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Abstract

Purpose The equilibrium sediment exchange process is defined as instantaneous deposition of suspended sediment to the
streambed countered by equal erosion of sediment from the streambed. Equilibrium exchange has rarely been included in
sediment transport studies but is needed when the sediment continuum is used to investigate the earth’s critical zone.

Materials and methods Numerical modeling in the watershed uplands and stream corridor simulates sediment yield and sediment
source partitioning for the Upper South Elkhorn watershed in Kentucky, USA. We simulate equilibrium exchange when upland-
derived sediment simultaneously deposits to the streambed while streambed sediments erode. Sediment fingerprinting with stable
carbon isotopes allowed constraint of the process in a gently rolling watershed.

Results and discussion Carbon isotopes work well to partition upland sediment versus streambed sediment because sediment
deposited in the streambed accrues a unique autotrophic, i.e., algal, fingerprint. Stable nitrogen isotopes do not work well to
partition the sources in this study because the nitrogen isotope fingerprint of algae falls in the middle of the nitrogen isotope
fingerprint of upland sediment. The source of sediment depends on flow intensity for the gently rolling watershed. Streambed
sediments dominate the fluvial load for low and moderate events, while upland sediments become increasingly important during
high flows and extreme events. We used sediment fingerprinting results to calibrate the equilibrium sediment exchange rate in the
watershed sediment transport model.

Conclusions Our sediment fingerprinting and modeling evidence suggest equilibrium sediment exchange is a substantial process
occurring in the system studied. The process does not change the sediment load or streambed sediment storage but does impact
the quality of sediment residing in the streambed. Therefore, we suggest equilibrium sediment exchange should be considered
when the sediment continuum is used to investigate the critical zone. We conclude the paper by outlining future research priorities
for coupling sediment fingerprinting with watershed modeling.

Keywords Carbon stable isotopes - Sediment continuum - Sediment fingerprinting - Watershed sediment transport modeling

1 Introduction

A deep understanding of sediment continuum dynamics
provides a valuable framework in which to evaluate the
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Table 1 Review of organic tracers applied in sediment fingerprinting studies
Study Watershed  Sediment sources Organic tracers
(km?)

Studies considering distal/upland sources with different land uses and vegetative cover

Papanicolaou et al. (2003)
Bellanger et al. (2004)

Minella et al. (2004)*
Dalzell et al. (2007)
Gibbs (2008)*
Jacinthe et al. (2009)

Kouhpeima et al. (2010)*
Nazari Samani et al. (2011)*

600
25%%

1.3,0.57
850

117
Unspecified

1.0,54
Unspecified

Winter wheat agriculture and conifer forest silt loam soil
Experimental coffee, maize, and bare plots

Cultivated areas, pastures, unpaved roads
Corn, soybean, tall fescue
Pastures, forested areas

Corn, soy bean, rye rotation, plowed continuous corn, no-till
continuous corn
Gullies, surface materials from various soil formations

Gully side wall, dry farming and rangeland

Studies considering distal/upland sources as well as streambanks or floodplains

Walling et al. (1993)

Walling and Woodward (1995)*

Collins et al. (1997)*

Walling et al. (1999)*

Russell et al. (2001)*

Walling et al. (2001)*

Gomez et al. (2003)

Walling (2005) (via Nicholls 2001;
unpublished dissertation)*

Fox and Papanicolaou (2007)

Fox and Papanicolaou (2008a)

Fox and Papanicolaou (2008b)

Rhoton et al. (2008)*

Fox (2009)

Gellis et al. (2009)*

Mukundan et al. (2010)*
Mukundan et al. 2011%*

Blake et al. (2012)*

Jung et al. (2012)
Hancock and Revill (2013)*

Slimane et al. (2013)*
Fox and Martin (2015)

Smith and Blake (2014)*
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46

276

46, 8.7
3315

2 (~4 km?)
63

1580

258

0.71

15

600

150

4 (~2 km?)

109-156
182
182
1.45

60
3860

2.63
35,22

920

Pastures, cultivated agriculture
Streambanks

Cultivated areas, pastures

Streambanks

Pastures, cultivated areas, woodland
Streambanks

Woodland topsoil, uncultivated topsoil, cultivated topsoil
Streambanks

Field drains, pastures, arable land, hopyards
Streambanks

Cultivated areas, bush grazing, gullies
Streambanks

Weathered bedrock from gullies, soil and regolith on hillslopes

Floodplains

Woodland topsoil, pastures, cultivated topsoil

Streambanks

Agricultural hillslopes

Floodplains

Logging in conifer forest, hay pastures, winter wheat and peas
agriculture

Winter wheat-floodplains

Winter wheat-uplands, hay pastures, conifer forest, agricultural

conservation reserve-uplands
Winter wheat-floodplains, agricultural conservation
reserve-floodplains
Fan remnants, hillslopes, mountain slopes, alluvial fans
Floodplains

Surface coal mining, forested areas, reclaimed grassland, geogenic

organic matter
Streambanks
Construction sites, ditches, agricultural topsoil, forested areas
Streambanks and floodplains

Croplands, pastures, forested areas, unpaved roads, construction

sites Streambanks and floodplains

Croplands, pastures, forested areas, unpaved roads, construction

sites Streambanks

Maize agriculture, winter wheat agriculture, pastures, wooded
areas Streambanks

Forested areas, cultivated fieldsStreambanks

Cultivated areas, forested areas, pastures, subsoils
Streambanks

Cropland topsoils, grasslands, scrublands, gullies
Streambanks

Surface reclaimed mining soils, forested areas
Streambanks

Pastures, cultivated topsoil

oB¢, 6°N, CN

53¢, 6N, TOC, TN,
CIN

TOC, TN, TP
sB¢, DOC
(e

B

TOC, TON, TOP
OC,N, C/N

TOC, TN

TOC, TON, TOP
TOC, TON, TOP
TOC, TON, TOP
TOC, TN, TP
TOC, TON
s1C, CIN

TOC, TON
§3C, 6N, CN

SN, C/N

TOC, TON, TOP, §'°N

53¢, 6N, C/N, TOC,
TN

o3¢, 6°N, TOC, TN
53¢, 6N, TOC, TN
5N

TOC, TN

P

53¢, 6N, TOC
sBc

TOC, TN
53¢, 6N, TOC, TN

TOC
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Table 1 (continued)

Study Watershed ~ Sediment sources Organic tracers
(km?)

Streambanks

Laceby et al. (2015) 75, 123, Gullies, cultivated agriculture, grazing pastures, natural grazing 53¢, 6N, TOC, TN,

311 land C/N

Streambanks

Stewart et al. (2015)* 324 Forested areas, roads, pastures, cropland topsoil 53¢, 6N, TOC, TN
Streambanks

Laceby et al. (2016) 171, 265, Cultivated topsoil, forested areas, subsoils 53¢, 6N, TOC, TN

77

McCamey-Castle et al. (2017) 217 Upland surfaces 513¢, 6N

Streambanks
Studies considering streambed and other sources

McConnachie and Petticrew (2006) 75 Organic matter sources 53¢, "N, C/N
Leaf litter, detritus
Algae, periphyton, decaying salmon

Bonn and Rounds (2010) 1840 Leaf litter, upland soils, detritus 53¢C, § ISN, C/N
Suspended sediment, macrophytes, phytoplankton, periphyton,

wastewater treatment effluent

Fox et al. (2010) 61.8 Streambanks, bank slumping 8N, TOC, TN, C/N
Streambed

Schindler Wildhaber et al. (2012) 31 Forested areas, pastures, arable land 53¢, 6N, C/N
Riverbed, algae

Cooper et al. (2015)* 54 Organic matter sources s3c
Streambed sediments

McCorkle et al. (2016) Unspecified Surface erosion (O horizon) oB¢, 6N, CN
Streambanks
Streambed

Rose et al. (2018)* 7.25 Agricultural surface soil, forested surface and subsurface soil, OC, ON, C/N

pastures, gullies 53¢, "N

Streambanks
Floodplains
Streambed

Zhang et al. (2017)* 3 Farmyard manures/slurries, damaged road verges, septic tanks o3¢, N

(~70 k-  Decaying instream vegetation, watercress farms, fish farms

mz)

*Note: These studies also applied inorganic and/or radionuclide tracers. Only organic tracers are tabulated herein

#430 m? plots within the 25-km® catchment

et al. 2015). We suggest more emphasis on the streambed
and a process termed “equilibrium sediment exchange”
should be considered when the critical zone is evaluated
with the sediment continuum. Equilibrium sediment ex-
change is the process of instantaneous deposition of
upland-derived suspended sediment to the streambed coun-
tered by equal erosion of instream sediment from the
streambed (Husic et al. 2017). The process does not change
the suspended sediment load or the stored mass of sedi-
ment in the streambed reflecting equilibrium sediment con-
tinuity (e.g., Chang 1988). Equilibrium sediment exchange
occurs because low momentum zones of sweeping coher-
ent fluid episodically deposit sediment to the streambed
while fluid ejections episodically resuspend bed sediment
to the water column (Cellino and Lemmin 2004; Husic
et al. 2017). The equilibrium sediment exchange process
of simultaneous deposition and erosion is known to exist

(Cellino and Lemmin 2004; Winterwerp and Van Kesteren
2004) but is rarely included in fluvial sediment transport
models (Husic et al. 2017).

