sediment load in
channels). This explains why the SRC for big events had a gentle
slope (Figure 6). Furthermore, the greater transport deficit
directly resulted in channel bank erosion that had been
observed in several locations within the stream network. Thus,
the two SRCs in Figure 6 reflected two different dominant
processes of sediment transport during small and big events,
respectively. Since SRC is commonly used to estimate sediment
yield of a watershed, the different physical processes behind the
two SRCs suggest that accurately estimating sediment yield of
the studied watershed requires identifying small and big events
first, based on which two SRCs can be used to calculate sedi-
ment loads from these events, respectively. In other words, even
though discharges during the recessions of big events may be
less than 6 m>/s, which are apparently within the domain of
Equation (3a), the associated sediment concentrations should
be calculated using Equation (3b), because these discharges
are still part of big events. For the six big events shown in
Figure 8, the total sediment load should be 2191 kg when only
Equation (3b) is used, whereas it becomes 2368 kg when both
Equations (3a) and (3b) are used, which over-predict the load.

The general trend of the data in Figure 8 can be described by
the following equation

SYe = afP )

where a=0-00000012 and b= 2-41 with R>=0-75 (p=0-0055).
The threshold value of SY, for channels in equilibrium may be
determined by setting E =SY., which leads to E=203-8kg.
Therefore, in the studied watershed, channel bank and bed
erosion occurs only when the event gross erosion is greater than
204 kg and the amount of in-channel erosion can be estimated
as SY. — E. By definition, Equation (4) may also lead to an
equation for ESDR: ESDR =0-00000012 E’*" indicating that
sediment delivery ratio increases as the rainfall event becomes
larger and larger. The general picture of event-based sediment
dynamics within the studied watershed may be described as
follows. During small rainfall events, sediment delivery ratio is
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low but in-channel sediment transport is at capacity and no
channel bank and bed erosion. During big events, however,
sediment delivery ratio is high while sediment transport in
channels is below capacity, which encourages localized bank
and bed erosion. Clearly, reducing sediment supply and protect-
ing weak banks should be the main targets of future sediment-
related watershed management practices.

Discussions

A fundamental problem tangled in understanding hydrological
and sediment transport processes in a watershed is the scale
issue (Zhu and Mackay, 2001; Cammeraat, 2002; Devito
et al., 2005; Van Dijk and Bruijnzeel, 2005; Birkinshaw and
Bathurst, 2006; Brasington and Richards, 2007; Garcia-Ruiz
et al., 2010). Based on data complied over the world, de Vente
et al. (2007) demonstrated that specific sediment yield (SSY) is
essentially scale dependent. In particular, SSY generally shows
a complex non-linear relationship with watershed area (A) that
always includes a positive trend for relatively small areas and
a negative trend for relatively big areas. The specific processes
dominating each trend depend on characteristics of climate,
lithology, topography, and land covers in a watershed. Although
the complex non-linear SSY-A curve may be significantly differ-
ent in different regions of the world (see figure 5 in de Vente
et al., 2007), it should have similar patterns in watersheds of
similar environmental conditions. This is evidenced by compar-
ing the SSY value of the entire studied watershed (the solid trian-
gle) to those of larger sub-watersheds (the open rectangles) in
Susquehanna River Basin, Pennsylvania (Figure 9), because
both watersheds have similar humid climatic and physiographic
conditions. At smaller spatial scales, however, not only SSYs
from SWAs of our watershed are significantly lower than those
in the Pennsylvania watershed, but also the SSY-A curve in ours
has a much steeper slope than that in the latter. The lower SSYs
in our watershed may be because rill and sheet erosion at these
scales dominates sediment transport in the Pennsylvania water-
shed (Osterkamp and Toy, 1997), while not in ours because of
better ground coverage. The steep curve in our watershed might
reflect the fact that our SSYs were calculated based on event-
based data, while those in the Pennsylvania watershed were
determined based on long-term averaged sediment data. The
high variation of event-based sediment loads may be effectively
‘smoothed out’ when they are averaged over a longer time scale
(Hicks, 1994). This is further confirmed by the linear relation-
ship between long-term SSY and slope in watersheds where
slope serves as the major factor to control sediment transport
(Mano et al., 2009; Verbist et al., 2010).

Nonetheless, SSYs based on our event data clearly show a
positive relationship with A at smaller spatial scales and suggest
a decreasing tendency at the largest scale. This implies that
sediment transport in our watershed also follows the general
trend revealed by de Vente et al. (2007). It is thus reasonable
to expect that SSY should peak at the area greater than those
of SWAs where our data were collected (Figure 9). It follows that
SWA represents the spatial scale that is less than the threshold
area, A. at which SSY peaks (if a watershed has two peaks as
shown in figure 6C in de Vente et al., 2007, then two different
sets of SWAs should be used to characterize the dominant
processes around each peak). Because each watershed has its
own non-linear SSY-A curve (de Vente et al., 2007), the specific
value of A. varies from watershed to watershed. Therefore, iden-
tification of SWAs in other watersheds should not be limited by
the specific areas of SWAs in our watershed. Theoretically, the
concept of SWA is an explicit version of the Dominant Processes
Concept (DPC) (Bloschl, 2001). The underlying significance of

Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 9. The relationship between specific sediment yield (SSY) and
sub-watershed area (A) for the watersheds studied in this article and
the Pennsylvania watersheds. The solid curve was reproduced from
Osterkamp and Toy (1995). The open rectangles (O) were also repro-
duced from the same source. The results were used to compare with
the studied SSY for the entire watershed, which is represented by the
solid triangle (A). The solid dots () are SSYs of our sampled SWAs.
SSY values for sampled SWAs and the studied watershed were calcu-
lated by multiplying event sediment yield, SY,, by the total hours of
storm flows in one year, T;, and then dividing the product by the area
of the SWA and the total watershed area, respectively. The value for T;
was estimated by summing the hours of storm flows shown in Figure 7
and assuming that T, is proportional to the sum.

