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a b s t r a c t

The soil erosion and associated lateral movement of eroded carbon (C) have been identified as a possible
mechanism explaining the elusive terrestrial C sink of ca. 1.7e2.6 PgC yr�1. Here we evaluated the SWAT-
C model for simulating long-term soil erosion and associated eroded C yields. Our method couples the
CENTURY carbon cycling processes with a Modified Universal Soil Loss Equation (MUSLE) to estimate C
losses associated with soil erosion. The results show that SWAT-C is able to simulate well long-term
average eroded C yields, as well as correctly estimate the relative magnitude of eroded C yields by
crop rotations. We also evaluated three methods of calculating C enrichment ratio in mobilized sedi-
ments, and found that errors associated with enrichment ratio estimation represent a significant un-
certainty in SWAT-C simulations. Furthermore, we discussed limitations and future development
directions for SWAT-C to advance C cycling modeling and assessment.

© 2018 Elsevier Ltd. All rights reserved.
Software availability

Software: SWAT-C
Developer: Xuesong Zhang
Operating systems: Windows & Linux
Dependent software: FORTRAN 90
Availability: Free of charge; SWAT-C has been released at http://

swat.tamu.edu/software/swat-executables within the
latest version of SWAT. The new code revision regarding
eroded C yields calculation and enrichment ratio
estimation will be released to the public through the
SWAT website.
1. Introduction

Accurate quantification of carbon (C) cycling in the Earth system
is crucial for effective development of science-based decision tools
andmanagement strategies aimed at reducing C emissions. Current
estimates of global CO2 fluxes consistently infer a missing terres-
trial C sink (also known as “residual terrestrial” or “land” sink) of 1.7
and 2.6 Pg C yr�1 for the 1980s and 1990s, respectively (IPCC, 2013).
This residual sink is comparable in magnitude to other major
rthwest National Laboratory,
.
g14@umd.edu.
components of the global C budget (e.g. the net ocean uptake of ca.
2.3 Pg C yr�1 or C emissions of ca. 1.0 Pg C yr�1 from land use
change) (Ciais et al., 2014). A possible mechanism contributing to
this missing sink is the soil erosion processes, which may induce a
global C sink of ~0.12e1.5 PgC yr�1 (Smith et al., 2001; Stallard,
1998; Van Oost et al., 2007; Quinton et al., 2010). However, the C
dynamics across terrestrial-aquatic interfaces, regulated by both
biotic and abiotic processes across various temporal and spatial
scales, remain poorly characterized. Given the magnitude and the
degree of uncertainty associated with the erosion-induced C sink,
there is an urgent need to elucidate its causes and mechanisms in
order to avoid unexpected consequences when developing and
deploying C management strategies and policies (Houghton, 2002).

Soil erosion and lateral movement of sediment and nutrients
from land to waters not only modify soil quality but also alter
terrestrial biogeochemical cycles (Lal, 2004; Liu et al., 2003; Berhe
et al., 2007). Soil erosion laterally redistributes and removes soil
organic carbon (SOC) and other nutrients across terrestrial land-
scapes. Global estimates of SOC erosion fluxes have varied widely
from 0.5 to 6.0 Pg C yr�1 (Lal, 2003; Van Oost et al., 2007; Müller-
Nedebock and Chaplot, 2015). Process-based terrestrial ecosystem
modeling framework based on the CENTURY terrestrial C model
(Parton et al., 1994) have been developed and tested for quantifying
SOC erosion and associated biogeochemical processes (Harden
et al., 1999; Liu et al., 2003; Izaurralde et al., 2007). Additionally,
the soil erosion critically impacts trophic states as well as C stocks
and flows in aquatic ecosystems (Cole et al., 2007; Tranvik et al.,

Delta:1_given name
http://swat.tamu.edu/software/swat-executables
http://swat.tamu.edu/software/swat-executables
mailto:Xuesong.zhang@pnnl.gov
mailto:xzhang14@umd.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envsoft.2018.01.005&domain=pdf
www.sciencedirect.com/science/journal/13648152
http://www.elsevier.com/locate/envsoft
https://doi.org/10.1016/j.envsoft.2018.01.005
https://doi.org/10.1016/j.envsoft.2018.01.005
https://doi.org/10.1016/j.envsoft.2018.01.005


X. Zhang / Environmental Modelling & Software 102 (2018) 39e4840
2009; Battin et al., 2009; Tank et al., 2010). Soil erosion mobilizes
and introduces large amounts of particulate organic carbon (POC)
from upland landscapes into streams, rivers, and reservoirs, where
POC undergoes complex transport and transformation processes;
POC not consumed in inland waters is transported by rivers to
estuarine and coastal ecosystems (Hope et al., 1994), where it could
be buried, biogeochemically transformed, or returned back to the
atmosphere as CO2 (Bauer and Bianchi, 2011). C transport and
transformation processes link C cycling across terrestrial and
aquatic ecosystems at the watershed scale and represent an
important component of the boundless global C cycle (Battin et al.,
2009), but has not been well understood and characterized
(Trimmer et al., 2012).

