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Long-term modeling of soil C erosion and sequestration
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Abstract The soil C balance is determined by the difference between inputs (e.g., plant
litter, organic amendments, depositional C) and outputs (e.g., soil respiration, dissolved
organic C leaching, and eroded C). There is a need to improve our understanding of
whether soil erosion is a sink or a source of atmospheric CO,. The objective of this paper is
to discover the long-term influence of soil erosion on the C cycle of managed watersheds
near Coshocton, OH. We hypothesize that the amount of eroded C that is deposited in or
out of a watershed compares in magnitude to the soil C changes induced via microbial
respiration. We applied the erosion productivity impact calculator (EPIC) model to evaluate
the role of erosion—deposition processes on the C balance of three small watersheds (~1 ha).
Experimental records from the USDA North Appalachian Experimental Watershed facility
north of Coshocton, OH were used in the study. Soils are predominantly silt loam and have
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developed from loess-like deposits over residual bedrock. Management practices in the three
watersheds have changed over time. Currently, watershed 118 (W118) is under a corn (Zea
mays L.)-soybean (Glycine max [L.] Merr.) no till rotation, W128 is under conventional till
continuous corn, and W188 is under no till continuous corn. Simulations of a
comprehensive set of ecosystem processes including plant growth, runoff, and water
erosion were used to quantify sediment C yields. A simulated sediment C yield of 43 +
22 kg C ha ! year ' compared favorably against the observed 31 + 12 kg C ha ' year ' in
W118. EPIC overestimated the soil C stock in the top 30-cm soil depth in W118 by 21% of
the measured value (36.8 Mg C ha !). Simulations of soil C stocks in the other two water-
sheds (42.3 Mg C ha ' in W128 and 50.4 Mg C ha ' in W188) were off by <1 Mg C ha .
Simulated eroded C re-deposited inside (30-212 kg C ha ' year ') or outside (73179 kg
C ha' year ') watershed boundaries compared in magnitude to a simulated soil C
sequestration rate of 225 kg C ha ' year ' and to literature values. An analysis of net
ecosystem carbon balance revealed that the watershed currently under a plow till system
(W128) was a source of C to the atmosphere while the watersheds currently under a no till
system (W118 and W188) behaved as C sinks of atmospheric CO,. Our results demonstrate a
clear need for documenting and modeling the proportion of eroded soil C that is transported
outside watershed boundaries and the proportion that evolves as CO, to the atmosphere.

1 Introduction

The soil (organic) carbon (C) balance is determined by the difference between C inputs (e.
g., plant litter, crop residues, decaying roots, organic amendments, depositional C) and C
outputs (e.g., soil respiration, dissolved organic C leaching and eroded C). While most of
these C transfers occur vertically, erosion and deposition are lateral processes; thus, their
account in the soil C balance depends on the scale of the system under consideration (i.e.,
field, landscape, region, etc.). The rates of C eroded from or deposited on the landscape are
usually not considered in mass balance determinations due to difficulties in their estimation.
Furthermore, most long-term experiments that yield information on the soil C balance have
been conducted on relatively flat terrain thereby removing or significantly attenuating the
influence of erosion and deposition on the soil C balance (Paul et al. 1997; Powlson et al.
1996). Consequently, most of the changes in the soil C balance reported in these
experiments have been attributed to the difference between C inputs from net primary
productivity (NPP) and C outputs from soil respiration. Rare is the case when lateral
transfers of C due to erosion are discussed (Izaurralde et al. 2001) or estimated (Campbell et
al. 2000; Gregorich et al. 1998; Monreal et al. 1997).

Cole et al. (1997) used estimates of C losses summarized by Davidson and Ackerman
(1993) from 18 field experiments (mostly from North America) to project a global loss of
55 Pg C due to the cultivation of mineral soils since ~1800. This type of C loss estimate,
however, does not consider lateral transfers of C from eroding to depositional sites and
therefore disregards the possible C flux associated with these soil and C mass transfers. De
Jong and Kachanoski (1988), for example, estimated that about half of the total SOC losses
in Canadian prairie soils could be ascribed to soil erosion.

