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Abstract watershed sediment budgets sum sediment sources (bank erosion and tributaries) and subtract
sediment sinks (floodplains) to compute the watershed sediment output. Because computations are lumped,
however, these budgets cannot quantify contributions from individual sources to the watershed output. We
overcome this limitation by dividing the channel network into nested reaches, each with its own sediment bud-
get. The nested framework partitions sediment between transport and storage as it moves downstream, quanti-
fying the contributions from individual sources to watershed outputs. We quantify sediment fluxes using gaging
station data, sediment fingerprinting, hydrodynamic modeling, geomorphic mapping, and measured rates of
erosion and deposition. Bank erosion supplies 15790 Mg/yr to the watershed budget, while upland hillslopes
contribute 6 300 Mg/yr, with 10 380 Mg/yr stored on floodplains. The output computed from the budget (11 710
Mg/yr) is within the uncertainty of 9 300-43 000 Mg/yr of the measured output, so the budget balances. Reach-
scale budgets identify local sediment hotspots, while routing computations indicate that bank erosion supplies
76 + 5% of the watershed sediment flux, with upland hillslopes contributing 24 + 3%. Legacy sediments com-
prise 34 4 6% of the output. By quantifying individual source contributions to watershed sediment fluxes, the
nested approach can improve sediment management decision-making.

Non-technical summary Excess sediment is a common water quality problem often addressed by
mitigating watershed erosion hotspots. To identify erosion hotspots, geomorphologists produce sediment bud-
gets, an accounting procedure that quantifies erosion, deposition, and transport variables, and relates them
through mass balance. Sediment budgets sum erosional sources and subtract deposition to predict the sedi-
ment leaving a watershed. This approach, however, fails to connect specific sources to the outlet, because the
individual sources that supply deposited sediment are unknown. We solve this problem by nesting 140 sedi-
ment budgets along the stream network of the White Clay Creek, southeastern Pennsylvania, USA. Each budget
consists of sediment eroded from hillslopes and streambanks, sediment deposited on floodplains, and input
and output channel sediment fluxes. By solving the mass balance of all the nested budget reaches simultane-
ously, the contribution of any individual sediment source to the watershed output can be quantified. Results
indicate that bank erosion contributes 76% of the watershed sediment yield, with the remaining 24% from hills-
lope erosion. Eroded legacy sediments (deposits related to post-Colonial watershed disturbance) comprise 34%
of the watershed sediment flux. The nested sediment budget approach provides a new, parsimonious method
to quantify watershed-scale sediment transport patterns.

1 Introduction
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phologists to document watershed sediment processes

Understanding sediment sources, sinks, fluxes, and
transport pathways is key to effective sediment man-
agement at the watershed scale (Frings and Ten Brinke,
2018). This information is needed to effectively locate
Best Management Practices to reduce sediment load-
ing (Noe et al., 2020), to understand the timing of sed-
iment delivery (Reid and Dunne, 2016), and to evaluate
lag times between management actions and the deliv-
ery of benefits in the form of reduced sediment loading
to the watershed outlet (Meals et al., 2010; Pizzuto and
Huffman, 2025).

Sediment budgets are the primary tool for geomor-

*Corresponding author: pizzuto@udel.edu

(Reid and Dunne, 2016). Sediment budget analyses de-
termine the relative magnitudes of potential sediment
sources (erosion of channels, hillslopes, gullies, river-
banks, high bluffs, landslides, etc.) and potential sedi-
ment sinks (alluvial fans, toeslopes, floodplains, reser-
voirs, etc.). Summing inputs and subtracting outputs
provides an estimate of the sediment flux leaving the
watershed. Sediment budget studies have led to key
scientific insights, including the role of floodplain and
hillslope storage in moderating sediment yield follow-
ing anthropogenic watershed disturbance (Costa, 1975;
Knox, 2006; Trimble, 1981), how climate change in-
fluences long-term sediment yield (Church and Slay-
maker, 1989), the importance of the sediment balance
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in governing fluvial equilibrium (Grams and Schmidt,
2005), the impact of mining on fluvial systems (James
et al., 2019), and other important results.
Mathematically, a sediment budget is a statement of
conservation of mass applied to a specific region in
space (i.e., a control volume) over a clearly defined time
interval. Here we consider a control volume consisting
of the entire channel network within a watershed, and
assume that channels are connected to floodplains and
other adjacent sediment storage reservoirs that serve
as both sediment sinks (through deposition) and sed-
iment sources (through erosion). Assuming that the
channel network does not store sediment over relevant
timescales, the sediment budget for the watershed con-
sists of tributary inputs to the channel network, sedi-
ment losses and gains through exchanges with storage
reservoirs, and sediment leaving the watershed.

Output sediment flur = input fluz, + input fluzy
+ - -+ — deposition fluz, (1)

— deposition flury — - -

While quantifying the terms of Eq. 1 provides clear es-
timates of the magnitudes of potential sediment trans-
fers, the integrated nature of Eq. 1 has an important lim-
itation: it fails to connect specific sediment sources to
the output flux. This occurs because the supply from
individual sources can be preferentially sequestered in
sediment sinks through deposition, and preferentially
replaced by sediment eroded from storage reservoirs.
Thus, Eq. 1 does not determine the relative contribution
of individual sources to the watershed output flux, so
it may not identify where to focus remediation projects
designed to reduce watershed sediment loading.

At least three strategies have been developed to con-
nect sediment contributions from specific watershed
locations to the watershed sediment output. One in-
volves combining sediment budget analyses with sedi-
ment fingerprinting, allowing geochemical analyses of
sediment delivered from the watershed to identify sed-
iment from specific sources upstream (Belmont et al.,
2014; Gellis and Walling, 2011; Rose et al., 2018a,b).
However, sediment fingerprinting methods often re-
quire assumptions regarding sediment transport path-
ways that may not always be met (Karwan et al., 2018).
Another approach is to use watershed sediment trans-
port models to route sediment from specific source lo-
cations to the outlet of the basin (Bainbridge et al.,
2023; Shenk and Linker, 2013). Watershed models can
provide useful insights and predictions, but they re-
quire extensive calibration and most models commonly
used in watershed applications neglect floodplain ex-
change and other important sediment processes (Borah
et al., 2008). The third approach is to divide the water-
shed into subreaches and create nested sediment bud-
gets, with the output from upstream reaches providing
the input to neighboring downstream reaches (Turley
et al., 2021, 2024). Nested sediment budgets can pro-
vide spatially explicit sediment flux estimates that in
some cases allow sediment from specific source loca-
tions to be routed to the farthest outlet downstream.
Sediment budgets have the compelling advantage of
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being grounded in measurements, rather than rely-
ing on poorly constrained sediment transport models
or untested assumptions regarding sediment transport
pathways.