Multiple field scale soil erosion models are available. The
empirically-based Universal Soil Loss Equation (USLE) (Wischmeier
and Smith, 1978; Wischmeir, 1965) is a field scale model that is
capable of simultaneously considering multiple soil erosion control
factors, such as surface cover, terrain characteristics, precipitation,
and conservation practices. Based on the USLE model, multiple
revised methods have been proposed and widely adopted, such as
Revised USLE (RUSLE) by Renard et al. (1991) and Modified USLE
(MUSLE) byWilliams and Berndt (1977). More physically based soil
erosion models (Jetten et al., 1999; Nearing et al., 2005), such as
Water Erosion Prediction Project (WEPP) (Nearing et al., 1989),
KINematic runoff and EROSion (KINEROS) (Woolhiser et al., 1990),
EUROpean Soil Erosion Model (EUROSEM) (Morgan et al., 1998),
and Plot Soil Erosion Model 2D (PSEM_2D) (Nord and Esteves,
2005), have been developed to explicitly represent detachment
and transport processes during soil erosion (Ellison, 1947). Previous
studies showed that field scale soil erosion modeling is subjective
to multiple errors sources (Jetten et al., 1999; Nearing et al., 2005;
Nord and Esteves, 2005), such as input data quality, user's choices
in preparing input data, and inherent errors from simplified rep-
resentation of the soil processes; often the importance of different
uncertainty sources varies by models and experimental data
employed. In general, the physically based models require more
detailed spatial data and finer execution time step (e.g. minutes),
and are often event based. A comparison of field scale soil erosion
models (Jetten et al., 1999) showed that empirically models do not
underperform physically models for long-term continuous simu-
lations. Given the availability of terrain, climate and management
data and the purpose of linking erosion with SOC losses for long-
term simulations, we chose the MUSLE soil erosion model.

In addition, the MUSLE has been incorporated within the SWAT
model (Arnold et al., 1998), which is a widely used process-based
watershed model for reproducing observed hydrologic and/or
pollutant loads across a wide range of watershed scales and envi-
ronmental conditions, as well as for assessing impacts of conser-
vation practices, land use, climate change, water management, and
other scenarios (Gassman et al., 2007). Using MUSLE within the
SWAT framework will greatly benefit future efforts to understand
the fate of eroded sediments and C in downstream aquatic eco-
systems and assess watershed scale C balance. Furthermore, in
recognition of the need of a coupled watershed scale C cycling
model, recent efforts (Yang and Zhang, 2016; Yang et al., 2017;
Zhang et al., 2013b) enhanced and tested SWAT for simulating
carbon dioxide (CO2) and nitrous oxide (N2O) fluxes of diverse
upland ecosystems (referred to as SWAT-C hereafter). The revised
coupled C, nitrogen and phosphorus cycles in SWAT-C are derived
from three agroecosystem models, including the CENTURY model
(Parton et al., 1994) and its daily version (DAYCENT) (Del Grosso
et al., 2001), the Environmental Policy Integrated Climate (EPIC)
model (Williams, 1990; Izaurralde et al., 2006), and the Decision
Support System for Agrotechnology Transfer model (DSSAT) (Jones
et al., 2003; Gijsman et al., 2002), as described in Zhang et al.
(2013b). Wu et al. (2016) also explored the joint use of SWAT and
DAYCENT to assess carbon dynamics. The SWAT-C model's C
module has been tested for simulating CO2 fluxes at 16 eddy
covariance flux towers (Yang and Zhang, 2016; Zhang et al., 2013b).
Those efforts lay a solid foundation for linking terrestrial C cycling
with soil erosion.

Here, the major objective of this study is to test SWAT-C for
simulating long-term sediment and eroded C using the long-term
measurements from a small watershed (W118) in the North Ap-
palachian Experimental Watershed (NAEW) research station (Hao
et al., 2001). The outcome resulting from this study is expected to
help understand the strength and weaknesses of SWAT-C for pre-
dicting the lateral movement of C from cropland into adjacent
water bodies, thereby supporting its future development and ap-
plications to help understand C cycling across terrestrial and
aquatic ecosystems.

2. Materials and methods

2.1. Description of the SWAT-C model

The SWAT model is a continuous, long term, distributed-
parameter hydrologic model, which has been incorporated into
the U.S. Environmental Protection Agency (US EPA) Better Assess-
ment Science Integrating Point & Nonpoint Sources (BASINS)
software package (Luzio et al., 2002), and is also being considered
as a core watershed model by the United States Department of
Agriculture (USDA) for applications in the Conservation Effects
Assessment Project (CEAP) (Richardson et al., 2008) across water-
sheds in the U.S. For a watershed application, SWAT subdivides a
watershed into subbasins connected by a stream network, and
further delineates Hydrologic Response Units (HRUs) consisting of
unique combinations of land cover and soils in each subbasin. For
each HRU, SWAT simulates surface and subsurface flow, evapo-
transpiration, soil moisture sediment generation, carbon and
nutrient cycling, and plant growth and development (Neitsch et al.,
2011). The plant growth processes in SWAT are based on the EPIC
model, which uses a revised version of Crop Environment REsource
Synthesis (CERES) (Williams et al., 1989; Jones et al., 1991) and
employs the concept of radiation-use efficiency by which a fraction
of daily photosynthetically-active solar radiation is intercepted by
the plant canopy and converted into plant biomass. Daily gains in
plant biomass are affected by vapor pressure deficits, atmospheric
CO2 concentrations, nutrients availability, and other environmental
controls and stresses.