Lal (1995) argued that because soil aggregates break down during erosion, physically-
protected C becomes available for decomposition and, thus, subject to loss as CO,. He
estimated that water erosion could induce an annual C flux of 1.14 Pg C from soil to the
atmosphere. This calculation was derived on the basis that rivers transport annually to
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oceans ~19 Pg of soil sediments. Assuming a 10% delivery ratio, Lal (1995) estimated that
~190 Pg of soil could be in motion every year due to water erosion. This would represent
5.7 Pg C, assuming an average soil C content of 30 g kg~'. The 1.14 Pg C flux from soil to
the atmosphere was estimated assuming that 20% of the soil C displaced is oxidized by
microbial activity. Lal (2003) further expanded this hypothesis to include wind erosion and
the possible increased emissions of other greenhouse gases such as N,O and CHy.

Stallard (1998) arrived at a different conclusion when trying to link terrestrial
sedimentation to the C cycle. He hypothesized that a significant amount of C eroded from
fields becomes buried in depressional areas and is thus sequestered and unavailable for
decomposition. With time, the C eroded from agricultural lands is replaced by new C fixed by
plants growing on both eroding and depositional sites. Stallard (1998) estimated that up to
1.5 Pg C year ' could be sequestered globally by these processes. Results of a latitudinal
model across 864 scenarios (that included conditions for wetlands, alluviation + colluviation,
eutrophication, soil C replacement, wetland net ecosystem productivity, and CH, fluxes)
suggested a human-induced C sink of 0.6-1.5 Pg C year '. Using a constrained budget
approach across the conterminous US and then expanding the estimates to the global scale,
Smith et al. (2001) derived a C sink (~1 PgC yearfl), which was similar to that estimated by
Stallard (1998). While Lal’s and Stallard’s hypotheses agree on the dimension of the problem,
they diametrically oppose in sign. Is erosion then a sink or a source of C to the atmosphere?

Stallard’s hypothesis prompted further studies trying to link erosion—sedimentation
processes to the C cycle. Harden et al. (1999) sampled disturbed and undisturbed loess soils
in Mississippi and then used soil C and N data to parameterize the Century model (Parton et
al. 1987, 1993, 1994) for different erosion and tillage histories. Their results revealed that
erosion processes could generate a significant sink for C in sediments where it is protected
from decomposition. The simulation results suggested all soil C to be lost during a 127-year
period and 30% of the C lost to be replaced after 1950. Later, Liu et al. (2003) used the
framework of the Century model to develop the Erosion—Deposition-Carbon-Model
(EDCM) in order to simulate the effects of rainfall erosion and deposition on soil organic
C at several landscape positions in the Nelson Farm watershed in Mississippi. The
simulation results suggested that soil erosion and deposition reduced CO, emissions from
the soil to the atmosphere by the process of C sequestration at eroding sites and C burial at
depositional sites. Because EDCM does not explicitly model rainfall erosion, Liu et al.
(2003) input the estimated rates of erosion calculated by Harden et al. (1999).

Erosion—deposition processes, however, may have non-linear interactions with the C
cycle. Using '*’Cs methods at a small watershed in Maryland, McCarthy and Ritchie
(2002) discovered that upland agricultural activities increased C storage within a narrow
streamside forest (riparian or wetland buffer) not only because of increased sediment
deposition but also due to enhanced NPP.

Clearly, there is need to advance our understanding of the links between erosion—
deposition processes and the C cycle in order to improve the accuracy of C budgets
constructed at local, regional, and global scales. There are two types of uncertainties
concerning the relationship between erosion—deposition processes and the C cycle. The first
uncertainty refers to the link existing between erosion/deposition and NPP. At eroding sites,
soil C removed by wind, water, or even tillage (van Oost et al. 2004) is replaced with new
photosynthetically fixed C (Harden et al. 1999; Liu et al. 2003; Smith et al. 2001; Stallard
1998). At depositional sites, eroded C may be buried (Harden et al. 1999; Liu et al. 2003;
Smith et al. 2001; Stallard 1998) and C content may increase even more due to enhanced
photosynthetic activity (McCarty and Ritchie 2002). The assumption that eroded sites

@ Springer



76 Climatic Change (2007) 80:73-90

replace lost C at rates similar to non-eroded sites may not hold true. At two sites in Alberta
(Canada), Izaurralde et al. (1998) measured drastic reductions in C inputs in artificially-
eroded soils. The fraction of total C added to soil during a five-year period ranged from
0.17 to 0.33 in unfertilized eroded soils relative to unfertilized non-eroded soils. The
fraction for fertilized treatments ranged from 0.55 to 0.82.