This study presents a sediment budget for a 5th-order
watershed in the mid-Atlantic U.S., a region where plans
for restoring the Chesapeake Bay specifically focus on
reducing the loading to the Bay from specific watershed
sources (Langland and Cronin, 2003), a strategy that re-
quires understanding how watershed locations may (or
may not) be connected to the Chesapeake Bay down-
stream. Rather than developing a single integrated sed-
iment budget for the entire watershed, we formulate
individual budgets for 140 nested river reaches span-
ning the entire valley network from headwaters to the
basin outlet. We show how this approach allows us to
quantify the contributions of each individual sediment
source to the cumulative sediment flux leaving the wa-
tershed. Our analysis demonstrates that approximately
three-quarters of the sediment delivered from the wa-
tershed is supplied by bank erosion, a result that could
not have been obtained from a traditional, spatially av-
eraged sediment budget.

2 Study area

Data were collected in the White Clay Creek (WCC)
watershed upstream of the U.S. Geological Survey’s
(USGS) gaging station White Clay Creek near Strick-
ersville (USGS #01478245) in southeastern Pennsylva-
nia, U.S.A. (Fig. 1). WCC has a drainage basin area
of 153.3 km? at the Strickersville gaging station. An-
other USGS gaging station, East Branch White Clay Trib-
utary near London Grove, PA (USGS #01478100), with a
drainage basin area of 7.2 km?, defines hydrologic in-
puts from White Clay Creek’s headwaters.

The watershed of WCC has a moist, subtropical cli-
mate (Koppen-Geiger classification Cfa, Kottek et al.,
2006) with moderately cold winters and warm, humid
summers, averaging 1070 mm of annual precipitation
(Corrozi et al., 2008). It is underlain by Paleozoic gneiss
and schist of the Wissahickon Formation and the Cock-
eysville Marble (Pennsylvania Department of Conserva-
tion and Natural Resources, 2025; Ramsey, 2005). The
study area is located within the Piedmont Physiographic
Province (Fischer et al., 2004; Renner, 1927), and ex-
hibits low-moderate relief (Hack, 1982). Agriculture
(47%) and forest/wetlands (28%) are the primary land
uses, with scattered suburban development (25%) (Uni-
versity of Delaware Water Resources Center, 2024); im-
pervious cover in 2005 varied from 10-13% (Corrozi
etal., 2008). A portion of WCC in the study area was des-
ignated a National Wild and Scenic River in 2000 (Inter-
agency Wild and Scenic Rivers Council, 2025).

Rivers in the WCC watershed are semi-alluvial river
channels, often confined laterally by valley walls and
other non-alluvial landforms and vertically by bedrock
exposures (Turowski et al., 2008; Bodek et al., 2021).
Channels are mostly single-thread and sinuous but non-
meandering, though side channels are common (Bodek
et al., 2021). Bankfull widths range from 10-30 m, with
bed slopes varying from 0.002-0.007 (McCarthy, 2018).
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Figure 1 White Clay Creek watershed stream network with locations of channel sediment budget reaches and USGS stream gaging stations White Clay
Creek near Strickersville and East Branch White Clay Creek near London Grove. Alphanumeric tributary names (F1, H2, etc.) were assigned for convenience
during this study. Headwater reaches (defined in the text and illustrated by filled circles in two shades of green in Figure 1) are locations where the sediment
budget only consists of tributary sediment inputs (e.g., bank erosion or floodplain deposition are not estimated for these reaches).

Gravel-sized sediment comprises most of the bed mate-
rial, while much of the sediment load is composed of
sand, silt, and clay transported in suspension (Bodek
et al., 2021; McCarthy, 2018). River channels are typi-
cally bordered by active floodplains (Pizzuto et al., 2022,

2023). River deposits record anthropogenic influences
on sedimentation, including legacy sediment deposits
related to post-Colonial deforestation and poor agri-
cultural practices (Costa, 1975; Jacobson and Coleman,
1986), and localized impacts of 18th- and 19th-century
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mill damming (Walter and Merritts, 2008; Pizzuto et al.,
2023). Channel morphology obeys systematic hydraulic
geometry relationships, indicating a quasi-equilibrium
between channel form and the current hydrologic and
sediment regime (Bodek et al., 2021; Wolman, 1955).

3 Methods

3.1 Sediment Budget Framework

Sediment budgets require defining spatial and temporal
frameworks for analysis. The spatial framework con-
sists of control volumes, which are then analyzed over
a specific time interval. Here we use segments of the
stream channel as control volumes, and define sedi-
ment budget components on an annual basis. Budgets
are created for reaches of the mapped river corridor
network of Fig. 1, which primarily includes the river
channel and its adjacent floodplain. Headwater envi-
ronments such as ravines, gullies, and tributary fans are
not included (but these are discussed in Section 3.3).

To define locations and extents of stream channel
control volumes, channel banks upstream of the USGS
gaging station WCC near Strickersville were mapped by
hand in an ARCGIS framework (Supplementary Mate-
rials, Table S1). At the beginning of the study in 2018,
imagery from 2008 (Pennsylvania Spatial Data Access,
2025) was the best available that spanned the entire
study area; these data were supplemented by a 1-meter
resolution digital elevation model (U.S. Geological Sur-
vey, 2025a) and its associated hillshade. Banks were
mapped upstream until channels became too small to
resolve using the available imagery and DEM, resulting
in the mapped channel network of Fig. 1. Any channel
upstream of the mapped river network of Fig. 1 is de-
fined as a headwater tributary channel for this study.

After the channel banks were mapped, 140 stream
channel control volumes were defined by identifying
sections of the river corridor with relatively uniform val-
ley orientations. Control volumes vary in length from
~100 to ~1000 m; their downstream ends are illustrated
in Fig. 1. Each control volume is associated with an ad-
jacent floodplain where sediment is deposited during
overbank flows. The control volumes and their adjacent
floodplains together comprise 140 valley reaches of the
channel network of the White Clay Creek (Supplemen-
tary Materials, Data Set S1).

Previous studies of the suspended sediment bud-
gets of mid-Atlantic streams (Allmendinger et al., 2007,
Donovan etal., 2015; Gellis et al., 2017; Hupp et al., 2013;
Noe et al., 2020, 2022; Pizzuto et al., 2018; Schenk et al.,
2013; Smith and Wilcock, 2015; Williamson, 2013) sug-
gest that an annual sediment budget for the i*" channel
control volume of the White Clay Creek can be written

as
Qs-outi = BEz - OD’L + HI’L + Qs-outi_l (2)

where Qs_oyt, is the mass of sediment leaving chan-
nel control volume 7 per year (notation is summarized
in the Supplemental Information, Text S7), BE; is the
mass of sediment supplied by bank erosion within con-
trol volume ¢ per year, OD; is the mass deposited on
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floodplains by overbank deposition, H I; represents sed-
iment input from headwater tributaries, and Qs—_ous,_,
represents sediment supplied from channel control vol-
umes upstream of control volume i. Headwater trib-
utaries include all channels that drain to the mapped
network, whose banks could not be resolved visually
and are therefore not included in mapping the chan-
nel network itself. For most control volumes, Qs out;_,
is simply the output from the control volume immedi-
ately upstream, but where branches of the network join,
Qs—out,_, represents the contribution from two control
volumes immediately upstream. Sediment supplied by
reaches upstream of the 8 headwater reaches of Fig. 1
are treated as HI contributions, since these reaches
have no mapped upstream reaches that could define val-
ues of Qs_out;,_,- Equation 2 neglects suspended sedi-
ment stored within the channel, and sediment deposits
associated with lateral migration are incorporated in
the overbank deposition term. All variables in Equa-
tion 2 have units of Mg/yr.