In the SWAT-C version (Zhang et al., 2013b), following the
CENTURY model (Parton et al., 1994), the soil organic matter (SOM)
and residue are represented with five pools. Plant litter is divided
into the easily decomposable metabolic (e.g. proteins and sugars)
and recalcitrant structural (e.g. lignin and cell walls) component.
An active microbial biomass pool that has a turnover of months to a
few years, including soil microbes andmicrobial products. The slow
humus pool receives C and N from the decomposition of structural
litter, metabolic litter, and microbial biomass and often has a
turnover time of 20e50 years. The most recalcitrant SOM lies in the
passive humus pool, which includes physically and chemically
stabilized SOM sorbed to clays with long turnover times
(400e2000 years) (Parton et al., 1993, 1994). In addition to sub-
strate specific properties, the decomposition and transformation of
structural litter, metabolic litter, passive humus, slow humus, and
microbial biomass are also influenced by abiotic factors, such as soil
temperature, soil water content, tillage enhancement, oxygen
availability, and soil texture (Parton et al., 1994; Gijsman et al.,
2002; Izaurralde et al., 2006).

SWAT-C simulates soil erosion using the modified universal soil
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loss equation (MUSLE) (Williams and Berndt, 1977). Eroded SOC
loss is derived by multiplying the amount of eroded soil with the
concentration of SOC in mineral soils and an enrichment ratio. The
MUSLE is a variant of the equation Universal Soil Loss Equation
(USLE) (Wischmeier and Smith, 1978; Wischmeir, 1965) and is
represented in the following form:

sed ¼11:8,
�
Qsurf ,qpeak,areahru

�0:56
,KUSLE,CUSLE,PUSLE,LSUSLE,CFRG

(1)

where sed is the sediment yield on a given day (Mg), Qsurf is the
surface runoff volume (mm H2O ha�1), qpeak is the peak runoff rate
(m3 s�1), areahru is the area of the HRU (ha), KUSLE is the USLE soil
erodibility factor that is determined by sand, clay, silt, and organic C
content, CUSLE is the USLE cover and management factor (dimen-
sionless), PUSLE is the USLE support practice factor (dimensionless),
LSUSLE is the USLE topographic factor (dimensionless), CFRG is the
coarse fragment factor (dimension less). CUSLE is land cover specific,
with grassland having smaller values than row crops. Residue
collection influences this factor by reducing surface cover, leading
to more erosion.

The concentration of SOC in eroded mineral soils is a product of
the concentration of SOC in top soil and an enrichment ratio. We
further use the following equation to calculate the amount of
eroded SOC:

sedC ¼ sed,concsoc;soil,ER (2)

where sedC is the eroded C yield on a given day (Mg), concsoc;soil, is
the fraction of SOC in the top soil layer where eroded sediment
comes from, ER is the ratio of the concentration of organic C
transported with the sediment to the concentration in the soil
surface layer. In the experimental site, measured ER was 1.7 (Hao
et al., 2002), which was assumed to be fixed over time in the
simulation study.
2.2. Enrichment ratio calculation

As smaller particles weigh less and are more easily transported
than coarser particles, the sediment load to streams often has a
greater proportion of clay sized particles or enriched in clay parti-
cles. SOM is attached primarily to colloidal (clay) particles, so the
sediment load will also contain a greater proportion of concen-
tration of organic C than that found in the soil surface layer. In
SWAT, the enrichment ratio is estimated using the following
empirical formula:

ER ¼ 0:78,
�
concsed;surf

��0:2468
(3)

where concsed;surf is the concentration of sediment in surface runoff
(Mg m�3 H2O).

Our initial assessment of the default SWAT enrichment ratio
calculation equation (Eq. (3)) showed that it estimatedmuch higher
ER than those reported in literature that are <3 in most cases
Menzel (1980). This finding led us to examine other ER calculation
options that have been derived from previous field experimental
data. Here two equations are selected to understand uncertainties
associated with ER calculation and subsequent implications for
eroded C simulations. Based onmultiple experimental data, Menzel
(1980) derived a generalized equation that is hoped to hold for a
wide range of vegetation and soil conditions:
ER ¼ 7:4 ,ðseduÞ�0:2 (4)

where sedu is sediment yield per unit area (kg ha�1). This rela-
tionship has beenwidely used in nonpoint source pollutionmodels,
such as the Chemicals, Runoff, and Erosion from Agricultural
Management Systems (CREAMS) (Knisel, 1980), to calculate
nutrient enrichment ratios.