The second type of uncertainty concerns the fraction of the eroded or deposited C that
evolves as CO,. This fraction has been estimated as essentially being 0.0 (Smith et al. 2001;
Stallard 1998), 0.2 (Lal 1995, 2003), or even 1.0 (Schlesinger 1995). The assumption that
eroded C essentially undergoes no oxidation when dislodged and transported to a new
location contradicts what is known about the physics of soil erosion (Troch et al. 1991) and
the physical mechanisms of C protection in soil aggregates (Jastrow and Miller 1998).

Clearly, there is a need for an improved understanding of the role of soil erosion on the C
cycle. The objective of this paper is to discover the long-term influence of soil erosion on the
C cycle of three managed watersheds. We hypothesize that the amount of eroded C that is
deposited in or out of a watershed compares in magnitude to the soil C changes induced via
management of NPP and heterotrophic decomposition processes. Were the hypothesis
confirmed, it would demonstrate the need to include the C fluxes associated with erosion in
ecosystem C balance calculations. To test the hypothesis, we use the EPIC model (Williams
1995) to attempt to reproduce historical crop yields, runoff, soil sediment yield, soil sediment
C yield, and soil C dynamics documented during several decades at three watersheds near
Coshocton, OH. We use the model EPIC because of its ability to simulate soil C dynamics
including those associated with wind and water erosion (Izaurralde et al. 2006). An improved
understanding of how erosion—deposition processes control the soil C balance at the local
scale will support further analysis of these phenomena at larger spatial scales and thus
contribute to understanding whether they behave as sources or sinks of atmospheric CO,.

2 Materials and methods
2.1 Description of experiments

The North Appalachian Experimental Watershed (NAEW; 40°22'N, 81°48'W) is a US
Department of Agriculture research station established in 1938 near Coshocton, OH to
study runoff and water erosion processes from agricultural land (Fig. 1) (Kelley et al. 1975).
Because it is located on a local high ranging in elevation from 300 to 600 m, the 424 ha
research site does not receive runoff water from surrounding areas. Berms have been used
to divide the watershed into sub watersheds of different size (0.4-1,400 ha) to study the
influence of specific management treatments on runoff, erosion, and water quality. These
treatments have varied with time according to experimental objectives and also to reflect
the evolution of farming practices in the region. Specific treatments included in the
modeling experiment are described in Section 2.2.2.

Annual long-term precipitation averages 973 mm. Maximum daily air temperature
averages 16.0 °C and minimum daily air temperature averages 3.4 °C. Natural vegetation at
NAEW has been classified as mixed oak forest with white oak (Quercus alba), black oak
(Q. velutina) and hickory (Carya spp.) being predominant species. The soils at NAEW are
non-glaciated and developed from residuum and colluvium parent materials derived from
sedimentary bedrock such as coarse-grain sandstone, shale, and limestone (Kelley et al.
1975). Dominant soil types are silt loam in texture and classify as Hapludalfs.
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2.2 Modeling
2.2.1 The EPIC model

EPIC was originally designed to quantify the effects of wind and water erosion on soil
productivity (Williams et al. 1989). Over the last 20 years, EPIC has developed into a
terrestrial ecosystem model capable of simulating NPP, crop yields, hydrologic balance, heat
balance, nutrient cycling, soil erosion, and a complete suite of environmental controls on
plant growth such as irrigation, fertilization, and liming (Williams et al. 1995). Recently,
Izaurralde et al. (2006) added and tested new C and N modules to simulate soil C
dynamics. One of the major objectives of this work was to examine the interactive effects
of soil erosion on the C cycle.

Daily gains in plant biomass in EPIC are proportional to the daily photosynthetically
active radiation intercepted by the plant canopy. These daily gains in aboveground
plant biomass are affected by vapor pressure deficits, atmospheric CO, concentration
(Stockle et al. 1992a,b), and other physiological stresses caused by environmental factors
such as water, temperature, N, P and aeration. Similarly, daily root growth may be affected
by non-optimal values of soil strength, temperature, and aluminum content (Jones et al.
1991). Currently, EPIC can simulate about 100 plant species including crops, native
grasses, and trees. Plant competition is simulated as in the ALMANAC model (Kiniry et al.
1992). Daily weather can be estimated from precipitation, air temperature, solar radiation,
wind, and relative humidity parameters or it can be input from historical records. Soil
information on layer depth, texture, bulk density, and C concentration is needed to
drive EPIC.