Several different sources were used to identify the 166
headwater tributaries illustrated in Fig. 1. Every trib-
utary to WCC contained in the NHD Plus High Reso-
lution dataset (U.S. Geological Survey, 2025b) was in-
cluded. Additional tributaries were identified from the
ESRI World Topographic Map (ESRI, 2025). Tributaries
not recognized from the other sources were also identi-
fied from the DEM; only channels clearly connected to
the mapped channel of the White Clay Creek network
were included.

If Eq. 2 is summed over all 140 channel control vol-
umes, all the Q;s_,,,: terms cancel except for the output
from the downstream end of the watershed, Q;_out,,,-
The resulting watershed-scale sediment budget is

Qs—outryo = BE, —ODy + HI; (3)

where the subscript ¢ indicates the sum of each vari-
able over all channel control volumes; for example,
BE;, = Z;ﬂ BE;. The sediment flux predicted by Eq. 3
is compared with the measured sediment flux at the
Strickersville stream gaging station to evaluate the sed-
iment budget methodology. Assessment of uncertainty
and error propagation are discussed below.

3.2 Headwater Tributary Inputs

Williamson (2013) analyzed 19 years of data from the
stream gaging station WCC Tributary above London
Grove. She developed a sediment rating curve, and
computed sediment fluxes for each discharge measure-
ment using the rating curve. This analysis resulted in
an annual suspended sediment flux estimate of 361 +
77 Mg/yr. This value, scaled by drainage basin area,
was used here as an estimate for all tributaries identi-
fied using the NHD HR Plus data and the World Topo-
graphic Map. The lengths of the tributaries identified
from the World Topographic Map were measured and
the drainage area determined using an empirical rela-
tionship between stream length and drainage basin area
(see Supplementary Materials, Fig. S1 and Table S2).
For tributaries identified from the DEM, nearly all of
which represented very small watersheds, a constant
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sediment flux of 15 + 3 Mg/yr was used. These meth-
ods for computing headwater tributary inputs are ad-
mittedly simplistic; errors that may arise are explored
in the Discussion.

3.3 Hillslope-River Corridor Headwater Trib-
utary Input Partitioning

The gaging station WCC Tributary above London Grove
is located on a second-order stream channel. Sediment
sampled at this location originates from upland areas
such as hillslopes and gullies and locations within the
river corridor, which could include sediment eroded
from floodplains, banks, and sediment stored within the
channel. To help watershed managers identify areas for
siting Best Management Practices to reduce sediment
loading, it is important to separate sediment supplied
from upland slopes and gullies from sediment sourced
from the river corridor. Karwan et al. (2018) and Rose
et al. (2018a,b) sampled storm flows at the WCC Trib-
utary above London Grove. Using geochemical fin-
gerprinting and a mass balance analysis, they identi-
fied a threshold discharge required for upland sediment
sources to provide sediment to the gaging station. Be-
low this threshold, sediment is primarily sourced from
within the river corridor. This threshold discharge is
0.97 (range: 0.78-1.28) m3/s, a flow that has a recur-
rence interval of 0.93 months (29 days). These results
imply that during events below the threshold discharge,
sediment eroded from hillslopes and gullies is primarily
stored in headwater landforms such as toeslopes, allu-
vial fans, and tributary floodplains. To partition the an-
nual flux at the WCC Tributary above London Grove be-
tween upland and river corridor sources, Williamson’s
(2013) analysis was repeated using the threshold dis-
charge as a purely binary discriminator. That is, for dis-
charges below the threshold of 0.97 m3/s, 100% of the
sediment was assigned to river corridor sources (iden-
tified as “bank erosion” below), while for discharges
above the threshold, 100% of the sediment was assigned
to upland hillslope (HS) sources. Similar to the meth-
ods used to determine headwater tributaries supply, our
approach for partitioning upland sediment supply be-
tween upland hillslopes and headwater river corridor
sources is quite simplistic. Errors resulting from these
methods are addressed in detail in the Discussion.

3.4 Measured Sediment Output Flux

Daily sediment discharge data for the WCC near
Strickersville for water years 2011-2024 were down-
loaded from https://nwis.waterdata.usgs.gov. Data were
summed for each year to determine the annual sedi-
ment flux (all yearly values are reported in the Supple-
mentary Materials, Table S3). The mean annual sus-
pended sediment flux for these years is 25300 Mg/yr,
with a standard deviation of 16 000 Mg/yr. The median,
minimum, and maximum values are 28 300 Mg/yr, 3400
Mg/yr, and 53 000 Mg/yr.

5

3.5 BankErosion

To determine values of bank erosion that can be used
in the sediment budget (Eq. 2), a spatially comprehen-
sive approach to estimating annual rates of bank ero-
sion is required. This is accomplished 1) through a lit-
erature review of relevant studies in the region to guide
an appropriate experimental design, 2) by assembling
a database of measured bank erosion rates within the
White Clay Creek and nearby watersheds, and 3) by cre-
ating an empirical model to predict bank erosion rates
that relies on variables readily available throughout the
WCC watershed.

3.5.1 A Conceptual Framework for Predicting
Bank Erosion Rates

Previous studies of the region provide a useful basis
for understanding bank erosion in the WCC watershed.
The WCC’s banks are frequently confined by bedrock
and anthropogenic structures; where present, bedrock
outcrops and engineering structures limit bank erosion
rates (Bodek et al., 2021), as is typically observed along
streams of the mid-Atlantic region (Pizzuto et al., 2018).
Unconfined banks of the White Clay Creek are com-
posed of cohesive clay, silt, and sand, with low organic
content (Pizzuto et al., 2023). Channels are typically
bordered by riparian forests or grasses and shrubs (Mc-
Carthy, 2018). Forested vegetation is associated with
reduced bank erosion rates compared with grassy or
herbaceous vegetation (Allmendinger et al., 2005; Hes-
sion et al., 2003; McCarthy, 2018; Pizzuto and Mecklen-
burg, 1989; Pizzuto et al., 2010). Freeze-thaw processes
loosen soil particles and enhance bank retreat rates dur-
ing the winter (Inamdar et al., 2018; Merritts et al., 2013;
Pizzuto, 2009; Wolman, 1959; Wynn and Mostaghimi,
2006). Eroding banks are often located along the out-
sides of bends, suggesting a link between bank erosion
and near-bank velocity or shear stress (Julian and Tor-
res, 2006; McMillan and Hu, 2017; Pizzuto and Meck-
lenburg, 1989). High stream banks upstream of mill
dams may locally enhance rates of bank erosion (Mer-
ritts et al., 2013), but Donovan et al. (2016) suggest that
this is a relatively minor process in the Maryland Pied-
mont, a conclusion that may be extended to the WCC
based on the paucity of millpond deposits preserved in
the White Clay Creek’s floodplains (Pizzuto et al., 2023).
Median bank retreat rates are ~5 cm/yr (Supplemen-
tary Materials, Table S4 presents bank erosion measure-
ments of Allmendinger et al., 2005; Pizzuto and Meck-
lenburg, 1989; Rhoades et al., 2009; Schenk et al., 2013,
Noe et al., 2020, 2022), so bank erosion should be mea-
sured on multidecadal timescales using precise meth-
ods.
3.5.2 Identifying Banks Confined by Bedrock and
Anthropogenic Structures