Wang et al. (2013) derived a SOC enrichment ratio relationship
based on field rainfall simulation experiments in the Loam Belt area
in Central Belgium:

ER ¼ 2:46*e�0:065,SC þ 1:0 (5)

where SC is sediment concentration in surface runoff with a unit of
(g L�1 H2O).

2.3. Description of the experimental site

The experimental site is a small watershed (W118) located
within the USDA's NAEW research station (40�220 N, 81�480 W)
near Coshocton, Ohio, which was established in 1938 to study
runoff, erosion, and water quality as influenced by varying agro-
ecosystems under different crop covers andmanagement practices.
More detailed description of the study site and its location is pro-
vided by Owens et al. (2010). The study area receives long-term
annual average precipitation of 937mm (1951e1998), with a
standard deviation of 49.9mm. On average, Spring (April, May and
June) and summer (July, August, and September) receive 283.1mm
and 269.2mm precipitation, respectively. In contrast, precipitation
is less in autumn (October, November, and December) and winter
(January, February, and March), which is 185.9mm and 200.1mm,
respectively. Annual average daily air temperature is above 16.0 �C,
with average daily maximum air temperature of 16.0 �C and
average daily minimum air temperature 3.4 �C. The W118 water-
shed covers an area of 0.79 ha, and has a slope gradient of 10% with
the slope length of 132m. The sediment and eroded C transported
by surface runoff were collected at the outlet of the small catch-
ment to determine the yields of sediment and eroded C (Hao et al.,
2001). The dominant soil type of the watershed is silt loam (Kelly,
1975).

Historical cropping systems have been described in Hao et al.
(2001), Kelly (1975), Shipitalo and Edwards (1998) and in Owens
and Edwards (1993), and can be grouped into four major phases.
The first phase is between 1951 and 1970 with a four year rotation
of plow tilled corn (Zea mays L.)- winter wheat (Triticum aestivum
L.)-meadow-meadow (CWMM). For corn years, soils were plowed
with moldboard, disk (twice), and harrow (once) before planting in
late April or early May, and a rate of 56 kg ha�1 fertilizer (5-20-20)
that contains 5% nitrogen-20% phosphorus-20% potash and
9Mg ha�1 cattle manure was applied or plowed into the soil. Corn
harvesting occurred in early October, with corn stover chopped and
spread on the field. For winter wheat, soils were disked before
drilling the seeds, and planting date is within 2 weeks from corn
harvest. Winter wheat received a fertilization rate of 112 kg ha�1

fertilizer (5-20-20) and was harvested in next year's early July. For
the two meadow years, hay harvesting occurred twice in late June
and early August, respectively. The second phase (1971e1975)
experienced plow tilled continuous corn (CC) (except no-till corn in
1974). During this period, soil amendments included N fertilizer of
225 kg ha�1 of urea or NH4NO3 applied in spring and phosphorous
applied in fall to reduce nutrient stress on plant growth. The third
phase (1976e193) is continuous Meadow with no-till and twice
harvesting in late June and early August, respectively. The fourth
phase is between 1985 and 1998, planted with a no-till corn and
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Fig. 1. Simulated and observed annual sediment (a) and eroded C (b) yield for the
period of 1951e1998. Simulated values are derived by SWAT-C with a fixed enrichment
ratio of 1.7 as derived from measured data by Hao et al. (2001).

X. Zhang / Environmental Modelling & Software 102 (2018) 39e4842
soybean (Glycine max (L.) Merr.) rotation (CS). During this phase,
corn received N fertilizer of 225 kg ha�1 of urea or NH4NO3 applied
in spring and phosphorous applied in fall. In general corn and
soybean were planted in late April or early May, and harvested
October. Residues from corn and soybean are left intact on ground
surface. Contour farming was adopted for row crops.

2.4. Model evaluation

Moriasi et al. (2007) reviewed and summarized multiple eval-
uation metrics used in model skill assessment. Here we selected
three widely used descriptive statistics that has been widely used
for evaluating performance of the SWAT model. The first metric is
percent bias (PBIAS) (Gupta et al., 1999) calculated as:

PBIAS ¼
 PT

k¼1ðfk � ykÞPT
k¼1yk

!
� 100 (6)

where fk is the model simulated value at a time unit or location k,
yk is the corresponding benchmark data value, and T represents the
total pairs of data. PBIAS measures the average tendency of the
simulated data to be larger or smaller than their observed coun-
terparts. Small PBIAS values means less model bias.

The second metric is coefficient of determination (R2) (Legates
and McCabe, 1999):

R2 ¼

8><
>:

PT
k¼1ðyk � yÞ

�
fk � f

�
hPT

k¼1ðyk � yÞ2
i0:5�PT

k¼1

�
fk � f

�2�0:5
9>=
>;

2

(7)

where y is the mean of observed data for the entire time period or
across all sites under evaluation, f is the mean of simulated data.
The other symbols are the same as defined above. R2 ranges be-
tween 0.0 and 1.0 and represents the proportion of the total vari-
ance in the observed data that is explained by the model. The
higher the R2 values, the better the model performance.