Sediment fingerprinting using organic tracers provides
a potential tool to estimate the contribution of sediment
from upland-derived and instream-derived streambed sed-
iment and, in turn, assist with parameterizing equilibrium
sediment exchange during watershed sediment transport
modeling. Our literature review (see Table 1) suggests
few studies have used sediment fingerprinting with organ-
ic tracers to partition upland-derived versus streambed-
derived sediments, albeit we recognize several studies
have considered the streambed source. Organic tracers
are expected to partition upland and streambed sediments
for the scenario when upland sediment deposits to the
streambed and then accrues a unique fingerprint from
the autotrophy of the streambed. Therefore, the success

@ Springer
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of the approach will be conditional on a biogeochemically
active streambed, an accrued organic tracer signature that
is unique, and the presence of instream fluvial storage in
the streambed. Another consideration is the streambed
may be continuously evolving due to physical and bio-
geochemical processes. Thus, we might expect the organ-
ic tracer fingerprint to be nonstationary (Fox et al. 2010;
Ford et al., 2015a, b), which needs to be accounted for
during critical zone simulation.

Sediment fingerprinting may partition upland and
instream sediments; however, we realize that sediment
fingerprinting alone cannot provide answers such as the
time-varying nature of erosion and deposition rates, equi-
librium sediment exchange rates, and continuous sediment
flux from a watershed. Coupling sediment fingerprinting
with watershed modeling provides a useful composite tool
for estimating sediment process rates and serves as a po-
tentially new class of sediment transport studies. In the
present study, we couple sediment fingerprinting with an
upland sediment transport model that estimates sediment
connectivity in a spatially explicit manner (Mahoney et al.
2018) and an instream sediment transport model explicitly
accounting for benthic sediment stores including both
consolidated legacy sediments and the surficial fine-
grained laminae (Russo and Fox 2012). We were motivat-
ed to investigate how sediment fingerprinting of upland
and instream sediments could be useful for calibrating the
equilibrium sediment exchange process.

The overall goal of this paper was to investigate equi-
librium sediment exchange using sediment fingerprinting
and watershed sediment transport modeling. Specific ob-
jectives were to (1) test and, if applicable, use sediment
fingerprinting with stable carbon and nitrogen isotopes to
partition upland sediment versus streambed sediment; (2)
couple sediment fingerprinting with watershed sediment
transport modeling and use sediment fingerprinting to cal-
ibrate the equilibrium sediment exchange process; and (3)
investigate the role the equilibrium sediment exchange
process plays when applying the sediment continuum to
study the earth’s critical zone.

2 Theoretical development

Figure 1 outlines the sediment transport processes in a
gently rolling watershed framing the basis of our theoret-
ical development. The upland morphology of gently
rolling watersheds includes relatively stable land surfaces
and ephemeral sediment pathways (e.g., swales, gullies,
roadside ditches) (Jarritt and Lawrence 2007; Ford 2011;
Ford and Fox 2014; Mahoney et al. 2018). Mild hillslopes
and fertile soils support agricultural and urban/suburban
land uses, which further stabilize upland sediment

@ Springer

pathways and floodplains (Mahoney et al. 2018). Low
gradient to near-zero gradient microtopography of gently
rolling landscapes can stifle sediment transport (Mahoney
et al. 2018), and the floodplains can disconnect entire
hillslopes from downstream sediment transport (Fryirs
et al. 2007a, b; Mahoney et al. 2018). Sediment delivered
from the uplands to the stream corridor during hydrologic
events often fallout to temporarily stored streambed de-
posits because the sediment transport-carrying capacity
cannot sustain the upland sediment inputs (Russo 2009).

In the stream network, streambed storage of fluvial
sediment can include consolidated legacy sediments as
well as a biologically active, unconsolidated layer known
as the surficial fine-grained laminae (or SFGL, Droppo
and Stone 1994; Droppo and Amos 2001). The agricul-
tural land use of gently rolling systems produces dis-
solved nutrient loading to the stream that supports autot-
rophy, such as benthic algae growth in and above the
SFGL (Ford and Fox 2017). The SFGL is a sediment
layer on the order of a few millimeters to centimeter thick,
is fluffy and neutrally buoyant with high water content,
and has interparticle—interfloc pores where biological pro-
cesses are persistent (Droppo and Stone 1994; Droppo
and Amos 2001). The SFGL can accumulate organic mat-
ter, and the flora and fauna of the SFGL have been
reviewed previously (see Russo and Fox 2012, and
references therein) and include autotrophic algae, fungi,
macrophytes, benthic macroinvertebrates (e.g., crayfish,
aquatic worms), biofilm development via the live bodies
of microorganisms and their excretions, and heterotrophic
bacteria responsible for carbon turnover and nitrogen min-
eralization. Taken together, these biological processes of
the SFGL have the potential to impact sediment transport
through binding and decomposition mechanisms while at
the same time provide a unique organic fingerprint for
sediment fingerprinting analyses.

As mentioned in Section 1, we consider equilibrium
sediment exchange between the water column and stream-
bed. Equilibrium sediment exchange is the process of in-
stantaneous deposition of suspended sediment to the
streambed countered by equal erosion of sediment from
the streambed (Husic et al. 2017). Past findings allowed
us to adopt equilibrium sediment exchange driven by the
turbulent bursting phenomena (Cellino and Lemmin
2004). The sweeping motions of turbulent bursts permit
fine sediments to arrive near bed deposits, allowing depo-
sition. The ejection motion resuspends bed sediments in
the water column. The downwelling—upwelling motion of
turbulent bursting provides a conceptual model for
representing the sediment exchange process, even during
equilibrium conditions where zero change of suspended
load in the water column occurs. We consider the total
mass of sediment transferred during equilibrium
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Fig. 1 Gently rolling watershed
configuration and
conceptualization. “Gently
rolling” reflects “undulating”
landscape slopes (i.e., not steep)
with the potential for steeper
sections of complex hillslopes
classified as “rolling” (USDA
2017, p. 44)

i
dpyes

1l
Wit

1 - Upland Erosion
2 — Microtopography Deposition
3 - Instream Sediment Transport

4 — Deposition

5 —Bank Erosion
6 — SFGL and Bed Erosion
7 — Gully/Swale Sediment Transport

8 — Equilibrium Sediment Exchange

exchange, S,, as a function of sediment transport during
bursting as follows:

S. —fn suspended sediment availability,
=
bed sediment availability, bursting, duration of the process

(1)

The components of Eq. (1) realize equilibrium ex-
change is not less simple than sediment transport pre-
diction itself. Nevertheless, we may begin to substitute
likely governing variables controlling the components of
Eq. (1) as:

Sx = fn[{CZ.Sf VW' Z*» dssr O-ss}r {dss: Oss,) dbs: Obps:» (Tburst - Tcr)}: {SBJ TB_lr ks' H}: {td}] (2)

The first group of variables reflects the availability of
suspended sediment in the water column to exchange with the
bed including the double-averaged suspended sediment concen-

tration (Cj ), the volume of water in the channel (V,,), the dis-
tribution of suspended sediment in the vertical via the Rouse
number (z*), and properties of the suspended sediment particle
size distribution (dg, o). Bed sediment availability for
exchange may be represented with a bed sediment supply
threshold (dg, 0y), particle size distribution of the bed (djs,
0Ovs), and excess shear to allow transport during bursting (i,
— T.,;). Bursting action to cause exchange may reflect the energy
of turbulent bursting (Sp), the time scale of bursting called the
bursting period (Tg1 ), and the distribution of bursting in the
water column as a function of the roughness height of the
streambed (k) and the flow depth (H). Finally, the duration (z,)
of equilibrium exchange is included, which reflects that our
interest is not in the exchange from a single burst but rather
the cumulative impact on streambed and suspended sediment
over some period (e.g., hour, hydrologic event, year).