Based on field observations, bank erosion rates were as-
sumed to be negligible where banks were confined, ne-
cessitating a method for discriminating between con-
fined and unconfined streambanks. This was accom-
plished by mapping confined streambanks at selected
sites in the field (Supplementary Materials, Table S1),
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and developing an empirical topographic criterion to
separate confined banks from unconfined banks.

ARCGIS tools provided the basis for developing a
topographic criterion for identifying confined stream-
banks. First, discrete points were identified at 2-meter
intervals along mapped streambanks, providing a total
of 2 316 streambank points classified as either confined
or unconfined based on field observations. Then, relief,
R, was determined within a neighborhood of each bank
point, with the size of the neighborhood scaled by bank-
full channel depth, D;; (see Supplementary Materials,
Text S1, Figs. S2-S8, and Table S5 for details). The fol-
lowing criterion for confinement was found to correctly
classify 82% of the 2 316 field observations:

R
— > 1.7 4
By @

3.5.3 Empirical Approach For Computing Mass
Erosion Rates of Unconfined Streambanks

Several steps led to an approach for estimating bank
erosion rates of unconfined streambanks throughout
the WCC watershed (Supplementary Materials, Ta-
ble S1). ARCGIS routines were used to create chan-
nel centerlines at 2-meter intervals from the mapped
banklines; curvature was computed for each centerline
point using methods of Blanckaert and de Vriend (2010).
Then, estimates of decadally averaged rates of bank
retreat were compiled for the WCC and neighboring
watersheds from McCarthy (2018), Allmendinger et al.
(2005), and Pizzuto and Mecklenburg (1989); see Sup-
plementary Materials, Table S4. To avoid bias associ-
ated with previous studies’ focus on highly active erod-
ing banks, 12 additional locations were included for the
WCC where banks appeared to be stable (i.e., not erod-
ing) based on criteria of Pfankuch (1975). For each lo-
cation, additional explanatory variables were also com-
piled. Bankfull width was available from previous stud-
ies or (for new data from the WCC) estimated based
on nearby measurements reported by McCarthy (2018).
Curvature for White Clay Creek sites was computed as
described above. Curvatures for sites of Allmendinger
et al. (2005) and Pizzuto and Mecklenburg (1989) were
estimated from maps included in the original publi-
cations. Canopy cover was estimated using the 30-
meter resolution NLCD 2016 Tree Canopy L48_20190831
(CONUS) data set, described by Yang et al. (2018).

These data (summarized in Supplementary Materials,
Table S4) lead to a non-linear equation to compute bank
erosion rates, BE}, (with units of cm/yr):

WBFC
(0.004137 4 0.006519F0-3)

BE; = (5)

where Wy is the bankfull width (in meters), C' is the
channel curvature (units of 1/m), and F' is the canopy
cover as a percentage. Eq. 5 has an adjusted 2 of 0.57
and an RMSE of 7.312 cm/yr. The mean observed ero-
sion rate is 9.1 cm/yr, so scaling the RMSE by the mean
yields a fractional mean error estimate of 0.80, or 80%.
The exponent 0.3 on F is imposed, rather than deter-
mined by the non-linear regression. Plotting observed
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and predicted erosion rates suggests that Eq. 5 tends
to underestimate relatively higher erosion rates, i.e.,
those between 25 and 40 cm/yr (Supplementary Materi-
als, Fig. S9), an observation which resists facile explana-
tion beyond noting that our approach may neglect some
important variables.

Eq. 5 was used to estimate bank erosion rates
throughout the WCC mapped channel network. Bank-
full width was estimated using a relationship between
width and maximum channel length upstream (Supple-
mentary Materials, Fig. S10). Linear bank erosion rates
were converted to mass units by multiplying by the 2-
meter point spacing, the local bank height (Supplemen-
tary Materials, Fig. S11), and the depth-averaged bulk
density of 1.3 4+ 0.09 g/cm? obtained from 72 WCC sam-
ples (see Supplementary Materials, Figs. S11 and S12,
and Table S6). This approach assumes that the entire
bank height consists of relatively fine-grained sand, silt,
and clay that can be transported in suspension after ero-
sion. The low standard deviation of bulk density sup-
ports the use of a constant depth-averaged value. De-
tailed bank descriptions and sediment analyses justify
these assumptions (Bodek et al., 2021; McCarthy, 2018;
Pizzuto et al., 2022, 2023).

3.6 Floodplain Sedimentation

Annual floodplain sedimentation was computed for
each of the 140 valley reaches of the White Clay Creek
watershed following the 15 steps outlined in Supple-
mentary Materials, Table S7. The approach is summa-
rized briefly here, with additional details presented in
the Supplementary Materials (Text S5).

Linear floodplain sedimentation rates were compiled
from published (Marquard, 2015; Pizzuto et al., 2022)
and unpublished sources, yielding estimates for 10 lo-
cations in the WCC watershed (Supplementary Materi-
als, Text S5.1 and Table S8). Sedimentation rates are
uncorrelated with potential explanatory variables such
as canopy cover (Pizzuto, 2012), drainage basin area, or
valley slope, so an average value of 0.40+0.33 cm/yr was
used throughout the entire watershed. Because most
measurements were obtained close to the channel of
the White Clay Creek, and because natural levees are
common throughout the WCC watershed, results of Piz-
zuto (1987) for the nearby Brandywine Creek were used
to account for the decrease in floodplain sedimentation
rate with increasing distance from the channel. This re-
sulted in multiplying the constant value of 0.40 cm/yr by
a factor of 0.7 at all valley reaches (Supplementary Ma-
terials, Text S5.2).