The third metric is Nash-Sutcliffe efficiency (Ens) (Nash and
Sutcliffe, 1970):

Ens ¼ 1:0�
PT

k¼1ðyk � fkÞ2PT
k¼1ðyk � yÞ2

(8)

all symbols are the same as those introduced above. Ens indicates
how well the plot of the observed value versus the simulated value
fits the 1:1 line, and ranges from �∞ to 1.

3. Results and discussion

3.1. Comparison between simulated and observed long-term
sediment and eroded carbon yields

With a fixed ER value of 1.7, we simulated annual sediment and
eroded C yields over the period of 1951e1998 (Fig.1). Averaged over
1951e1998, SWAT-C slightly underestimated sediment yield by
14%, with the simulated average of 1.03Mg ha�1 yr�1 vs. the
observed average of 1.2Mg ha�1 yr�1 (Fig. 2). For eroded C, SWAT-C
simulated value of 0.022Mg C ha�1 yr�1 was 29% lower than the
observed value of 0.031Mg C ha�1 yr�1. The time series plots in
Fig. 1 also showed that SWAT-C captured well the overall temporal
pattern of sediment and eroded C yield over the simulation period.
In particular, SWAT-C captured years with the highest and second
highest yields of sediment of 19.7 and 7.63Mg ha�1 yr�1, respec-
tively, but with less magnitude. Similarly, we found SWAT-C also
reproduced the peak eroded C yield during those two years. Overall,
the high coefficient of determination values for both simulated
sediment and eroded C yields (0.85 and 0.84, respectively) indicate
the capability of SWAT-C to explain temporal variability of lateral
flow of sediment and eroded C over a long period. However, the Ens
values of 0.70 and 0.61 for sediment and eroded C yields simula-
tions showed that there are noticeable different between the
simulated and observed magnitude of the variables of interests at
the annual time step.

Further examination of individual years' sediment and eroded C
yields revealed larger uncertainties of SWAT-C simulations at the
annual time scale. For example, SWAT-C underestimated sediment
and eroded C yields by �37% and �50%, respectively, for year 1975.
For year 1973, the PBIAS values were �54% and �63%, respectively,
for sediment and eroded C yields. Summarized over the 41 years
with observations, SWAT-C prediction error was larger than 50% for
29 years for both sediment and eroded C yields simulations. When
the two years with highest sediment yields are removed, the R2

values decreased to 0.09 and 0.08, respectively, for sediment and
eroded C simulations. This finding indicates the high uncertainty of
using SWAT-C to predict sediment and eroded C yield for a specific
year, which may be caused by numerous factors related to char-
acterizing biophysical and biogeochemical processes within an
agricultural field.

SWAT-C uses SOC content in the top 10mm soils and enrich-
ment ratio to estimate C concentration in sediment, therefore, in
Table 1we also listed the simulated top 10mm SOC content to show
the variation in SWAT-C performance for different crop rotations.
Due to the lack to observations for the top 10mm, we could not
directly assess SWAT-C's performance for this top layer. But in



Fig. 2. Scatter plots of simulated and observed annual sediment (a) and eroded C (b)
yield for the period of 1951e1998. Descriptive statistics, including observed and
simulated mean values, coefficient of determination, Nash-Sutcliffe efficiency and
percentage of bias, are also shown on the graph.

Table 1
Simulated and observed SOC storage at different soil depths (Mg C ha�1).

Soil depth Observed Initial SOCa CWMM-PT (1951e70)c CC-PT (1971

0-10mm N/A 1.2 0.9
0-10 cm 17.6 16.3 15.9
10-20 cm 13.9 16.1 17.3
20-30 cm 4 4 3.9
0-30 cm 35.6 36.5 37.1

a Initial SOC represents SOC stocks in 1951.
b Represents average SOC stocks observed at the end of 1998 as reported by Hao et al

upper, middle and lower slope positions.
c SWAT-C simulated SOC stocks at the end of different crop rotations: 1951e1970: Corn

(CC) with PT; 1976e1983: Meadow (M) with No-Till (NT); 1984e1998: Corn-Soybean (C
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combination with the simulations of eroded C for the four crop
rotations, we will discuss the potential implications of top 10mm
SOC estimation for explaining bias in simulated eroded C in the
following section 3.2.

In addition to reasonable reproduction of long-term eroded C,
SWAT-C was assessed for simulating SOC stocks over the simulation
period (Table 1). SWAT-C correctly simulated the direction of the
change of SOC storage in the top 30 cm soils, but over-predicted the
magnitude by 1.1Mg C ha�1 over the 48 years period. A closer look
at the predicted SOC stocks by soil depth indicated that SWAT-C
overestimated the changes of SOC in the top 0e10 cm and
10e20 cm soil horizons, but underestimated the SOC change in the
soil depth between 20 and 30 cm. Although both observed data and
SWAT simulations show increases in the top 0e10 cm, the magni-
tude of observed increase was 0.5Mg C ha�1 which is much lower
than the simulated increase of 3.6Mg C ha�1. In contrast, for SOC in
20e30 cm soil horizons, SWAT-C simulated a decrease of 0.53Mg C
ha�1, while observed values indicate an increase of 2.5Mg C ha�1.
For the 10e20 cm soil horizon, both SWAT-C and observed values
showed a decrease in SOC storage over the simulation period.