EPIC is optimized to compute components of the hydrological cycle at the small
watershed scale (1-100 ha). Components calculated include snowmelt, surface runoff,
infiltration, soil water content, percolation, lateral flow, water table dynamics, and
evapotranspiration. Runoff can be calculated directly with the curve number method (US
Department of Agriculture (USDA)-Soil Conservation Service 1972) or indirectly by
calculating infiltration with an iterative solution of the Green—Ampt equation (Green and
Amp 1911). Wind erosion is calculated on a daily time step based on wind speed
distribution and adjusted according to soil properties, surface roughness, vegetative cover,
and distance across wind path (Potter et al. 1998). Water erosion is computed as a
function of the energy in rainfall and runoff. Six equations based on the Universal
Soil Loss Equation (USLE) (Wischmeier and Smith 1965, 1978) are available to the
user (Williams 1995). The general equation to calculate water erosion is:

Y =X xKxLSxCxPXRFy (1)

where Y, in the case of the USLE equation, is soil erosion in Mg ha™', X is the erosivity
factor, K is the soil erodibility factor (Mg MJ 1), LS is the slope length and steepness factor
(dimensionless, calculated relative to a slope 22.1 m long and with a gradient of 0.09 m m ),
C is the cover-management factor (dimensionless), P is the conservation practice factor
(dimensionless), and RFy is the coarse fragment factor (dimensionless). In the USLE
equation, the factor X is the rainfall erosivity index Elyo (MJ ha ' year ), which represents
how the energy of falling water and maximum rainfall intensity combine (in a statistical
way) to detach and transport soil particles. EPIC also includes a modification of the
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USLE equation (Williams 1975) in which X is a function of runoff volume (Q, mm), peak
runoff rate (g,, mm h'"), and watershed area (4, ha):

X =1.586(Q x g,)"*°

x 4% (2)

The modified USLE equation, called MUSLE, allows for the calculation of erosion and
sediment yield as a function of runoff. Four other variations of USLE and MUSLE are
available to the user (Williams 1995; Williams and Izaurralde 2005). In all of these
variations, Y is sediment yield (Mg ha ') because these equations implicitly account for
depositional processes that occur within the watershed. The difference between soil erosion
(estimated with the USLE equation) and sediment yield (e.g., with the MUSLE equation)
should give an estimate of soil deposition within the watershed.

The MUSS (Modified Universal Soil [Loss Equation] Small [Watershed]) equation
[Equation (3)], a particular variation of the MUSLE equation, was used in this modeling
experiment because it is particularly adapted for small watersheds without channel erosion
(William and Izaurralde 2005).

X =0.79(0 % g,)"® x 420 (3)

EPIC uses a similar approach to the Century model (Parton et al. 1994) to distribute C
and N into several pools across up to 15 soil layers: metabolic litter, structural litter, active,
slow, and passive. Soil C losses from the watershed occur vertically via CO, generation
during microbial respiration and horizontally via transport of sediment and soluble C
outside watershed boundaries. Currently, EPIC does not calculate the fraction of the eroded
C that, either retained in or transported from the watershed, evolves as CO, to the

Table 1 Selected initial soil properties for three small watersheds at the North Appalachian Experimental
Watershed in Coshocton, OH (Kelley et al. 1975)

Watershed, soil name Layer Layer depth Bulk density pH Sand Silt Clay Organic C
™) (Mg m™) (gkg ")

W118, Coshocton, silt loam 1 0-10 1.47 5.8 123 704 173 111
2 10-20 1.47 57 115 697 187 95
3 20-30 1.49 49 96 643 260 27
4 30-36 1.52 46 113 602 285 21
5 36-44 1.65 45 193 507 300 21
6 44-69 1.64 45 152 523 325 20
7 69117 1.54 4.5 278 493 229 20
8 117-147 1.60 45 138 582 280 20

W128, W188, Rayne, silt loam 1 0-5 1.46 5.6 232 604 164 133
2 5-10 1.46 5.6 232 604 164 133
3 10-20 1.46 5.7 278 554 168 121
4 20-30 1.50 59 462 354 184 81
5 30-40 1.51 5.7 458 361 181 69
6 40-50 1.57 47 444 388 168 21
7 50-60 1.57 47 444 388 168 21
8 60-70 1.57 47 432 393 176 21
9 70-150 1.58 4.6 413 400 187 20
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Table 2 Historical management of three sub watersheds at the North Appalachian Experimental Watershed
research facility near Coshocton, OH

Watershed number Area (ha) Period® Crop rotation” Tillage® References®
118 0.79 1951-1970 C-W-M-M CT 1,2
1971-1975 C CT
1976-1983 M, W in 1983
1984-2001 C-S NT
128 1.08 1966-1973 C-W-M-M CT 1,2,3
1974-1978 C NT
1979-1983 M
19842001 C CT
188 0.83 1966-1970 C-W-M-M CT 3
1971-2001 C NT

? The historical period extends back to 1939 but only the period of simulation is included here.