Our theoretical development in Egs. (1) and (2) does not
provide a predictive model of equilibrium exchange but does
provide variables for consideration in systems where it exists

and may vary through space and time. The gently rolling
watershed is argued to provide such conditions given the high
suspended sediment loads during hydrologic events, pro-
nounced fluvial storage, and ubiquitous nature of turbulent
bursting. As will be shown, we use sediment fingerprinting
to empirically calibrate the equilibrium exchange process. We
then consider the factors in Egs. (1) and (2) in our discussion
of governing processes in the basin. Sediment fingerprinting is
useful in calibrating S, because it partitions suspended sedi-
ment arriving from the uplands with streambed sediments.

3 Study site and materials

The study site was the gently rolling Upper South Elkhorn
watershed in the Inner Bluegrass Region of Kentucky, USA
(see Fig. 2). The Upper South Elkhorn watershed (61.8 km?)
fits in the “gently rolling™ classification previously described
due to generally low gradient hillslopes with interspersed
“rolling” surfaces with increased slope (Sims et al. 1968;
McGrain 1983). Bedrock outcrops located throughout the
stream network control longitudinal stream morphology and

@ Springer
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Fig. 2 Study watershed, land use, instream sample site locations (from
Fox et al. 2010), and stream location within the Kentucky River Basin,
USA. Land use in the upper catchment is primarily urban (60% urban,
40% agricultural). Land use in the lower catchment is primarily

create instream deposits of fine sediment. We selected this
watershed to investigate the ability of sediment fingerprinting
and modeling to elucidate equilibrium exchange because: (i)
low gradient watersheds such as the Upper South Elkhorn
foster life-sustaining ecosystem processes throughout earth’s
critical zone; (ii) anthropogenic disturbance to the critical zone
is often pervasive in low gradient watersheds due to their

@ Springer

agricultural (72% agricultural, 28% urban). Samples of sediment
sources from the stream corridor were collected in eight locations
(labeled S1-S8) in the study watershed and defined the isotopic
signature of instream sediments, banks sediments, and algae

adeptness for sustaining life; (iii) scientists recognize the im-
portance of low gradient watersheds in global nutrient and
sediment budgets (e.g., Fox et al. 2010; Ford and Fox 2014);
and (iv) we have extensive materials associated with historical
and ongoing data collection conducted by the University of
Kentucky, USGS, and Lexington-Fayette County Urban
Government including raw and detrended data, information,
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and resources published in our group’s previous journal
papers.

Materials used herein from previous assessments included
establishing an upper and lower catchment and field assess-
ment to gain background knowledge of the system (Mahoney
2017; Mahoney et al. 2018). Two different long-term sedi-
ment data collection sites have been established in South
Elkhorn Creek (see Fig. 2), and the locations nearly divide
the watershed in half. The upper catchment above site 1 is
dominated by urban land uses (60% urban, 40% agricultural,
Fox et al. 2010), and the lower catchment between site 1 and
site 2 is primarily agricultural (28% urban, 72% agricultural,
Fox etal. 2010). The entire Upper South Elkhorn watershed is
predominantly agricultural land use (44% urban, 55% agricul-
tural, Mahoney et al. 2018). Upland field reconnaissance has
shown suburban grass lots and agricultural pastureland dom-
inate upland land cover. Geospatial analyses of sediment con-
nectivity in the uplands have shown upland sediments are
primarily derived from gullies, swales, and roadside ditches
(Mahoney et al. 2018). Instream field assessments have shown
pronounced storage of fluvial sediment throughout South
Elkhorn Creek, and estimated streambed storage exceeds the
annual sediment yield (Russo 2009; Mahoney 2017;
Mahoney et al. 2018).

Materials for this study also included a collection of pub-
lished stable isotope data of soils, sediments, and algae.
Nearly a decade of stable isotope measurements of transported
sediments collected from sites 1 and 2 in Fig. 2 was published
for the system (Ford 2014; Ford et al. 2015a). We collected the
transported sediments approximately weekly using sediment
traps (Phillips et al. 2000) and performed stable carbon and
nitrogen isotope analyses and elemental analyses for all sedi-
ment after preprocessing and wet sieving to retain the less than
53-um size fraction of sediments (Fox et al. 2010; Ford et al.
2015a). Ford et al. (2015a) performed time-series analyses of
the data streams including removal of the biological-
associated mean trends with empirical mode decomposition
analyses. The decomposition analyses accounted for the non-
stationary mean in the present study. Stable isotope results of
sediment sources have also been published, including stable
carbon and nitrogen isotope measurements of streambed sed-
iments, algae, and of grassland and agricultural soils from
different particle size classes (see Fig. 2 for instream
sediment sample locations; Davis 2008; Campbell et al.
2009; Fox et al. 2010; Ford et al. 2015a). Multiple years of
sediment particle size distribution results for the study stream
were performed using microscopy of fluvial sediments and are
shown in Fig. 3 (from Fox et al. 2014).

Materials also included previously published and calibrated
numerical models established for upland sediment transport,
instream transport, and streambed storage for the Upper South
Elkhorn watershed. A sediment connectivity and upland ero-
sion model simulates transport thresholds and rates,

respectively, for the Upper South Elkhorn (Mahoney et al.
2018). A sediment transport and streambed evolution model
developed for the stream corridor considers upland sediment
supply to the stream corridor, bank processes, surficial fine-
grained laminae processes, and fate of deeper bed sediments
(Russo and Fox 2012).

4 Methods

4.1 Sediment fingerprinting of upland sediment
versus streambed sediment

We characterized sediment sources in the watershed as origi-
nating from the uplands or the temporarily stored streambed
deposits. The rather coarse characterization lumps together sev-
eral subsources, as we will discuss, but this characterization
was needed to investigate the equilibrium exchange process.
For the scale considered (32.8 and 61.8 km?), the upland sed-
iment source classification lumps together all sediment classi-
fied as “not bed sediments” including surface soil from both
agricultural and suburban/urban land uses as well as sediment
eroded from subsurface soils of gully and swale pathways.
Surface and subsurface soils eroded from streambanks are also
included in the upland sediment classification, which is not
necessarily typical. However, streambanks make up less than
1% of the sediment load in this watershed (Russo and Fox
2012). The temporarily stored streambed deposits lump togeth-
er the SFGL at the surface of the streambed and deeper legacy
sediments. However, in this system, the SFGL contribution
dominates the instream sediment production due to its high
supply and low critical shear stress (Russo and Fox 2012).
We apply stable carbon and nitrogen isotopes of sediment
as potentially unique tracers for partitioning upland sediments
versus streambed sediments. Stable carbon and nitrogen iso-
topes are reported using delta notation as 6'>C and 6"°N to

100

80

60

40

Percent finer

20

10 20 30 40 50
d, microns
Fig. 3 Cumulative particle size distribution of fluvial sediments
performed using microscopy in the Upper South Elkhorn watershed

(see also data reported in Fox et al. 2014). d is the diameter of the particle
in micrometers

@ Springer
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indicate depletion (—) or enrichment (+) of the heavy (higher-
mass) stable isotopes (13C and °N) compared to the lighter
mass stable isotopes (*2C and '*N) and can be defined as

86X (in%0) = (RS"““I’“—l) x 10%, (3)
Rstd

where Rgample is the isotope ratio (3C/"2C or PN/MN) of the
sample and Ry is the isotope ratio of the standard (Vienna Pee
Dee Belemnite, VPDB, and atmospheric nitrogen, respective-
ly). Stable carbon and nitrogen isotope measurements of
transported and source sediments were previously collected
(Davis 2008; Campbell et al. 2009; Fox et al. 2010; Ford
et al. 2015a), as mentioned in Section 3.

Representing 6'°C and §'°N of the sediment sources and
sinks in the fingerprinting method required proper selection of
samples to construct the distributions (Davis and Fox 2009)
and consideration of source stationarity (Fox et al. 2010). We
represented the upland sediment source with §'°C and 6'°N
measurements of surface and subsurface soils (Campbell et al.
2009; Fox et al. 2010). We considered 6'>C and 6"°N of the
less than 53-um fraction of'the soil since this was the sediment
particle size class we investigated. We assume 6'°C and 6'°N
of upland sediment were stationary. Fox (2006) found a lack
of seasonal or annual change for the less than 53-um size
fraction of upland soil, which agrees with the relatively long
turnover time of finer-sized, more recalcitrant organic matter
fractions of the soil (Cambardella and Elliott 1992). While
disturbances likely existed throughout the uplands, we feel
an assumption of stationarity is reasonable given that grass
cover and silt loam dominated the land cover and soils,
respectively, in both agriculture and suburban regions. We
represented the streambed sediment with §'°C and ¢'°N
measurements of sediment collected via the Lambert and
Walling (1988) method during low flow periods (Qpi» <
2.8m>s !, where Opx> is the peak water discharge at location
two during the sediment collection period) when only
instream sediment was transported. We verified this method
by comparing low flow sample results with streambed sedi-
ments collected during the same period and found only 0.2%o
difference or less.