SWA is that regardless of the specific erosion processes within a
SWA (e.g. rill and sheet erosion on hillslope or channel incision
or the combination of the two), the comprehensive impact of
these processes may be simply evaluated by collecting data at
the outlet of these SWAs.

The event-based sediment dynamic links revealed in our
watershed belong to the type I and class C connectivity (Jain
and Tandon, 2010), which means that our watershed is an
actively connected system with a large space — short-time scale.
The compartments of the system (i.e. SWAs and the main stream
channels) are physically connected with one-way material
transfer (i.e. water and sediment downward movement).
Sediment connectivity in such a system has been commonly
studied either using event-based watershed models (Borah and
Bera, 2004) or by collecting detailed sediment data (Francke
et al., 2008). Our approach differs from these by defining and
identifying SWAs, which allow for separating erosion-dominated
sediment sources from deposition-controlled downstream sedi-
ment transport in our case. The separation potentially facilitates
a variety of sediment-related studies in these systems, such as de-
termining the event-based channel bank and bed erosion as
achieved in this study and estimating event sediment storage of
a watershed.

The developed empirical equation (i.e. Equation (2b))
involves certain uncertainty because of the small sample size.
However, this uncertainty only affects the accuracy of event-
averaged unit soil erosion rates (Qs/4) calculated using Equation
(2b), not the findings of the dynamic links between sediment
sources and downstream sediment transport. For example, de-
veloping Equation (2b) using non-linear regression (rather than
log-linear regression) would result in a different set of b; and
b, for Equation (2b). Even though the event gross erosion (E)
may be slightly different, the dynamic links revealed by compar-
ing E with event sediment yield (SY.) remain the same.
More importantly, akin to the fact that each watershed has a
unique non-linear SSY-A curve, each watershed must have its
unique empirical equation for characterizing Qs/a of its SWAs.
Therefore, transferring the proposed approach to a different
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watershed does not mean use of Equation (2b) directly, rather, it
means to establish a unique empirical equation for that water-
shed. For example, in the earlier-mentioned Pennsylvania
watershed, the empirical equation may include percentage of
disturbed lands, as well as slope, while in a semi-arid water-
shed, it may involve rainfall intensity besides slope. Therefore,
the proposed approach of linking event sediment sources to
downstream sediment transport is not fundamentally affected
by the uncertainty in the developed empirical equation (i.e.
Equation (2b)). This, however, by no means suggests the com-
pletion of this approach. At least two further studies should be
performed in the future: (i) collecting more sediment data from
additional SWAs and in different seasons to test the robustness
of Equation (2b); (ii) obtaining sediment data from relatively
larger spatial scales to identify the peak SSY, which may help
to determine the range the SWAs may have in the studied
watershed.

Conclusions

Using the event data collected between July and November,
2007 at different spatial scales and the outlet of the studied
watershed in central New York, we proposed a new approach
to identify event-based dynamic links between sediment
sources and downstream sediment transport. The approach is
based on a new concept of spatial scale, SWA. SWA is defined
as the sub-watershed within which all eroded soils are carried
through it without deposition during a hydrological event.
SWAs are sub-watersheds that have variable sizes, but these
sizes must be less than the threshold area at which SSY
climaxes in the SSY-A relationship where A is the area of a
sub-watershed. In our humid watershed with relatively good
ground cover, the approach may be summarized as follow:

1. Event-averaged unit soil erosion rate, Qs (in kg/km*/hr),
for all SWAs may be calculated using the developed empir-
ical equation (Equation (2b))

Q;_0.000001 63.56:2569
where § is the area-weighted mean slope of a SWA.

2. The studied watershed may be appropriately divided into 182
SWAs. Using Equation (2b) and the areas of these SWAs, we
can calculate event-averaged gross erosion, E., (in kg/hr),
for all rainfall events in the study period. By determining aver-
age event duration, T (in hours), using the hydrograph at the
watershed outlet, we can calculate event gross erosion, E
(kg), using E = E.,T.

3. Event sediment yield, SY, (in kilograms), may be calculated
using T and the following two sediment rating curves devel-
oped at the outlet (Equations (3a) and (3b)).

Small events C = 26-37Q

Big events C =9-49Q

where Cis sediment concentration, Qis the associated water
discharge, and small events are distinguished from big ones
if the associated peak discharges are less than 6 m?/s.

4. Comparison of E with SY, gave rise to Equation (4)

SY. = 0-00000012E>*!

Equation (4) may further lead to an equation for ESDR:
ESDR=0-00000012E *'. These results divulged the

Copyright © 2011 John Wiley & Sons, Ltd.

following event dynamic links. During small rainfall events,
sediment delivery ratio is low but in-channel sediment
transport is at capacity and no channel bank and bed
erosion. The rate of the increase of sediment load was faster
than that of the discharge increase resulting in the higher
coefficient in Equation (3a). During big events, however,
sediment delivery ratio is high while sediment transport in
channels is below capacity, which encourages localized
bank and bed erosion. The increase of discharge was faster
than that of sediment in channels leading to the lower
coefficient in Equation (3b). Moreover, the event in-channel
erosion can be estimated as SY, — F.

Successful application of this approach to a different watershed
relies on two critical steps: (i) developing a specific empirical
equation for the watershed; and (ii) determining the appropriate
SWAs of the watershed.
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