¢ com (Zea mays L.); W wheat (Triticum aestivum L.); S soybean (Glycine max [L.] Merr); M meadow
(timothy [Phleum pretense L.], red clover [Trifolium pretense L.], and alsike clover [Trifolium hybridum 1L.])
sown with wheat in fall. Meadow crops were mowed for hay in late spring and fall.

¢ CT Plow till, NT no till.
41 Hao et al. (2001); 2 Hao et al. (2002); and 3 Puget et al. (2005).

atmosphere. The model also simulates transport and losses of dissolved C below the soil
profile. For a complete description of the model see Izaurralde et al. (2006).

2.2.2 Description of simulation experiments

We obtained a 47-year weather record (1956-2002) of daily precipitation and air
temperature (maximum and minimum) for Coshocton, OH from the National Climatic
Data Center (NCDC; Asheville, NC). These daily data were read by the model for selected
periods of the simulation. The rest of the weather variables needed to run EPIC (solar
radiation, relative humidity, and wind speed were simulated by the model from weather
parameters developed for New Philadelphia, OH (latitude 40°21'N, longitude 81°47'W).

Soil layer properties (e.g., layer depth, texture, water retention capacity, organic C, etc.;
Table 1) and landscape characteristics (watershed area, slope length and gradient; Fig. 1) for
each of the watersheds were obtained from Kelley et al. (1975) and complemented with
unpublished records.

We selected three sub watersheds for this modeling study: W118, W128 and W188
(Fig. 1), which had been studied in detail by Hao et al. (2001, 2002) and Puget et al. (2005).
Hao et al. (2001) selected W118 to study the impact of historical management on soil and C
erosion during a 49-year period (1951-1999). A rotation of plow-till corn (Zea mays L.),
wheat (Triticum aestivum L.), and two years of meadow (timothy [Phleum pretense L.], red
clover [Trifolium pretense L.], and alsike clover [Trifolium hybridum L.]) cut for hay was
simulated during the first 20 years (Table 2). This was followed by five years of continuous
plow till corn, eight years of meadow and 18 years of a corn—soybean (Glycine max [L.]
Merr.) no till rotation. For W118, EPIC was run from 1951 to 1999 to cover the period of
recorded runoff and sediment yield (Hao et al. 2001).

Puget et al. (2005) selected five sub watersheds, including W128 and W188, to assess the
impacts of contrasting land use and management on soil C stocks. Watersheds W128 and
W188 were under a plow till corn—wheat-meadow-meadow rotation for eight and five years,
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Fig. 2 (a) Observed and simulated dry corn yields in W188 from 1971 to 2001. (b) Simulated/observed corn
yield differences in relation to deviations from average precipitation

respectively (Table 2). For W128, continuous no till corn was simulated for five years
followed by five years of meadow and then plow till corn until the end of the simulation in
2001. Continuous no till was simulated for W188 from 1971 to 2001. For these last two
watersheds, the model was run from 1966 to 2001 to coincide approximately with soil organic

C determinations made in 1

965 (Kelley et al. 1975) and with soil organic C measurements

conducted in 2001 by Puget et al. (2005). Data and outputs from W128 and W188 were
used to calculate soil C sequestration rates as a result of adoption of no tillage practices.
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3 Results and discussion
3.1 Crop productivity

The EPIC crop growth module has been tested against experimental data many times since
its development (e.g., (Bryant et al. 1992; Cavero et al. 1999; Izaurralde et al. 2006; Roloff
et al. 1998; Tour¢ et al. 1994; Williams et al. 1989). In general, EPIC has been found to
reproduce accurately crop mean yields and interannual variability although inaccuracies in
capturing interannual yield trends have also been reported (Roloff et al. 1998; Warner et al.
1997).