The area of floodplain inundation was determined
following steps 5-14 of Table S7 (detailed in the Supple-
mentary Materials, Text S5.3 and S5.4). A representative
cross-section was extracted from the DEM, and the val-
ley slope was estimated from the channel’s bed slope,
adjusted for channel sinuosity. The water surface ele-
vation of the 10-year flood at the cross-section was com-
puted using Pizzuto’s (2012) 1-D hydrodynamic model,
calibrated to the rating curve obtained at the USGS gag-
ing station WCC near Strickersville. The fraction of the
inundated area corresponding to the active floodplain
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was estimated from these results (Supplementary Ma-
terials, Fig. S15), and the plane of the sloping water sur-
face within the valley reach was determined. A 0.3-
meter square grid was superimposed throughout the
valley reach in ARCGIS, and the elevations of each point
extracted from the DEM. Comparison of the elevations
of these points with the planar 10-year water surface de-
termined the number of points inundated by the 10-year
flood. Points within the channel and outside the active
floodplain were removed to determine the area of over-
bank sedimentation within the valley reach.

The mass of sediment deposited on the floodplain in
each valley reach per year was then obtained by multi-
plying the area inundated by the 10-year flood with the
corrected linear sedimentation rate and the floodplain
bulk density (from Section 3.4.3 above).

3.7 Fraction of Bank Erosion Comprised of
Legacy Sediment

In the mid-Atlantic region, the term “legacy sediment”
describes deposits in river corridors created as a result
of anthropogenic activities following European settle-
ment (James, 2018). Legacy sediments comprise a sig-
nificant thickness of alluvium in mid-Atlantic river cor-
ridors, and erosion of these deposits is often considered
a potential water quality issue (Donovan et al., 2015;
Hupp et al., 2013; Jacobson and Coleman, 1986; Lutgen
et al., 2020; Merritts et al., 2013; Noe et al., 2020).

To estimate the contribution of legacy sediment to the
sediment budget of the White Clay Creek, a chronology
for legacy sediment is needed. Pizzuto et al. (2022, 2023)
defined legacy sediments as those deposited between
1750 and 1950. These two chronostratigraphic horizons
have previously been determined for 6 locations in the
WCC watershed (Supplementary Materials, Table S9).
These data, along with bank-height measurements, re-
sulted in 6 estimates of the fraction of eroding banks
comprised of legacy sediments. The mean and standard
deviation of legacy sediment fractions (presented in Re-
sults, below) were used to estimate the legacy sediment
contribution from bank erosion to the sediment budget
of the WCC.

3.8 Nesting Sediment Budgets to Route Sedi-
ment From Specific Sources Downstream

Sediment entering a channel reach of the WCC can fol-
low two different paths. Some sediment can be stored
on floodplains, while other sediment can be carried out
of the reach and into the next reach downstream. Be-
cause each channel reach has its own empirically deter-
mined local sediment budget, the fraction of incoming
sediment that follows each path can be determined. By
continuing these computations from a specific location
through nested reaches downstream, the fate of sedi-
ment from any source in the watershed can be deter-
mined. In particular, the contribution from any source
to the watershed’s outlet sediment flux can be quanti-
fied.

Three assumptions facilitate computations. First, all
sediment entering a channel reach is considered as
equally likely to be either deposited on a floodplain
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or transported downstream, i.e., sediment within the
channel reach is treated as “well-mixed”. Second, sedi-
ment eroded from banks within a channel reach is not
redeposited within the same valley reach, but is car-
ried into the immediately adjacent channel reach down-
stream. Third, sediment deposited on a floodplain is
not remobilized within the 1-year time frame of the sed-
iment budget.

The first step in computing the downstream fate of
sediment from any source is to define a path from the
source to the basin’s outlet. A sequence of numbers,
P, is used to identify the N; channel reaches (each de-
noted by a unique number i;) traversed in order from
source channel reach ¢y to the basin outlet at channel
reach 140:

Py =i, iy, i ... 0 ... 140y, (6)

The flux of any quantity of sediment leaving control
volume iy and entering the first downstream reach ¢, is
denoted X;,. The fraction of sediment stored within
reach iy, F'S;,, is determined from its local sediment
budget:

FS; OD;, (7)

11 =
Qs—outio

The amount of X;, that is stored in reach ¢; is then

Xsgred = (FSiy) (Xsio) (8)

Similarly, the amount of X, leaving reach i;, which
can be denoted Xj;,, is

XSil = (1 - FSi1)(XSi0) (9)

Eq. 9 can then be applied recursively along the path

P, to determine how much of the flux X, remains after
being transported downstream along the path to reach

Zj.
J
37,] 57,0 H 1 - FS (10)

Note that all the terms under the product sign are
< 1, indicating that as sediment is carried progressively
downstream, the amount of sediment remaining will
continue to decrease. This occurs because sediment is
removed within each reach by overbank deposition, im-
plying that sources in the headwaters of the drainage
basin will contribute less sediment to the watershed’s
sediment yield than sources close to the basin outlet.

If both sides of Eq. 10 are divided by the initial sed-
iment flux X,;,, a dimensionless variable P,,, can be
defined:

J

Prob:]:[(1

k=1

- FS,,) (11)

P,op can be interpreted as the probability that a par-
ticle originating in channel reach iy will reach channel
reach i; within a year.
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3.9 Quantifying Uncertainty

Uncertainty arises for estimates of individual sedi-
ment budget components within each channel reach.
Additional errors arise from the quantities computed
from individual budget components, including the sed-
iment budget for the entire watershed obtained by sum-
ming individual reach-scale budget components and
the downstream routing computations outlined in Sec-
tion 3.8 above. Here methods for assessing error are
outlined in brief; a more detailed account is presented
in the Supplementary Materials, Text S6. Uncertainty
in computing the watershed output flux is assessed by
the standard deviation of the annual sediment flux mea-
sured at the gaging station WCC near Strickersville, PA.
The mean and standard deviation of the annual fluxes
at this gaging station are 25300 and 16 000 Mg/yr, re-
spectively, for a fractional uncertainty of 0.63. This as-
sessment of uncertainty only reflects annual variability
and does not account for measurement error, so it rep-
resents a minimum estimate of uncertainty in the out-
let sediment flux. Uncertainty in the headwater input
flux at gaging station East Branch WCC Tributary near
Avondale is reported by Williamson (2013). To estimate
uncertainty, rating curve errors were assessed for each
individual discharge, and then errors were summed fol-
lowing standard rules of error propagation (LibreTexts,
2025). Williamson (2013) reports a mean annual flux of
361 Mg/yr with a standard deviation of 77 Mg/yr, val-
ues that indicate a fractional uncertainty of 0.21. This
constant fractional uncertainty was used to assess un-
certainty in all headwater input fluxes, appropriately
scaled for varying drainage basin area. Uncertainty
in quantifying annual floodplain deposition in valley
reaches is assessed from the mean and standard devi-
ation of measured vertical accretion rates in the WCC
watershed, which are 0.40 and 0.33 cm/yr, values that
yield a fractional uncertainty of 0.83. This approach ne-
glects substantial uncertainty in assessing the area of
floodplain sedimentation in each valley reach, which
cannot be rigorously evaluated. As a result, the value
of 0.83 should be considered a substantial underesti-
mate of the true uncertainty in floodplain deposition.
Estimating uncertainty in bank erosion rates is more
complex. Bank erosion is assessed at 2-meter intervals
along each bank in a channel reach. The first step in
estimating erosion is to determine if the bank is con-
fined or unconfined, a decision that is wrong 18% of the
time. Then, if the bank is unconfined, linear bank ero-
sion rates are assessed using Eq 5, and the result is mul-
tiplied by the bank height and bulk density. Estimates of
linear erosion rate, bank height, and bulk density have
a collective uncertainty of 85%. Errors for individual
2-meter bank segments are then summed throughout
each channel reach, following rules of error propaga-
tion, to obtain error estimates for the annual bank ero-
sion flux for each channel reach. The equations used
to perform this analysis are presented and explained
in the Supplementary Materials, Text S6.2. Other re-
sults presented below are derived from the individual
reach-scale sediment budget variables (i.e., headwater
sediment inputs, bank erosion, and overbank deposi-