We assumed the streambed isotope values are nonstation-
ary given mean trends found in the published isotope data of
streambed and transported sediments (Davis 2008; Fox et al.
2010a; Ford et al. 2015a). We subtracted the mean trend using
empirical mode decomposition to account for the
nonstationarity (Ford et al. 2015a). After decomposition,
6'3C and 6"°N of transported sediment included 189 and 232
measurements at sites 1 and 2, respectively, collected over a
range of low, moderate, and extreme hydrologic events. Based
on flow dependence of the dataset and previous study of sed-
iment transport in the watershed (Russo and Fox 2012;
Mahoney et al. 2018), we divided the datasets in four flow
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regimes including low flow events (Qpi, < 2.8 m® s"), mod-
erate events (2.8 m> s ! <QOpr<12.2 m’ s, high flow
events (122m’°s ' < Opix<24.4 m’ s '), and extreme hydro-
logic events (Qpio >24.4 m® s7!). We adjusted these flow
regimes by a factor of 0.53 from the lower catchment (pre-
sented above) to the upper catchment using the area weighted
method. We performed source allocation via unmixing for
each flow regime and individual hydrologic events corre-
sponding to each sediment trap sample.

We estimated source allocation using an unmixing model
analysis specific to ¢'>C and 6'°N (Fox and Martin 2015). The
6'3C and §'°N signatures of sediment indicate the fingerprint
of “sediment carbon” and “sediment nitrogen,” respectively,
rather than the fingerprint of the total sediment. Therefore, the
carbon and nitrogen concentration of sediment corrected the
source allocation in the unmixing model. The elemental
concentrations were measured with a coupled elemental
analyzer during stable isotope ratio mass spectroscopy,
which is a typical analytical setup in the laboratory, and
therefore, the added data needs did not place an undue
burden on the researcher. Our correction was analogous to
organic matter and particle size corrections included in the
traditional model of Collins et al. (1997) and widely cited
thereafter, albeit only carbon and nitrogen concentration cor-
rections were needed for unmixing with 6'°C and 6"°N be-
cause the concentration changes of soil are highly correlated
with particle size shifts (e.g., Cambardella and Elliott 1992;
Campbell et al. 2009). Fox and Martin (2015) extensively
described the unmixing model formulation and only the pri-
mary governing formulae are included here. Unmixing simu-
lation with 6'°C and 6'°N were performed as:

SBCr =Y, aidCiX ey, (4)
ERn; (Vo).
515NT = Z:l: ﬂi(SlSN,-XC‘,- Nd ¢ l,and (5)
: " ERc; (N/C)T
( TOCt >
Cil 55—
"\ ER¢,;TOC;
Pl' — C.I OCI , (6)
s (xe, TOCt
=1\ "¢ ER¢,TOC;

where T and 7 indicate transported and source i, respectively; «
and (3 indicate functions for nonconservative §'°C and §'°N
during transport; ERy and ER( are the enrichment ratios; N/C
is the nitrogen to carbon atomic ratio of sediment; X is the
carbon mass fraction; and TOC is the organic carbon concen-
tration of sediment. Equations (4), (5), and (6) were solved
together with constraints of unity for summation of both sed-
iment carbon fractions and summation of sediment fractions.
We corrected for the shifts in sediment carbon and sediment
nitrogen from the sediment sources to sinks using the above
equations. We treat the nonconservative functions and
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enrichment ratios as zero given the source to sink transport is
less than 1-day transit time. We also performed a Monte Carlo
robust analysis to account for uncertainty. Isotope tracer dis-
tributions were assumed normal and parameterized via data
mean and variance estimates. Each realization of the Monte
Carlo simulation was solved via a random number generator
to draw from the tracer distributions. We performed a sensi-
tivity analysis of the ensemble size, and we found 10° reali-
zations produced stable results for the ensemble first- and
second-order moments. Therefore, we used 10° realizations
for each ensemble solved.

4.2 Numerical modeling of the equilibrium sediment
exchange

Numerical modeling of the equilibrium sediment exchange
required coupling an existing upland erosion model
(Mahoney et al. 2018) with an existing instream sediment
transport model (Russo and Fox 2012) and sediment finger-
printing. As outlined in Mahoney et al. (2018), we used sed-
iment connectivity theory in conjunction with probability the-
ory to model upland sediment transport pathways in the wa-
tershed (Borselli et al. 2008; Bracken et al. 2015). We predict-
ed upland sediment delivery to the stream network by cou-
pling the active contributing area predicted from the probabil-
ity of connectivity model with a threshold-based erosion mod-
el. Next, the continuity equation modeled instream sediment
transport from various upland and instream sediment sources
(Russo and Fox 2012), and a new feature of the instream
model was added herein to simulate equilibrium sediment
exchange calibrated using sediment fingerprinting. The men-
tioned references described the original model formulations,
and the model application is described briefly below. The new
methods described here include inclusion of the equilibrium
exchange process in the instream sediment continuity equa-
tion, refined calibration and global sensitivity analysis of the
coupled model with both upland and instream components,
and the calibration of the equilibrium exchange process using
sediment fingerprinting.

The probability of connectivity model provided spatially
explicit results for the sediment active contributing area in
the watershed uplands. Ambroise (2004) defined the active
contributing area as the portion of a catchment that actively
transports sediment to the stream network at a particular time
step. The model simulated connectivity at a given time step
using hydrologic modeling results from the Soil and Water
Assessment Tool (SWAT; see Al Aamery et al. (2016) for
model validation), a high-resolution (2.5 m) DEM, soil critical
shear stress, orthophotographs, and morphologic data collect-
ed from field reconnaissance and remote sensing (Mahoney
et al. 2018). We used SWAT to model hydrologic scenarios
given its ability to simulate the processes of overland runoff
and subsurface antecedent moisture (Arnold et al. 1998;

Neitsch et al. 2011). The probability of sediment connectivity
model represented the intersection of several threshold-based
probability equations to simulate various upland sediment
transport processes. Equations used to model the upland prob-
ability of sediment connectivity model have been included in
the Electronic supplementary material I (see also Mahoney
etal. 2018 for additional background). Simulation of the prob-
ability of connectivity model for the Upper South Elkhorn
watershed took place using ArcMap (version 10.4) on a desk-
top PC (Intel® Core™ i7-6700 CPU at 3.40 GHz; 64-bit
operating system, x64-based processor) over the course of
approximately 112 h for the 4-year simulation period.

We applied the upland erosion model to active contributing
cells from the probability of connectivity model and simulated
sediment flux from the uplands by integrating the volume of
eroded upland sediment at a particular time step. Upland
sediment flux was simulated as a function of the sediment
erosion rate, as predicted by the Partheniades (1965) equation,
the soil bulk density, and the bathymetry of the sediment
transport pathways, as predicted by the probability of connec-
tivity model. We allocated connected cells to the upper or
lower catchment based on their geospatial location in the wa-
tershed, and the upland erosion model was individually ap-
plied to the discretized cells to determine the total upland
sediment flux from the upper and lower catchment at a given
time step. Equations used in the upland erosion model have
been included in the section Electronic supplementary mate-
rial L.

Inputs and parameter ranges used in the upland erosion
model (see Table 2) included channel bathymetry, geospatial
data, hydrologic data, sediment routing information, and soil
properties. We specify several parameter ranges using
literature-derived methods. Time of concentration surrogated
the storm length when surface erosion occurred (Mahoney
et al. 2018). Literature values defined soil parameter ranges
for critical shear stress, relative roughness, and the erodibility
coefficient (e.g., Alberts et al. 1995; Hanson and Simon
2001). We estimated sediment bulk density using Russo and
Fox (2012). We empirically replicated the width of connected
rills and ephemeral gullies using equations developed by
Nachtergaele et al. (2002). Finally, we parameterized the lon-
gitudinal slope and contributing area of connected cells with
geospatial analyses in ArcMap v 10.4. The channel length for
the bins depended on the daily results from the probability of
connectivity model.