Since plant-C input is a main driver of soil C dynamics, it is important to confirm that the
EPIC crop growth module approximates correctly the annual inputs of C to soil. Corn yield data
were available only for W118 and W188. In W118, corn yields in the corn—soybean no till
rotation during 1951-1999 averaged 5.59 + 1.81 Mg ha ' (n = 18) while EPIC simulated 7.77 +
1.61 + Mg ha'. Also in W118, observed soybean yields in the corn—soybean rotation
averaged 1.79 + 0.49 Mg ha ' (n = 8) while simulated yields averaged 2.67 + 0.54 Mg ha .
In W188, simulated no till com yields averaged 7.52 + 0.23 Mg ha ' while observed yields
averaged 7.16 = 0.21 Mg ha ' (n = 31). The 1971-2001 no till corn yield record from W188
was used to examine the ability of EPIC to reproduce interannual yield variability (Fig. 2a).
EPIC consistently overpredicted yields during the first half of the simulation period (Fig. 2a).
After 1985, however, EPIC captured well both yields and yield trends except in the late 1990s
when the simulated yields were lower than the observed.

We advance at least two reasons to explain the lack of agreement between simulated
and observed yields during the first half of the experiment. First, inadequate weed
control (e.g., resistance to triazine herbicides) or a change in the nutrient-cycling regime
(e.g., reduced N mineralization) during the first years of no till could have contributed
to reduce yields. A slight, albeit non-significant, upward trend in measured yields

350 -
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300 1 . O-- Simulated

250 -

200 -
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100 -

5075
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Fig. 3 Temporal dynamics of surface runoff in W118 from 1951 to 1999
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Table 3 Observed and simulated runoff, sediment yield, and sediment C yield in W118 averaged by period
and crop type

Period Crop Precipitation Runoff (mm) Sediment yield Sediment C yield
(mm) (Mg ha™") (kg C ha™")

Observed Simulated Observed Simulated Observed Simulated

1951-1970 Corn 839 59.6 47.2 1.55 1.31 39.9 42.6
1951-1970 Wheat 982 65.1 99.7 0.35 0.24 9.0 7.4
1951-1970 Meadow 897 39.9 31.8 0.00 0.00 0.0 0.3
1971-1975 Com 930 37.2 122.8 7.36 6.87 191.0 325.7
1976-1983 Meadow 1034 22 92.0 0.03 0.01 0.8 0.4
1984-1999 Corn 840 41.5 922 0.23 0.08 59 7.9
1984-1999 Soybean 996 77.4 132.0 0.95 0.25 24.5 22.0
Average® 932 46.4 84.4 1.18 0.92 30.6 433
Standard 21 79 9.1 0.47 0.49 12.1 21.8
error

# Average calculated with yearly values, not with averages by period.

suggests improvement in management, including the use of improved cultivars
(Fig. 2a). Second, there could be a propensity in EPIC to overpredict yields. Warner
et al. (1997) also observed a tendency in EPIC to overpredict corn yields grown under
different N rates in Connecticut. In this experiment, the proclivity of EPIC to overpredict
yields was evidenced during years wetter than normal (Fig. 2b). Using data from a long-
term experiment at Breton, Alberta, Izaurralde et al. (2006) found that while EPIC
explained 69% of the yield variability it could explain 89% of the crop residue and root C
added to soil.

3.2 Surface runoff, sediment yield, and sediment carbon yield

Prediction of C losses in sediment yield requires a correct approximation of surface runoff
and sediment yield. We used a 49-year record of surface runoff, sediment yield, and
sediment C yield available from W118 to test the ability of EPIC to simulate these
processes. Annual runoff simulated by EPIC followed, in general, the patterns of observed
runoff (Fig. 3). There were periods when simulated runoff matched almost exactly in trend
and quantity those of observed runoff (e.g., 1987-1992). The previous 5-year period,
however, produced obvious reversals. When averaged by crop type within a period, the
values of observed runoff did not necessarily follow the expected pattern of higher runoff in
annual crops than in meadows (Table 3). Direct comparisons between simulated and
observed runoff could not be made during certain periods of the study due to lack of runoff
measurements (e.g., only three runoff values were available during 1976-1983). Although
EPIC generally simulated annual runoff volumes greater than observed (Table 3), it
realistically captured the evolution of runoff during the 49-year period of measurement
under changing weather, soil, and management conditions (Fig. 3).