tion) of Eq. 2. Uncertainty in results derived from the
individual reach-scale variables are obtained by propa-
gating errors associated with each reach-scale variable
through the computations.

4 Results

4.1 Sediment Budget Data For Individual
Channel Reaches

Maps showing individual sediment budget components
and the net budget obtained by summing these com-
ponents for all watershed channel reaches identify hot
spots of sediment production and storage (Fig. 2). Head-
water input values (Fig. 2a) are high at the upstream
ends of the network, a few channel reaches of the West
Branch (where Bodek et al. (2021) noted a migrating
knickpoint that has created locally steep topography),
and at a small number of channel reaches scattered
throughout the watershed. Bank erosion appears to be
more uniformly distributed, with a few local hotspots
(Fig. 2b). Floodplain deposition is generally low in head-
water reaches, with the higher values closer to the wa-
tershed outlet (Fig. 2c). Several reaches along the lower
West Branch appear to be deposition hotspots, likely
due to unusually wide and straight valleys (resulting
from local geological controls) that create large areas
for floodplain sedimentation. Reach sediment budgets
average ~100 Mg/yr (Fig. 2d and 2e). Some headwater
reaches have a net budget of over 500 Mg/yr (possibly
because storage is not considered upstream of the chan-
nel network), while the net budget for others is negative
due to high rates of floodplain deposition. Fractional
errors in reach budgets are highly variable, averaging
around 0.2 but ranging from 0.1 to 32 (Fig. 3). A few large
fractional errors arise because the net budget is close to
zero for some locations, resulting in large error ratios
when errors are divided by very small net budget values.
The cumulative sediment flux at each valley reach (from
Eq. 3 applied to each reach rather than the outlet of the
basin) illustrates how sediment flux accumulates down-
stream (Fig. 4a and 4b). The sediment flux from the up-
per third of the network remains around 2000 Mg/yr.
Sediment flux in the East Branch White Clay Creek ex-
ceeds that of the other two branches, reaching values
of around 6000 Mg/yr about halfway downstream to
the watershed outlet. Fractional errors in the cumula-
tive sediment budget average around 0.2 in headwater
reaches, decreasing to 0.05 near the watershed outlet
(Fig. 4b).

4.2 Routing Sediment Flux Components
Through the Watershed

When headwater sediment fluxes are routed down-
stream using Eq. 10, they decrease as some sediment
is progressively stored on floodplains. Figure 5 demon-
strates that the decrease can be substantial, suggesting
that relatively little sediment supplied from the head-
waters will reach the outlet of the watershed. This ob-
servation is quantified in Fig. 4c and 4d, which map the
fraction of the sediment supplied in each channel reach
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Figure2 Sediment budget components for 140 channel reaches of the WCC. Symbols denote the downstream limit of each channel reach. A) Headwater
input. Note that the colorbar for a also applies to panels b and c. B) Bank erosion. C) Floodplain deposition. D) Reach-scale sediment budget computed as
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Figure3 Map and boxplot of the logarithms (base 10) of the absolute val-
ues of the fractional errors of the net sediment fluxes (Fig. 2D,E) produced
in each channel reach. For reference, the actual (non-logarithmic) frac-
tional errors are provided for key values on the left sides of the colorbar
and boxplot. Fractional errors are plotted as logarithms because some net
fluxes are smaller than their absolute error terms, resulting in very large
fractional errors.

that reaches the outlet of the basin (i.e., the variable P,
defined by Eq. 11). Only about 20% of the sediment sup-
plied in headwater channel reaches of the West, Mid-
dle, and East Branches of the White Clay Creek reach the
outlet of the basin within a year. Values of P, progres-
sively increase downstream, gradually approaching 1
near the watershed outlet. Fractional errors in these es-
timates are substantial (Fig. 4d), with some values near
1 in the headwaters and values of ~0.2-0.6 elsewhere.

Routing the sediment supplied from each reach to
the outlet of the basin also allows estimation of the
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fractional contribution from each reach to the water-
shed’s sediment yield (Fig. 6). Most reaches within the
White Clay Creek watershed contribute ~1% towards
the watershed’s sediment yield, but a few hotspots con-
tribute 2-3.5%. Hotspots of watershed sediment yield
are mostly located in the lower reaches of the water-
shed.

4.3 Integrated Watershed-Scale Sediment
Budget

The partitioning of the upland sediment flux at the
U.S. Geological Survey’s gaging station East Branch WCC
Tributary above London Grove indicates that 76% of
the headwater sediment input is supplied from upland
sources, with 24% from bank erosion. When these re-
sults are combined with the individual sediment bud-
gets for all reaches, and the results are summed, the
watershed-integrated sediment budget of Table 1 and
Fig. 7 is obtained. Bank erosion is the largest compo-
nent (1.35 £ 0.05 times the computed watershed out-
put), with floodplain deposition representing 0.89 +0.04
and headwater input representing 0.54 + 0.02 times
the computed output. The computed output of 11710
(11 330-12 090) Mg/yr is within the uncertainty envelope
of 9300-43000 Mg/yr of the measured output, so the
predicted output is consistent with available measure-
ments. However, the measured mean annual sediment
flux of 25300 Mg/yr is 2.2 times greater than sediment
flux determined by solving the sediment budget equa-
tions.

When all sources are routed downstream to account
for deposition on floodplains using Eq. 10, bank ero-
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Figure4 Uppertwo panels present the cumulative sediment flux leaving each channel node (panel A) and the associated fractional errors (panel B). Lower
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Table1l Watershed-integrated sediment budget components computed from Eq. 3 and corresponding outlet contributions obtained by routing sediment
downstream using Eq. 10 for the White Clay Creek (WCC) watershed. Measured Output represents the annual suspended sediment flux measured at the U.S.
Geological Survey gaging station WCC near Strickersville. Headwater input is partitioned into Upland and Bank Erosion components using criteria developed
by Rose etal. (2018a) and Rose et al. (2018b). Contributions from erosion of legacy sediments are also included. Particularlyimportant results are highlighted

in gray. Values in parentheses indicate uncertainty ranges.