The instream sediment model simulated sediment transport
from five potential sources in the stream network by estimat-
ing erosion and deposition in a reach during a particular time
step (Russo and Fox 2012). Sediment sources included the
SFGL biofilm, SFGL sediment component, streambed,
streambanks, and upland sediments. The model accounted
for sediment erosion and deposition from each source and
estimated the total contribution of each source to the total
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sediment yield at a given time step. Erosion and deposition
were functions of the transport capacity of the fluid, which we
predicted using the stream’s available energy to transport sed-
iment (Julien and Simons 1985). The SFGL layer lies atop bed
sediments and has a relatively lesser critical shear stress com-
pared to bed sediments (Droppo and Stone 1994). Thus, we
assumed the SFGL preferentially erodes before deeper bed
sediments. Sediment flux predicted from the upland erosion
model served as the supply of upland suspended sediment in
the instream sediment transport model. To account for equi-
librium erosion and deposition resultant of turbulent bursts
and sweeps occurring simultaneously in a reach, we updated
the sediment continuity equation of Russo and Fox (2012)
herein to include the equilibrium sediment exchange process
as:

SS! =SS!, + Y3, E/,~D]

1

+ (Qés in; + Qgs up; | ;s out[) *Al‘, (7)

Sf)edi = S{)ed,,l + Dl/)ed,_Ejbed,7 (8)
j J B QR e/ x| SS

S8/, = SS/-Exf*SS/ + Exf S|, o | (9)
cd;

A . A Ss/ .
Sjbed’+l = S{)edeXf*S{)edi* [—j L1+ Exf*SS{-, (10)
2 bed;

where Exf is the sediment exchange factor, (j) represents the
stream-reach, (i) represents the time step, (k) represents the
sediment source, N represents the number of sediment
sources, SS is the mass of sediment (kg), E is erosion (kg),
D is deposition (kg), O in is the sediment flow rate in the
reach (kg s 1), O up 1 the sediment flow rate in the reach
from the uplands (kg s '), O out is the sediment flow rate out
of the reach (kg s 1), and Speq is the mass of bed sediments
(kg). Equations utilized in the instream sediment transport
model have been included in Electronic supplementary mate-
rial I. Electronic supplementary material IIT defines all param-
eters used in the modeling.

Table 3 shows the inputs and parameter ranges for the
instream sediment transport model. We defined several ini-
tial ranges using literature values. Literature suggests the
SFGL is neutrally buoyant and this is reflected by the
SFGL density (Stone and Droppo 1994; Droppo and
Amos 2001). The development time, maximum depth,
and the generation rate of the SFGL biofilm and sediment
were parameterized from Stone and Droppo (1994) and
Droppo and Amos (2001). The ranges for the transport
capacity coefficients were empirical and we optimized
these during model calibration (Dou 1974; Ahmadi et al.
2006; Yan et al. 2008; Guy et al. 2009; Madej et al. 2009).
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We determined the shear stress coefficient for unsteady
flow by the boundary shear stress distribution for a trape-
zoidal channel (Chang 1988). Previous research assisted in
parameterization of the critical shear stress coefficients and
erodibility of the instream sediment sources (Droppo and
Amos 2001; Hanson and Simon 2001; Sanford and Maa
2001; Simon and Thomas 2002). We estimated the mean
settling velocity of suspended material based on particle
size and shape for sediments in the Inner Bluegrass
Region of Kentucky, USA, as described in Fox et al.
(2014). The sediment routing and flood wave coefficients
were based on the travel time between the two study points
and flood routing theory (e.g., Gupta 2016). Field recon-
naissance and remote sensing helped estimate the channel
bathymetry. We parameterized the longitudinal channel
slope with longitudinal profiles and GIS analyses of high-
resolution (1.5 m) digital elevation models (KYAPED
2014).

Calibration and validation data included total suspended
solids samples collected approximately every 2 h over the
course of 32 storm events from 2007 until 2010 using a
Teledyne ISCO automated sampler. Of the 32 sampled storm
events, we deemed 18 storms suitable for use in calibration
and validation based on the quality of the data. For example,
we removed storms with little to no sediment transport from
the calibration and validation process because they may bias
evaluation statistics. Other qualitative calibration data includ-
ed orthophotographs and visual reconnaissance of sediment
transport pathways collected during field assessment.

Model evaluation consisted of a three-stage calibration
and validation process and a global sensitivity and uncer-
tainty analysis (Fig. 4). Stage 1 calibrated the upland
probability of sediment connectivity model. Upon running
the model, we visually compared simulated sediment
transport pathways to known sediment transport pathways
identified during field reconnaissance and from
orthophotographs. If the predicted sediment transport
pathways were unacceptable, then we iteratively adjusted
parameters from the probability of connectivity model un-
til calibration was acceptable.

Stage 2 calibrated the upland erosion and instream sed-
iment transport models. We used 15 storms from 2007 to
2009 in model calibration and three storms in 2010 for
model validation. Three objective functions evaluated the
model’s performance including: (1) the Nash Sutcliffe sta-
tistic of the simulated sediment flux and observed sedi-
ment flux for the 15 calibration storm events, (2) equilib-
rium of the streambed such that net aggradation and net
degradation were nearly zero over the 4-year simulation
period, and (3) long-term equilibrium of upland sediment
flux and sediment flux from the watershed outlet.
Sediment transport parameters in the upland erosion and
instream sediment models were automatically adjusted
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until each of the criteria was fulfilled. We included simu-
lations fulfilling the three evaluation criteria with param-
eters in mutually permissible ranges based on the litera-
ture in the solution space. We performed quasirandom,

Fig. 4 Three-stage calibration
procedure for stage 1 sediment
connectivity model calibration,
stage 2 upland erosion model and —
instream sediment model
calibration, and stage 3 sediment
source calibration
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performed by determining the sensitivity indices (Joe and
Kuo 2003; Saltelli et al. 2008).

Stage 3 calibrated the model’s partitioning of sediment
sources to the sediment fingerprinting results collected over
the simulation period. We adjusted the equilibrium exchange
factor shown in Egs. (9) and (10) such that modeled sediment
source partitioning from the sediment transport model
matched the partitioned results from sediment fingerprinting.
Four different exchange factors were used in both the upper
catchment and lower catchment to represent adjustment of the
equilibrium sediment exchange process across flow regimes.

5 Results and discussion

5.1 Sediment fingerprinting of upland sediment
versus streambed sediment

We found §'°C was able to discriminate the upland and
instream sediment sources while §'°N was unable to discrim-
inate between the two sources. The §'°C value of upland and
instream sources was significantly different (p value < 0.001).
The reason §'°C worked well is because of the isotope signa-
ture differences for organic matter in the upland and instream
sediments. Upland organic matter in this study site is from C3
plants, including northern grasses and to a lesser degree de-
ciduous trees, with §'°C from — 27 to — 28%o (Campbell et al.
2009). During litter and root decomposition to soil carbon,
isotopic enrichment of '*C occurs for the more recalcitrant
organic matter product (Nadelhoffer and Fry 1988). The
6'3C values of soils in the Bluegrass Region agree with the
enrichment and show an increase in the value of §'°C for
surface soils, finer-sized sediment carbon pools, and with

(a) Upper catchment, site 1
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Fig.5 Stable carbon isotopes of sediment as a function of water discharge
at the watershed outlet for the a upper catchment and b lower catchment

sampling location. Source plots are included for the upland sediment and
instream sediments. The x-axes plot the hydrograph peak (labeled as Q)
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depth in soil (Campbell et al. 2009). Subsurface soils show
§13C values as low as —23.9%. (Davis 2008). The streambed
sediments acquire a 6" °C value that is distinct from the upland
soil. Streambed sediments accrue stabilized benthic algae as
the algae decompose (Ford and Fox 2017). §'°C of algae is —
37.8(x5.5)%0 in South Elkhorn Creek (Ford et al. 2015a).
Therefore, 6'>C of streambed sediment (temporal mean, —
27.3%0) establishes a sediment fingerprint that is less than
5'3C of upland sediment (mean, —25.9%o).