SWAT-C was able to simulate responses of SOC storage to
different crop rotations (Table 1). As the lack of SOC observations,
we could not give direct assessment of the accuracy of simulated
SOC storage under these four crop rotations. In general, it seems
reasonable that the two rotations with meadow exhibited higher
SOC in deeper soil layers than the CC-PT and CS-NT rotations, given
that perennial grasses have deeper root and higher root-shoot ratio
than annual crops (Zhang et al., 2011).

In general, SWAT-C predictions matched well the total SOC
storage in the 0e30 cm soil depths. Note that there was noticeable
difference in simulated and observed SOC for each soil layer. The
mismatch between the SWAT-C simulated and observed SOC stocks
may be caused by uncertainties from different sources. The first
source of uncertainty arises from the uncertainties associated with
the SOC measurements. Measurements taken at different locations
within a field vary from each other due to spatial heterogeneity
(Hoffmann et al., 2014). Often multiple replicate measurements
were taken to estimate uncertainties arising from spatial hetero-
geneity Hao et al. (2002), as illustrated by the ranges of SOC ob-
servations obtained at upper, middle and lower slope positions
(Table 1). For example, themeasured 0e30 cm SOC ranged between
33.3 and 39.0Mg C ha�1. The range of SOC values were derived
through repeated measurements at a limited number of locations
within the agricultural fields, which are unlikely to reliably to
represent total uncertainty caused by soil spatial heterogeneity
(Donovan, 2012). In addition, accuracy of SOC measurements suf-
fers from uncertainties in soil bulk density determination (Walter
et al., 2016) and intrinsic limitations of SOC measurement tech-
e75)c M-NT (1976e83)c CS-NT (1984e98)c Observed final SOCb

0.8 2.9 N/A
16 21.2 18.1 (16.1e19.3)
16.3 13.2 12.3 (12.1e12.6)
4 3.47 6.5 (5.0e7.5)
36.3 37.9 36.8 (33.3e39.0)

. (2002) with the numbers in parentheses representing the range of observations at

-Wheat, Meadow-Meadow (CWMM)with Plow Till (PT); 1971e75: Continuous Corn
S) with NT.
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niques as discussed in Schumacher (2002) and Da Silva Dias et al.
(2013).

The second type of uncertainties mainly lie in errors in model
simulations. For example, errors associated with model inputs (e.g.
climate forcing, soil properties, timing and characterization of each
agronomic operations) can translate into errors in model simula-
tions (Grosz et al., 2017). The uncertainties associated with SWAT's
hydrologic and biogeochemical simulation algorithms (e.g. evapo-
transpiration, surface runoff, plant nutrient uptake, root develop-
ment, and SOC decomposition) may influence water budget, plant
cover, SOC dynamics and biogeochemical constituents (Zhang et al.,
2014).

Although the uncertainties associated with field measurements
and model simulations prevent us from achieving simulations that
exactly match the observations, the statistical metrics (Fig. 2 and
Table 1) show that SWAT-C can reasonably reproduce the average
magnitude and temporal variable of long-term annual sediment
and eroded C loads. Furthermore, SWAT-C simulated well the long-
term average SOC stocks in the top 30 cm. But SWAT-C did not
represent well the depth distribution of SOC changes, indicating
that the below ground root development and vertical variation of
controls on SOC dynamics await further examination and
improvements.

3.2. Soil erosion and eroded C yield by crop management

The analysis in section 3.1 reveals the noticeable discrepancies
at the annual scale between simulated and observed sediment and
eroded C loads, although the long-term average was well repro-
duced. This result is not surprising as previous studies showed that
SWAT-C was able to capture long-term characteristics of agro-
ecosystems, but performed less at the annual time scale given large
uncertainties associated with input data and imperfections of the
numerical algorithms (Srinivasan et al., 2010; Zhang et al., 2013a).
This finding led to a follow-up question: how do SWAT-C perform
over an intermediate time scale that is coarser than annual but finer
than overall average? Here we conducted further examination of
SWAT-C performances by different crop rotations or types.

SWAT-C simulated sediment and eroded C yields matched the
relative magnitude of observed data by crop rotation (Fig. 3). The
CC-PT rotation exhibited the highest soil erosion and associated
SOC losses. This result is consistent with previous studies that soil
plowing disturbs soil surface and increases the risks of erosion
(Devanand et al., 2006; LeDuc et al., 2016). SWAT-C underestimated
the sediment and associated eroded C yields during the CC-PT
rotation by 2.5Mg ha�1 yr�1 than observed, which is the major
reason causing the lower simulated sediment load by SWAT-C, as
the 5-year total sediment yields disproportionately accounted for
ca. 61% of the total sediment yields over the 48 years. In contrast to
the plow tilled CC rotation, SWAT-C overestimated sediment yields
during the no-till CS rotation. Collectively, SWAT-C estimates nar-
rowed the effects of conversion of conventional tillage to no-till
practices on soil conservation.