Watershed Integrated  As

Fraction of

Component @ Outlet Outlet Component as

Budget Component Value (Mg/yr) Computed Output  from Eq. 10 (Mg/yr) (I;r::;Ltatn of Computed
Total Headwater Input 8290 (8060-8520) NA 3770 NA
gi%‘iwater nPut = P~ 6300 (6130-6470) 0.54 (0.52-0.56) 2870 0.24 (0.22-027)
Headwater Input = Bank 1990 (1930-2045) NA 900 NA
Erosion
Non-teadwater B2k 13500 (13620-13980) NA 7940 NA
Erosion
Total Bank Erosion 15790 (15600-15980) 1.35(1.30-1.40) 8840 0.76 (0.71-0.80)
Legacy Sediment Erosion 7100 (4900-9300) 0.61 (0.42-0.80) 3980 0.34 (0.28-0.40)
Floodplain Deposition 10380 (10140-10620) 0.89 (0.85-0.93) NA NA
Computed Output 11710 (11330-12090) 1.00 (0.95-1.05) NA NA
Measured Output 25300 (9300-41300) 2.20 (0.79-3.53) NA NA
Fraction of Headwater Input From Uplands = 0.76
Fraction of Bank Erosion From Legacy Sediment = 0.45 (0.31-0.59)
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Figure 6 Fraction of the watershed sediment yield contributed by each
channel reach.

sion accounts for 76 + 5% of the watershed sediment
flux, approximately three times the 24 + 3% accounted
for by upland headwater erosion. This implies that
upland headwater inputs are preferentially stored on
floodplains relative to bank erosion, likely because the
headwater inputs (by definition) originate at the far-
thest distances from the basin outlet, enhancing the
probability of sediment storage on floodplains as sedi-
ment moves downstream.

Table 1 also indicates that 45% (31-59%) of bank
erosion in the WCC is comprised of legacy sediments.
When bank erosion is routed downstream to the outlet
of the basin, erosion of legacy sediments accounts for
349% (23-45%) of the watershed’s annual sediment yield.

5 Discussion

Individual reach-scale sediment budget components
are broadly similar in magnitude (~100-~300 Mg/yr;
Fig. 2), with localized hotspots of sediment supply and
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Figure 7 Graphical illustration of the watershed-integrated sediment
budget, including contributions from upland hillslopes and headwater
bank erosion. Boxed triangles (sized using the scale bar of the sediment
budget) at left indicate statistics of the measured suspended sediment flux
at the U.S. Geological Survey gaging station WCC near Strickersville, PA.
The triangles provide a graphical comparison between the measured out-
let flux and the outlet flux computed from the sediment budget.

storage. Because there are two input components
(headwater tributary supply and bank erosion) and only
a single sink (floodplain deposition), net budgets for
individual reaches are nearly always positive (~100
Mg/yr), so cumulative annual fluxes increase down-
stream towards the outlet of the basin (Fig. 5a). Sed-
iments supplied from individual channel reaches are
progressively sequestered on floodplains as they move
downstream, such that only ~20% of the sediment sup-
plied from the far headwaters reaches the outlet of the
basin (Figs. 4 and 5c).

After headwater tributary inputs are partitioned be-
tween upland hillslope sources and tributary bank ero-
sion, bank erosion emerges as the largest component of
the sediment budget, representing 1.35 times the mea-
sured output as compared to values of 0.54 and 0.89 for
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headwater input and overbank deposition, respectively
(Table 1). Routing individual components downstream
indicates that the bank erosion contribution to the out-
let flux of 76% exceeds the 24% contributed by upland
sources by a factor of ~3. These results are consistent
with results obtained elsewhere within the mid-Atlantic
region (Noe et al., 2020). For example, Gellis et al. (2017)
report a range of 23-82% for the bank erosion contri-
bution to sediment yield for 8 mid-Atlantic watersheds,
with an average value of 52%, somewhat lower than the
76% obtained here.

Stratigraphic data from 6 eroding streambanks of the
WCC suggest that legacy sediment contributes 45 + 14%
to the total bank erosion component of the sediment
budget of the WCC. Though based on limited data, this
result is consistent with the value of 57 + 16% for
the legacy sediment contribution to bank erosion in
Maryland reported by Donovan et al. (2015), and it is
nearly identical to the average value of 47% obtained
from Pizzuto’s (2022) synthetic stratigraphic data for the
mid-Atlantic Piedmont. Routing the contribution from
legacy sediment downstream to the watershed outlet us-
ing Eq. 10 indicates that 34 4+ 6% of the watershed sedi-
ment yield is comprised of legacy sediment.

5.1 Benefits and Limitations of the Nested
Sediment Budget Approach

The nested sediment budget approach and its routing
capabilities quantify the connectivity between all wa-
tershed locations and the basin outlet (Fig. 5¢). This al-
lows sediment sources to be connected to the outlet of
the basin either by location or by category (e.g., bank
erosion). For example, Table 1 quantifies contributions
by both bank erosion and erosion of legacy sediment to
the watershed sediment yield. Sediment contributions
to the outlet flux have also been determined for all chan-
nel reaches in the WCC watershed (Fig. 6), potentially
guiding watershed managers to select sites for restora-
tion projects to reduce sediment loading.

However, all sediment budget computations pre-
sented above only represent snapshots of current con-
ditions. In particular, the metric P, represents the
contemporary behavior of the watershed only. It can-
not represent future conditions, for example, those im-
posed by watershed restoration at a particular loca-
tion, because restoration activities would change the
parameters F'S;, (fraction of the input load stored in
a reach) in Eq. 10 and Eq.11 in unpredictable ways.
Furthermore, sediment budgets represent annual sed-
iment fluxes averaged over decades, and cannot there-
fore reflect temporal variability in the magnitude and
frequency of storm events. Thus, while the nested sedi-
ment budget approach can prove useful in identifying
locations to consider for watershed restoration, addi-
tional methods will be needed to predict the results of
restoration designs implemented in specific locations
in the watershed, particularly under changing hydro-
logic conditions caused by changes in land use or cli-
mate.
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5.2 Evaluating Uncertainty

Sediment budgets are often plagued by substantial un-
certainty, so errors are important to document and
quantify (Grams and Schmidt, 2005; Grams et al., 2019;
Kondolf and Matthews, 1991; Parsons, 2011), particu-
larly when sediment budgets are designed to guide man-
agement decisions. For the WCC, sediment budgets of
individual channel reaches have fractional errors that
are typically ~20%, but fractional errors can be much
higher when the local sediment flux is low (Fig. 3). Rout-
ing sediment from individual sources downstream can
create larger uncertainties (Figs. 4 and 5d), which ap-
pear to average ~50% (Fig. 5d) but can be even higher.
Fractional errors associated with the cumulative sedi-
ment flux are ~20% in upstream reaches but decrease
towards the outlet of the basin to ~5% (Fig. 5b). Note
that fractional errors decrease downstream because ac-
cumulating errors expressed as fractions vary by a fac-
tor of N~'/2 where N is the number of measurements,
and N increases downstream.