We were unable to differentiate upland and instream sedi-
ment sources using 6'°N because the isotope distributions of
upland and instream sediments were overlapping. The §'°N
value of the near-surface soil nitrogen with northern grasses is
2.5%o in this region (Campbell et al. 2009). During soil organ-
ic nitrogen mineralization, isotopic enrichment increases the
55N of the organic N substrate, and enrichment is on the order
of two times that of carbon isotope enrichment (Nadelhoffer
and Fry 1988). The isotope enrichment during mineralization
is in agreement with data from our watershed and subsurface
soils have 6'°N on average equal to 6.9%¢ (Davis 2008; Fox
etal. 2010). Therefore, our upland sediment §'°N value ranges
from approximately 2 to 7%o. Similar to the carbon isotopes,
streambed sediments accrue the 6'°N of autotrophs. 6'°N of
algae is 4.95(% 1.6)%o in the South Elkhorn Creek (Ford et al.
2015a). §'°N of algae falls in between the range of upland
surface soil and upland subsurface soil. Therefore, the accrual
of stabilized benthic algae in streambed sediments caused
6N to be an ineffective fingerprint for separating upland
and streambed sediments.

The distribution of §'*C of transported sediment fell be-
tween the upland and instream source end-members, and
8"3C of transported sediment showed dependence on peak
water discharge for the stream during the period when the

(b) Lower catchment, site 2
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during which each sediment sample was collected normalized by the
mean observed flow rate for all transported sediment data (Qpy,). The y-
axes plot the stable carbon isotope value of sediments after subtracting the
mean. n represents the number of samples collected for each flow regime
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sediment trap collected the sediment (see Fig. 5). We normal-
ized the hydrologic events presented on the x-axis in Figs. 5
and 6 by dividing the observed peak flow rate (Q,) by the
mean flow rate (QO,m) observed while collecting all of the
sediment samples. We validated the relation of bulk instream
flow intensity parameters to sediment transport by separating
streamflow into baseflow and runoff using hydrograph sepa-
ration techniques (e.g., Hooghoudt 1940; Arnold et al. 1995;
Arnold and Allen 1999; Neitsch et al. 2002). Hydrograph
separation results showed a consistent increase in the volume
of upland runoff produced during hydrologic events of in-
creasing magnitude (see Electronic supplementary material
IV, Fig. S1). The results suggested the increased runoff and
peak flow produced a greater contribution of upland sedi-
ments to the total load, which is reflected in the increased
8'3C signatures observed in Figs. 5 and 6. The hydrograph
separation results suggest Figs. 5 and 6 capture the nature of
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Fig.6 Sediment fingerprinting results as a function of water discharge for
the a upper catchment and b lower catchment sampling location. The x-
axes plot the hydrograph peak (labeled as Q) during which each
sediment sample was collected normalized by the mean observed flow

upland runoff and sediment entering the stream network rela-
tively well. However, we recognize one improvement to this
work would be quantitative hydrograph separation, as such
represented in the research of Gourdin et al. (2015), to validate
and better couple water and sediment sources in the instream
model. The stable carbon isotope data suggested a dominance
of streambed sediment origin during smaller hydrologic
events and an increasing contribution of upland sediment as
the magnitude of peak discharge increases. The 6'°C value of
transported sediment was significantly dependent on peak wa-
ter discharge during an event at both sites (p value < 0.001 for
the regression slope). However, the results in Fig. 5 suggest
even during the most extreme events the contribution of up-
land and instream sediment sources is on the same order of
magnitude. The results generally agree with our previous
work in the watershed. We have found substantial loading of
upland sediments occurs only during moderate to extreme

(b) Lower catchment, site 2
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upland or streambed contribution, as determined by the sediment
fingerprinting results. n represents the number of samples collected for
each flow regime
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(a) Upper catchment, site 1

(b) Lower catchment, site 2
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Fig. 7 Source contributions for each event where transported sediments were collected in the a upper catchment and b lower catchment sampling
locations. Q,, is the hydrograph peak (m* 571 simulated over the 4-year study period

rainfall events for the gently rolling system (Mahoney et al.
2018). Also, the importance of temporarily stored bed sedi-
ments has been suggested across all flow regimes (Russo and
Fox 2012). These results agree well with other researchers
(e.g., Dalzell et al. 2007; Walling 2005; Fox and
Papanicolaou 2007; McCarney-Castle et al. 2017) who also
found a significant contribution of distal sediments to total
sediment loadings during moderate and high events. For
example, Dalzell et al. (2007) used stable carbon isotopes to
show a prominence of terrestrial organic carbon in overall
organic carbon export during high magnitude hydrologic
events. Fox and Papanicolaou (2007) predicted nearly 60%
of'the eroded soil contributing to the total suspended sediment
load during a moderate hydrologic event had upland
(proximal) origins.

We carried out the sediment fingerprinting analyses
with the stable carbon isotope tracer while accounting
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for changes in organic matter content of the sources in
transported sediments. On average, the upper catchment
showed nearly equal percent of sediment originating from
the uplands and streambed (see Fig. 6). The lower catch-
ment only showed equal contribution from both upland
and instream sources during the 12 most extreme events
over the years where we collected samples. For the other
hydrologic events, the lower catchment was dominated by
approximately three-fourths streambed sediments and
one-fourth upland-derived sediments. One main reason
attributed to differences in source percentages in the upper
and lower catchments is the relative supply of sediment
sources. The surface area supplying upland sediment ap-
proximately doubles from the upper catchment to lower
catchment. However, the surface area supplying stream-
bed sediments is approximately four times greater in the
lower catchment compared to the upper catchment.
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O of 1 kg s 1. Datasets (m-r) show events with maximum Oy of
0.1kg s~!. Three datasets from 2010 (k, 1, 0) are used for model validation

maximum QO of 10 kg s~ '. Datasets (g-1) show events with maximum

Uncertainty bounds on the source contributions are high for
the sediment fingerprinting results (see Fig. 6), with standard
error on the order of 35%, and several reasons explain the high
uncertainty. First, we were very conservative in our estimates

of uncertainty surrounding ¢'>C of sediment sources. We used
the standard error of §'°C surrounding source data to define
uncertainty bounds; however, the watershed system averages
sources distributions to some degree during erosion and
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transport (Fox and Papanicolaou 2008a). For example, for
moderate and extreme hydrologic events, only 4 out of 294
data (1.3%) of transported sediment 813C values fell outside
the 6'°C source distribution space defined in Fig. 5. Second,
uncertainty in the results of Fig. 6 reflects temporal variability
in episodic sediment transport for the 294 hydrologic events
samples, as opposed to the uncertainty associated with the
tracer error in sediment fingerprinting modeling. Episodic var-
iability exists as a spatially explicit sediment source may be
pronounced due to rainfall variability or disturbances. The
temporal variability of individual hydrologic events is
reflected in Fig. 7. Similar to Fig. 6, the event results show
the upland contribution is higher during larger hydrologic
events, the streambed is a greater contributor overall, and the
streambed is a greater contributor of sediment in the lower
catchment relative to the upper catchment. At the same time,
the event-to-event variability of upland versus streambed con-
tributions is sometimes substantial in the results of Fig. 7, even
when inspecting results from nearly equal peak flow condi-
tions. Results highlight the episodic variability of sediment
transport in the basin when considering many hydrologic
events. In summary, the mean source contributions in Fig. 6
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capture temporal variability of processes and are very conser-
vative concerning error placed on tracer error at the source.
Therefore, we have more confidence in the mean values then
perhaps reflected by the error bars because they represent
variability of hydrologic events as opposed to error introduced
from sampling and analyses.

As one discussion point, the reader is reminded of the non-
stationary assumption of the streambed sediment source,
which is differentiated from the term “nonconservative”
where the former reflects the changing tracer signature of the
source at the source while the latter reflects the changing of the
tracer signature during transport from source to sink. The bi-
ology of the streambed continuously evolves due to physical
and biogeochemical processes, and in turn, the organic tracer
fingerprint was nonstationary (Fox et al. 2010; Fox and Martin
2015). We needed to subtract the nonstationary mean 6'°C
using the empirical mode decomposition results of Ford
et al. (2015a). Our application and results herein are in the
context of previous studies where the nonstationary
signature of stable carbon and nitrogen isotopes should be
considered during sediment fingerprinting. Fox et al. (2010)
used numerical modeling of the stable nitrogen isotopes of
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Table 2 Upland erosion model

inputs and parameters Parameter Description Value/parameter range Units
Ay Contributing area, bin 1 116 m?
A, Contributing area, bin 2 951 m?
Az Contributing area, bin 3 34,079 m?
Ter, upland Upland critical shear stress 0.10-10 Pa
S Longitudinal slope, bin 1 0.16 mm
S5 Longitudinal slope, bin 2 0.13 mm’'
S3 Longitudinal slope, bin 3 0.12 mm'
wy Channel width, bin 1 0.08 m
Wy Channel width, bin 2 0.12 m
w3 Channel width, bin 3 0.44 m
e/D Upland relative roughness 0.00001-1 Unitless
Pd Bulk density of eroded sediment 1400 kgm
4 Storm length, erosion time bin 1 0.017-0.167 h
t Storm length, erosion time bin 2 0.183-0.367 h
t Storm length, erosion time bin 3 0.383-0.667 h
kq Erodibility coefficient 1.0x101°-1.0x10°® em® N 1s!
L, Channel length, bin 1 Varies daily m
L, Channel length, bin 2 Varies daily m
Ls Channel length, bin 3 Varies daily m
Pw Density of fluid 1000 kgm™

benthic sediments to show seasonality of the tracer in the
context of sediment fingerprinting. Fox and Martin (2015)
showed the stable carbon and nitrogen fingerprint of sediment
from forest sediments exhibited nonstationarity in a 2-year
period following drastic forest disturbance from ice storms
and tree tip-over. Results highlight that a nonstationary tracer
signature of the streambed sediment source needs to be con-
sidered when stable isotopes are used in sediment
fingerprinting.