Similar to our sediment yield analysis, the patterns of eroded C
yield by crop rotation illustrate that SWAT-C tended to over-
estimate eroded C losses for crop rotations with low sediment
yields, while underestimate eroded C losses for crop rotations with
high sediment yields. These two types of bias offset each other and
resulted in relatively low errors for the entire period, but diminish
the value of SWAT-C to distinguish the effects of crop rotations on
sediment and eroded C losses.

Note that the PBIAS values in simulated yields are larger than
those in simulated eroded C (Fig. 3c), indicating that SWAT-C
consistently underestimated SOC concentration in sediment. In
general, PBIAS values in simulated eroded C is consistently lower
than biased in simulated sediment yields by 13%e26% over the four
assessment periods (Fig. 3c). Here, we excluded the M-NT period
for analysis due to the large relative biases in SWAT-C simulated
erosion under perennial grass cover. Assuming the fixed enrich-
ment ratio derived from observations has little error, a possible
explanation for this under-estimation of SOC concentration in
sediment is that SWAT-C underestimated the 10mm SOC. This
finding calls for future examination of SWAT-C for simulating top
10mm SOC against observations, which hold the potential to
further improve eroded C simulations.

Further analyses by crop type show that SWAT-C under-
estimated sediment yields for corn and winter wheat, but over-
estimated sediment yields for soybean and meadow, as shown in
Fig. 4. Similar patterns were obtained for SWAT-C simulated eroded
C yields. It is worth noting that, for perennial grasses, SWAT-C es-
timates an average sediment yield of ca. 0.22Mg ha�1 yr�1, which
was nearly10 times that of the observed 0.0027Mg ha�1 yr�1. As
perennial grasses are believed to provide valuable soil conservation
benefits, they have been widely promoted as a Conservation
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Reserve Program (CRP) practice (LeDuc et al., 2016) and a promising
source of cellulosic biomass to avoid food vs. biofuel conflict
(Gelfand et al., 2013; Tilman et al., 2006). The overestimation of
sediment yield and eroded C losses for meadow represent a
weakness of SWAT-C to understand environmental benefits of
perennial grasses.
3.3. Sensitivity of model simulations to different enrichment ratio
calculation methods

Model simulations with different ER calculation methods reveal
substantial variations in predicted ER values averaged over time, as
well as in temporal ER patterns (Fig. 5a). In general, the default
method in SWAT and the Menzel method overestimated ER values
for most days, in particular for those dayswith small sediment yield
or sediment concentration. This finding is in line with previous
studies that showed larger uncertainties in ER values associated
with storm events with low sediment yield or concentrations
(Wang et al., 2013). Menzel (1980) also identified large un-
certainties associated with ER estimations, and concluded that the
Menzel method could over- or under-estimate within a factor of 5
for individual runoff events and within a factor of 2 for an annual
average estimate. The ER values predicted by the Wang method
matched well with the observed ER of 1.7, with slight over-
estimation for most days and noticeable underestimation for
several years (e.g. 1971e1976).

Not surprisingly, the substantial difference in ER values pre-
dicted by different methods translated into the large discrepancy
between simulated eroded C yields (Fig. 5b). However, the
magnitude of difference between ER values is less than that be-
tween the eroded C yields (Table 2). For example, the average ER
values derived by the Wang, Menzel, and Default equations were,
respectively, 1.02, 3.07, and 3.97 times the observed ER of 1.7. In
contrast, the eroded C yields predicted by the three methods were,
respectively, 0.91, 1.38, and 1.88 times that predicted with the fixed
ER of 1.7. The higher ER resulted in more depletion of SOC in the
surface soil layer, therefore the increasing rate of eroded C yields is
less than that of sediment yields in response to increases in ER
values (Woods and Schuman, 1988).

3.4. Limitations and future directions

Based on the previous analyses, we identified the following
limitations of SWAT-C that deserve future research to improve
upon, in order to increase its credibility of representing the lateral
flow of C that couples the terrestrial and aquatic ecosystem pro-
cesses. A major limitation of this model assessment effort was that
we did not have access to exact timing of crop management prac-
tices, which was shown to have significant impacts on the simu-
lated C balance in previous site scale SWAT-C assessment (Zhang
et al., 2013b). In addition, we used generic parameters in the
SWAT database to characterize fertilization, tillage, and harvesting
management practices. These settings may not represent well the
site-specific conditions such as tillage depth, harvest index, and
fertilizer application depth that influence surface residue cover,
vertical SOC mixing and nutrient availability for SOC decomposi-
tion. Therefore, future assessment of SWAT-C at field sites with
more detailed and accurate agronomic information would help
better understand the strengths and weaknesses of SWAT-C to
simulate the lateral movement of eroded C.