Despite a concerted effort to account for uncertainty
and to propagate errors through all computations, im-
portant sources of error have been neglected. The sed-
iment budget framework of Eq. 2, for example, may be
incomplete, and neglected terms could influence sed-
iment processes in the White Clay Creek watershed.
The bank erosion model developed here assumes that
no sediment is contributed through erosion of confined
banks, but field observations suggest that this assump-
tion is not always true. Further analysis of the distribu-
tion of confined banks, perhaps relying on surficial ge-
ological mapping, and studies of the erodibility of con-
fined banks are needed. Computations of bank erosion
estimate bank height based on a hydraulic geometry re-
lationship because of limitations in interpreting local
bank height from the DEM; this approach neglects sys-
tematic local variations in bank height that should be in-
cluded in a more precise sediment budgeting approach.
Important errors also arise from the methods used to
determine the area of overbank sedimentation. The
choice of the 10-year flood to represent flood discharges
is arbitrary and perhaps difficult to justify as a general
approach. The 1-D model for determining the elevation
of the water surface during overbank flows, and its rep-
resentation as a planar surface within a reach are both
simplistic methods that could be improved. Our meth-
ods also treat headwater tributaries as uniform with re-
gard to sediment production, a considerable idealiza-
tion. All of these factors imply that the true uncertain-
ties of the sediment budget are much larger than re-
ported.

5.3 Avenues for Future Research

As suggested above, better methods are needed to es-
timate headwater sediment inputs. The approach fol-
lowed here assumes that all upland watersheds, once
scaled by drainage basin area, are identical to the wa-
tershed of the East Branch WCC Tributary near Lon-
don Grove. However, local variations in geology, slope,
soil type, land use, vegetation cover, and the occurrence
of active gullies and other erosion hotspots likely in-
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fluence input from headwater tributaries. Upland sed-
iment storage and connectivity between sources and
the channel network could also be included (Heckmann
and Vericat, 2018). Furthermore, the method used to
partition headwater sediment supply between upland
hillslope and river corridor sources is also too simplis-
tic. Our approach relies on a single threshold discharge,
below which all sediment is supplied from bank ero-
sion, and above which all sediment is supplied from hill-
slope erosion and other upland sources. This is clearly
unrealistic, as both source categories should be active
to some degree over all discharges. It would also be de-
sirable to add more observations of bank erosion and
floodplain deposition, and to decrease reliance on mod-
els of these processes. Models have been used to esti-
mate bank erosion rates, and a simple basin-wide av-
erage has been used to represent floodplain deposition
rates. However, itis not obvious how to increase the spa-
tial coverage of direct measurements without greatly in-
creasing the effort involved. The magnitudes of annual
topographic change associated with erosion and deposi-
tion in the White Clay Creek watershed are small, on the
order of decimeters or less for bank processes and mil-
limeters for floodplain processes. For highly vegetated
areas such as the White Clay Creek, these changes are
too small to detect using repeat lidar measurements or
structure-from-motion analyses of remotely sensed im-
agery, so labor-intensive point measurements of bank
erosion and floodplain sedimentation are still required,
as are methods to extrapolate these spatially. Develop-
ing improved methods to obtain these data should be
a high priority for future research. Finally, automated
workflows to map channel reaches and estimate their
attributes would streamline creation of future nested
sediment budgets. Previous studies suggest that the
means of attaining this goal are already available (Baker
etal., 2018; Jasiewicz and Stepinski, 2013; Lamont et al.,
2019).

6 Conclusions

An annual suspended sediment budget for the 5th-
order, 153.3 km? watershed of the WCC, Piedmont
Province, southeastern Pennsylvania, U.S.A., quantifies
relationships between headwater tributary input, bank
erosion, floodplain sedimentation, and suspended sed-
iment transport. Gaging station data provide estimates
of sediment fluxes from headwater tributaries and at
the outlet of the basin. To assess bank erosion, con-
fined reaches were identified using a relief threshold,
and erosion rates for the remaining unconfined reaches
were determined using an empirical equation based on
channel curvature and canopy cover. Floodplain sed-
imentation rates were averaged across the basin, and
extrapolated across floodplains by modeling inunda-
tion by the 10-year flood. Previous sediment finger-
printing analyses suggest that 76% of headwater sedi-
ment fluxes are sourced from upland hillslopes, with
the remaining 24% from headwater tributary stream-
banks. Stratigraphic observations (Pizzuto et al., 2022,
2023) suggest that 45 £ 14% of eroding banks consist of
legacy sediments. After accounting for floodplain stor-
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age during downstream transport, eroded legacy sedi-
ments comprise 34 + 6% of the total sediment flux from
the watershed. The sediment budget is constructed
by solving mass balance equations across 140 nested
channel reaches. This approach identifies local varia-
tions in sediment production, storage, and transport,
but more importantly, allows routing of sediment from
any source downstream to the basin outlet, quantifying
individual source contributions to the watershed sed-
iment yield. Summing sediment budget components
for each channel reach yields the traditional, basin-
averaged sediment budget. Bank erosion is the largest
component of the basin-averaged sediment budget (1.54
times the computed output), exceeding floodplain sed-
imentation (0.89 times the computed output) and hill-
slope erosion (0.54 times the computed output). The
mean annual measured output at the U.S. Geological
Survey’s stream gaging station WCC near Strickersville
(25300 Mg/yr) exceeds the output computed from the
sediment budget (11 710 Mg/yr) by a factor of 2.2, but the
computed value is within the uncertainty range of the
measurements (9 300-41300 Mg/yr), so the sediment
budget can be considered balanced. Routing sediments
from all watershed sources downstream to the basin
outlet provides additional insights. Because sediments
are progressively stored on floodplains with increasing
transport distance, only about 20% of the sediment sup-
plied from the upper reaches of the watershed reaches
the outlet of the basin within a year. Routing computa-
tions predict that bank erosion contributes 76% of sedi-
ment flux leaving the watershed, with upland hillslopes
contributing the remaining 24%.

A common goal of sediment budgeting studies is to
determine where sediments are sourced within a wa-
tershed. This information is needed to inform sedi-
ment management decisions to mitigate issues associ-
ated with excess sediment loading. Traditional spatially
integrated sediment budgets, though they quantify the
magnitudes of sediment budget components, fail to ex-
plicitly connect sediment sources to specific delivery lo-
cations. The nested sediment budget approach illus-
trated here provides a new, parsimonious method for
providing this information.
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