5.2 Numerical modeling of the equilibrium sediment
exchange

Calibration and validation of the coupled upland and instream
sediment transport model showed, in general, the model cap-
tured well both sediment leaving the upper catchment and
lower catchment (see Fig. 8). Optimum parameters from mod-
el calibration are reported in Table 4. The Nash Sutcliff pa-
rameter of the model solution space was 0.37, which shows
acceptable performance of the model (Moriasi et al. 2007).
Sediment yield from the watershed was 2180 =
330 t km 2 yearfl, which was similar to previous estimates
for the basin (Russo and Fox 2012; Mahoney et al. 2018).
Global sensitivity analysis of the coupled model showed the
erodibility coefficient in the upland model was the most sen-
sitive parameter to sediment flux from the outlet followed by
the instream sediment transport carrying capacity of the flow.
The erodibility coefficient directly impacts the fluvial erosion
rate in upland gullies, swales, and ditches, while the transport
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capacity estimate dictates when a model reach will erode or
deposit sediment in a given time step. The sensitivity high-
lights the importance of both upland and instream processes to
sediment transport prediction.

The contribution of sediment originating from upland sed-
iments and streambed sediments was sensitive to the equilib-
rium sediment exchange process, and we found a significant
improvement in model results when including the equilibrium
exchange process versus model runs when the equilibrium
exchange was excluded (see Fig. 9). Inclusion of the equilib-
rium exchange was needed to replicate results of the sediment
fingerprinting. In this manner, the sediment fingerprinting re-
sults provided independent information to assist with investi-
gating sediment transport.

As a discussion point, the efficacy of the sediment finger-
printing results to constrain the sediment exchange process
provides an example of an emerging class of sediment trans-
port studies coupling sediment fingerprinting and sediment
transport modeling. Sediment fingerprinting and sediment
transport modeling have advanced in parallel in recent years.
Sediment fingerprinting has progressed from a research tool to
an accepted method with usefulness in watershed manage-
ment applications (Mukundan et al. 2012). Sediment transport
models have been developed for various applications the past
three decades with off-the-shelf tools available to the modeler
and various sediment processes considered (Papanicolaou
et al. 2008). While these advancements have been in parallel,
they have also been somewhat independent, and it appears the
time is ripe for greater coupling of these tools. For example,
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Table 3  Instream sediment transport model inputs and parameters

Parameter Description Value/parameter range Units

Pw Density of fluid 1000 kgm

Pbank Density of bank sediment 1500 kgm>

PSFGL Density of SFGL sediment 1000 kgm™>

Cr Shear stress coefficient for unsteady flow 1-100 Unitless

Cictow) Transport capacity coefficient for low flows 6.0x107-1.5x10°° m'? 2 kgfl/ 2

Cichighy Transport capacity coefficient for high flows 6.0x10"-1.5%x10°° m"”? s’ kg 2

wy Mean settling velocity of suspended material 0.00036-0.00240 ms’'

K Von Karmen coefficient 04 Unitless

DspGL, max Maximum depth of SFGL 0.001-0.010 m

tq Development time of the SFGL layer 300-3000 s

GSEGL Bio Generation rate of SFGL biofilm 1.81x107° kg mZ2s!

Ter(sfil) Critical shear of the SFGL source 0.024-1.20 Pa

Ter(bed) Critical shear of the bed source 1.0-10.0 Pa

Terbank) Critical shear of the bank source 10.0-93.0 Pa

Aty Erodibility of the SFGL source 1.0x104-1.0x102 kgPa 'm s

Abed) Erodibility of the bed source 1.0x107°-1.0x 1073 kg Pa'm?2s!

A(bank) Erodibility of bank source 1.0x10°2.0x10* kg Pa'lm?2s!

ks Sediment routing coefficient 0.00-0.50 Unitless

ks Flood wave coefficient 0.0 Unitless

Nreach Number of reaches in the stream segment 2 Unitless
Bank sideslope 16.858 °

Bipper Channel bottom width, upper catchment 6 m

Biower Channel bottom width, lower catchment 11 m

Mupper Manning’s coefficient, upper catchment 0.03 Unitless

Hiower Manning’s coefficient, lower catchment 0.03 Unitless

Supper Channel slope, upper catchment 0.0009 mm’

Siower Channel slope, lower catchment 0.00044 mm

Licach, upper Channel length, upper catchment 18 m

Lycach, tower Channel length, lower catchment 10 m

Hyank, upper Bankfull depth, upper catchment 2 m

Hyank. 1ower Bankfull depth, lower catchment 2 m

Oboundary, upper Boundary flow, upper catchment 1 mis!

Oboundary, lower Boundary flow, upper catchment 2 m’s!

K, Settling depth coefficient 0.10-1.0 Unitless

Exfupper, Regime 1 Upper catchment exchange factor, flow regime 1 0.0-1.0 Unitless

Exfupper, Regime 2 Upper catchment exchange factor, flow regime 2 0.0-1.0 Unitless

Exfupper, Regime 3 Upper catchment exchange factor, flow regime 3 0.0-1.0 Unitless

Exfupper, Regime 4 Upper catchment exchange factor, flow regime 4 0.0-1.0 Unitless

Exflower, Regime 1 Lower catchment exchange factor, flow regime 1 0.0-1.0 Unitless

ExfLower, Regime 2 Lower catchment exchange factor, flow regime 2 0.0-1.0 Unitless

EXfl ower, Regime 3 Lower catchment exchange factor, flow regime 3 0.0-1.0 Unitless

EXfl ower, Regime 4 Lower catchment exchange factor, flow regime 4 0.0-1.0 Unitless

most instream sediment transport models do not account for
soil contributions from the uplands (Papanicolaou et al. 2008),
yet sediment fingerprinting can readily provide this informa-
tion to the modeler. The example in this study serves as one
step toward meeting this goal. Another recent study showed

sediment fingerprinting was useful for calibrating watershed
sediment transport model parameters, including the transport
capacity coefficient, sediment delivery ratio for reclaimed
mining soils, and stream bank erosion parameters (Fox and
Martin 2015). We suggest the community might welcome
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Table 4 Optimum parameter values for upland erosion model and
instream connectivity model

Parameter Optimum value Units

Ceetiow) 845x 1077 m!2 2 kg 12
Cicnighy 7.12%x1077 m'”? ¢ kg71/2
Ws 0.00079 ms’'

Ter(sfl) 0.11 Pa

Ter(bed) 5.68 Pa

Ter(bank) 12.69 Pa

A(sfgl) 7.54%x 1074 kg Pa'm?s!
Abed) 5.84x107 kgPa 'm 25!
Aoanto 1.64x107* kgPa'm?s!
Cr2) 16.6 Unitless

ks 0.24 Unitless

f 1122 s

DsrGr, max 0.002 m

K, 0.98 Unitless

1 0.075 h

t 0.235 h

15} 0.644 h

Ter, upland 4.02 Pa

ky 6.91x107° em® N'g™!
e/D 0.74 Unitless
Exfupper, Regime 1 0.90 Unitless
Exfupper, Regime 2 0.10 Unitless
Exfupper, Regime 3 0.15 Unitless
Exfupper, Regime 4 0.50 Unitless
ExXfLower, Regime 1 0.90 Unitless
EXfLower, Regime 2 0.65 Unitless
EXfLower, Regime 3 0.55 Unitless
EXfLower, Regime 4 0.50 Unitless

additional studies under this theme as we expect many differ-
ent permutations of the modeling and fingerprinting coupling
are possible.