As discussed in section 3.1, SWAT-C captured the long-term
average sediment and eroded C yields, but exhibited relatively
large errors for individual year predictions. A possible reason is that
the SWAT-C currently operates on a daily time step, preventing it
from directly using hourly or sub-hourly precipitation to simulate
peak flow. Given the significance of peak flow in the MUSLE
equation based soil erosion estimation, the use of long-term sta-
tistical estimation of half-an-hour precipitation intensity makes it
difficult for SWAT-C to accurately simulate rainfall event scale soil
erosion and associated C losses. Recently, a physically based soil
erosion calculation method was incorporated into SWAT (Jeong
et al., 2011) that integrates features from (EUROSEM) and Areal
Nonpoint Source Watershed Environmental Resources Simulation
(ANSWERS) (Park et al., 1982). This method can be used to calculate
hourly or subhourly soil erosion processes. In addition, the agri-
cultural field was treated as a homogeneous unit, which ignores
important effects of spatial variability on sediment detachment and
deposition. For example, Hao et al. (2002) showed that C stocks
differentiated greatly between the upper, middle and lower slope
positions of the W118 experimental sites. SWAT is able to use a
flexible configuration of upland landscapes (e.g. divide, hillslope,
and floodplain) (Arnold et al., 2010), allowing for simulating the
redistribution of sediment and SOC along the upland landscapes
regulated by surface runoff carrying capacity and erosion/deposi-
tion processes. Further coupling between SWAT-C with the
advanced landscape configuration functionswithin SWAT holds the
potential to further improve eroded C erosion/deposition processes
using refined precipitation data.

Based on the results in Figs. 2 and 3, the PBIAS values for
simulated eroded C are lower than those for simulated sediment
yields, with a difference between 13 and 26% for different crop
rotations and assessment periods. For example, over the entire
simulation period, the PBIAS is �14% and �29%, respectively, for
sediment yields and eroded C estimation. These differences in
PBIAS values indicate that uncertainties in simulated eroded C
include both errors arising from sediment yield simulations and
inherent errors in SOC algorithms. Given the lack of daily sediment



Fig. 5. Time series of predicted daily ER values (a) and eroded C yield (b) over those days with sediment yield >10�6Mg ha�1 day�1 with four different ER calculation methods.
“ER¼ 1.7” denotes fixed ER value of 1.7 over time; “Wang” denotes the equation (5) by Wang et al. (2013); “Default” denotes the default ER calculation equation within SWAT; and
“Menzel” denotes the equation (4) by Menzel (1980). In the plot of eroded C yields, the values below 0.000001 were not included to ensure legibility of the graph.



Table 2
Estimated ER and Simulated eroded C yield with different ER estimation methods.

ER method ER¼ 1.7 Default Wang Menzel

Estimated ER 1.7 6.74 1.73 5.22
Simulated eroded C yield (Mg C ha�1 yr�1) 0.022 0.041 0.020 0.031
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yield data to drive SWAT-C, we could not perform simulations to
analyze potential implications of reducing sediment yield errors for
improving eroded C estimation. However, such an exercise is
valuable for better understanding sources of uncertainties in
eroded C simulation, and await future research.

The large uncertainties associated with ER estimation deserve
closer examination. The default ER calculation method within
SWAT significantly overestimated observed ER values, and led to
much overestimation of eroded C losses. Although the Wang
method matched closely with the observed average ER values, it
seems not able to represent variability of ER associated with indi-
vidual rainfall-runoff events that have been demonstrated in pre-
vious field experiments (Wang et al., 2013). Using multiple ER
equations to provide ensemble prediction may be a feasible option
to estimate uncertainty in simulated eroded C yields. Evaluating
more ER calculation methods against field data and identify the
application conditions of each ERmethodwill help choose themost
appropriate method for a specific region or management condi-
tions, thereby facilitating reducing uncertainty in eroded C
predictions.
4. Conclusions

Soil erosion links terrestrial and aquatic ecosystem processes,
and has been identified as an important process understudied for
elucidating global/regional carbon cycles. In this study, we evalu-
ated the SWAT-C model for simulating long-term annual sediment
and eroded C yields at an experimental site within the NAEW
research station. The results demonstrate the strengths of SWAT-C
in reproducing long-term average eroded C yields and relative
magnitude of eroded C yields by crop rotation or type. Noticeable
biases were observed at the annual scale, which translated into the
pronounced over- or under-estimation of eroded C yields by crop
rotation or type. In general, SWAT-C overestimated eroded C losses
for crop rotations or types with low sediment yields, while
underestimated eroded C losses for crop rotations or types with
high sediment yields. This weakness may cause SWAT-C to discount
the environmental benefits of soil conservation practices. Based on
the strengths and weaknesses of SWAT-C, we discussed future di-
rections of further development of SWAT to better represent the
lateral movement of eroded C, such as assessing more ER calcula-
tion methods and identifying each method's appropriate applica-
tion contexts, and linking SWAT-C with advanced landscape
configuration functions of SWAT to used physically based algo-
rithms to represent soil erosion/sediment deposition processes. We
anticipate the SWAT-C model assessment and development efforts
presented here will help lay the foundation for a watershed tool to
study watershed scale C cycling across terrestrial and aquatic
ecosystems.
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