Sediment transport results show the equilibrium exchange
process transfers sediment on the same order of magnitude as
erosion and deposition fluxes in both the upper and lower
catchments over the 4-year simulation period (see Figs. 10
and 11). The results illustrate the process as significant.
Calibration of the equilibrium process was data-driven via
the fingerprinting results (see Fig. 9). However, some compar-
ison of the results and consideration of the parameters in Egs.
(1) and (2) is worthwhile. The empirically fit exchange factor
decreased in value as the peak discharge of the hydrologic
event increased for the first three flow regimes, but then in-
creased in value for the fourth flow regime for the upper
catchment (Fig. 9, Table 4). The first three flow regimes, in
general, could be classified as net streambed erosion events,
while the most extreme events of the fourth flow regime
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deposited high amounts of sediment to the streambed, i.c.,
net deposition events in the upper catchment. The exchange
factor decreased in value as the peak discharge of the hydro-
logic event increased for all four events in the lower catchment
(Fig. 9, Table 4). One explanation for the inverse relationship
between the exchange coefficient and discharge during ero-
sion events is an increase in the bursting period and a smaller
contribution of the overall flow depth experiencing exchange.
The bursting period is proportional to the flow depth (Nezu
and Nakagawa 1993), and the flow depth would be inversely
related to exchange in Eq. (2). We might also expect a smaller
proportion of suspended particles to be impacted by bursting
as the flow depth increases, albeit the connectivity of
macroturbulence to near-bed bursting adds uncertainty to this
process (Stewart and Fox 2015). During the most extreme
events of the fourth flow regime, deposition of suspended
sediment from the uplands to the streambed dominates trans-
port in the stream. The extreme events have been found to
cause a net increase in streambed storage (Ford et al.
2015b). However, our fingerprinting results suggest the ex-
treme events also have a pronounced contribution of stream-
bed sediment, and the equilibrium exchange coefficient
reflected the process.

Several other factors in Egs. (1) and (2) are also worthy of
discussion. Bed sediment availability is directly accounted for
when including the surface area of the streambed sediments in
the lower and upper catchments, although we assume similar-
ity of particle size distributions during exchange. The assump-
tion is justified based on the highly similar estimates of parti-
cle size parameters across flow regimes and over time for the
study stream (Fox et al. 2014), which suggests a similar par-
ticle size distribution regardless of the source distributions or
extent of exchange. We suggest shear threshold also has little
impact on bed sediment availability in this study, given the
presence of the loosely held and near buoyant surficial fine-
grained laminae across much of the streambed (Russo and Fox
2012; Mahoney 2017). While we marginalize these impacts in
our system, other watersheds may show dependence of equi-
librium exchange on particle size distribution changes and
shear thresholds.

The duration of the process in Eq. (2) is particularly note-
worthy for discussion. The duration of the equilibrium ex-
change process reflects the sediment transport time step in
model simulation. Erosion and deposition were mutually ex-
clusive in a model time step, and therefore, we might expect
the exchange coefficient to decrease as the model resolution is
increased. The coefficient is therefore expected to be depen-
dent on model resolution. One surmised numerical modeling
attempt to account for the equilibrium sediment exchange
processes would be to simulate sediment transport at the time
scale of turbulent bursting when the exchange process is oc-
curring. However, this subsecond/centimeter-scale coherent
process controlling fluid momentum and sediment exchange
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Fig. 11 Sediment budget
including the equilibrium

sediment exchange for the a Upland Erosion

(b) Upper catchment sediment budget

(a) Lower catchment sediment budget

Upper Catchment Yield

2820 t S
upper catchment and b lower 820 tonnes SFGL, Bed, 3730 tonnes
catchment over the simulation Bank Erosion Upland Erosion SFGL, Bed,
1250 tonnes 4860 tonnes Bank Erosion

period (2007-2010)

Equilibrium
Exchange
621 tonnes

Suspended Sediment Yield
3730 tonnes

directed from and to the streambed can only be resolved using
direct numerical simulation (DNS) modeling, which is im-
practical for watershed sediment transport modeling
(Papanicolaou et al. 2008). Additionally, the efficiency of a
burst to subsequently fallout and pick up sediment is unknown
and requires experimentation. Therefore, physically and ex-
plicitly representing the bursting-driven equilibrium sediment
exchange in a watershed scale model is not practical at this
time. We use data-driven results from sediment fingerprinting
to help calibrate the equilibrium sediment exchange simulated
in our modeling, and we hope the work here might be built on
to develop other semitheoretical approaches.

Finally, equilibrium sediment exchange impacts the
quality of sediment in the streambed and sediment
transported from the watershed. This concept is reflected
in the sediment fingerprinting data and results in Figs. 5
and 6. In this watershed, sediment originating from the
uplands is more recalcitrant in nature with lower overall
carbon content as compared to the labile autochthonous
carbon accrued in streambed sediments (Ford and Fox
2017). The evolving streambed and sediment load include
a changing matrix of inert and labile sediment carbon as a
function of upland and instream processes. To this end,
equilibrium sediment exchange should be considered

Instream Deposition
347 tonnes

685 tonnes

Instream Deposition
1440 tonnes

Equilibrium
Exchange
1930 tonnes

Suspended Sediment Yield
8710 tonnes

when the sediment continuum is used to investigate the
evolving critical zone.

6 Conclusions

This research provided new coupling of sediment fingerprint-
ing and watershed modeling methods to elucidate the role of
the equilibrium sediment exchange process. Our results sug-
gest equilibrium sediment exchange is a substantial process
occurring in the system studied. The process does not change
the sediment load or streambed sediment storage but does
impact the quality of sediment residing in the streambed.
Therefore, we suggest equilibrium sediment exchange should
be considered when the sediment continuum is used to inves-
tigate the critical zone.

Coupling sediment fingerprinting with watershed model-
ing is a new area of research deserving substantial develop-
ment. We outline future research priorities for coupling the
methods as follows:

1. Improved coupling of sediment fingerprinting time scales

with watershed modeling time scales is needed. Sediment
fingerprinting results typically have high variance on a
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daily basis due to the episodic nature of erosion and the
distribution of tracer signatures across a basin. Watershed
modeling results are typically specified for daily or
subdaily time steps, and results are more representative
of the mean behavior of the watershed during the period.
Probabilistic approaches might be advanced for better
comparisons between the different time scales.

2. Improved sediment tracking and allocation of sediment
provenance and sediment history is needed in watershed
modeling. For example, the residence time of deposited
sediments and their origin before deposition is rarely
accounted in fluvial watershed modeling. This lack of
information makes a direct comparison of provenance
with sediment fingerprinting results cumbersome.
Lagrangian methods and better source fractionalization
methods coupled with watershed modeling tools might
help overcome this limitation.

3. Improved accounting of spatially explicit erosion prone
sources is needed in watershed modeling. Sediment fin-
gerprinting relies on field collection of sediments from
erosion-prone surfaces identified in the field via erosion
scars and deteriorated morphology. These connected sed-
iment transport pathways often are not spatially explicit in
watershed modeling, which hinders coupling of the
methods. Sediment connectivity theory serves as one
method to inform sediment transport models and design
sampling regimes for sediment fingerprinting to improve
the coupling of the methods. This advancement will re-
quire additional research focused on instream connectivi-
ty theory given this topic is underdeveloped in the model-
ing community.

4. Improved development of physically based formulae for
source exchange processes, such as equilibrium sediment
exchange, is needed. For example, this present research
offered potential governing variables controlling equilib-
rium exchange, but a predictive model of equilibrium ex-
change has not yet been developed. Modeling formula
accounting for source exchange processes both in the up-
lands and stream corridor will facilitate better coupling
with sediment fingerprinting results.

5. Improved nonconservative tracer simulation via water-
shed modeling is needed to assist with tracer representa-
tion in fingerprinting. Watershed modeling efforts can in-
creasingly quantify both physical and biogeochemical
changes of sediment properties, and utilization of these
subroutines to assist with sediment fingerprinting is ex-
pected to be fruitful.

6. Improved optimization strategies for coupling sediment
transport modeling and sediment fingerprinting results
are needed. For example, if sediment fingerprinting is
simultaneously simulated in sediment transport modeling,
sediment sources may be better partitioned during model-
ing. Optimization of sediment fingerprinting and
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watershed modeling using iterative feedback loops and
multistep calibration methods serve as one approach.
Data assimilation methods applied similarly to tracer-
transport models of the atmospheric science community
serve as another approach.
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