Accompanying comparisons between observed and simulated sediment yield and
sediment C yield (Fig. 4 and Table 3) show an improved match. In 1975, during a year
of conventional till corn, high runoff values (Fig. 3) corresponded well with high values of
sediment and sediment-C yields (Fig. 4). In 1990, however, high runoff values (Fig. 3) did
not translate into high values of sediment and sediment-C yields (Fig. 4) likely due to the
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Fig. 4 Temporal dynamics of observed and simulated (a) soil sediment and (b) sediment C in W118 from
1951 to 1999

no till management imposed on the corn—soybean rotation. Observed and simulated
sediment yields were highest under conventional till corn followed by conventional till
wheat, no till corn and soybean, and meadow. Similar trends could be observed in sediment
C yields (Fig. 4) while the largest discrepancy between observed and simulated values
occurred in 1975 under conventional till corn.
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Table 4 Observed and simulated soil C after 36 years of conventional and no till

Watershed,  Period Sediment C yield Depth  Final soil C
Reference® Mg C ha™ ") (cm) Mg C ha™")
Observed  Simulated Observed  Standard Error ~ Simulated
W118, (1) 1951-1999  1.53 1.92 0-10 18.1 2.65 20.7
1020 123 2.55 16.9
20-30 6.5 3.00 7.0
0-30 36.8 44.6
W28, (2) 1966-2001 — 2.96 0-5 7.4 0.46 11.1
5-10 8.9 0.53 8.6
1020 17.4 0.77 13.3
20-30 7.5 1.07 9.4
0-30 413 423
W188, (2) 19662001  — 4.71 0-5 17.4 1.31 12.6
5-10  11.1 1.08 104
1020  13.8 0.93 17.8
20-30 9.1 1.05 9.6
0-30 51.8 50.4

%1 Hao et al. (2001); 2 Puget et al. (2005).
3.3 Carbon balance

In this section, we analyze the long-term impacts of environmental and management factors
on the C balance of the three watersheds of this study (Table 4). The 1.53 Mg C ha ' of
sediment C removed from W118 (currently under a corn—soybean no till rotation) during
the 49-year period is comparable to the 1.92 Mg C ha ' loss simulated by EPIC. Larger
sediment C yields were simulated for W128 (currently under continuous conventional till
corn) and W188 (currently under continuous no till corn; Table 4) but these results cannot
be verified due to lack of observations. Intriguing is the finding that simulated sediment C
yield in W188 was 59% larger than in W128 (Table 4). These two simulations are identical
except for differences in management. The main reason for these results may be that, in
W128, low runoff during meadow years may have offset high runoff during conventional
till corn years.

For each simulation, the last simulation year was chosen so as to be able to compare the
simulated soil C stocks in the top 30 cm with those reported by Hao et al. (2002) for W118
and by Puget et al. (2005) for W128 and W188 (Table 4). EPIC captured the distribution of
soil C stocks with depth as well as the soil C stocks in the top 30 cm observed in watersheds
W128 and W188 (Table 4). The exception was W118 where EPIC overpredicted the soil C
stock by 21%.

The simulated C balance of the three watersheds presented in Table 5 provides an
opportunity to examine the major processes controlling the C balance in these managed
ecosystems. Soil C stocks to a ~1.5-m depth increased by 28% in W118 and by 15% in
W188 but decreased by 10% in W128 (Table 5). Watershed 118 received the largest
additions of plant and manure C albeit over a period 13-year longer than that of the other
two watersheds. Soil respiration accounted for >96% of the simulated C losses from the
watersheds. Simulated losses of sediment C and soluble C in runoff were small but
nevertheless significant in the three watersheds. This is not surprising since observed and
simulated sediment yields in all three watersheds were relatively small (<2 Mg ha ' year ')
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Table 5 Simulated C balance of three watersheds as affected by topographic, soil, and management
conditions

WI118 — 49 years W128 — 36 years WI188 — 36 years

Soil C and total C added or subtracted during period (Mg C ha™")

Initial soil C 71.7 94.7 94.7
Added C 290.6 211.5 212.5
Plant C 279.4 209.1 211.2
Manure C 11.2 2.5 1.2
Subtracted C 270.5 220.7 198.3
Respired C 265.5 215.3 190.8
Sediment C in runoff 1.9 3.0 4.7
Soluble C in runoff 1.7 1.7 1.7
Leached C 1.3 0.8 1.1
Final soil C 91.8 85.3 108.8

Annual C fluxes (kg C ha ' year ')

Plant C 5,702 5,807 5,868
Manure C 228 69 34
Respired C 5,419 5,979 5,300
Sediment C in runoff 39 82 131
Soluble C in runoff 34 46 48
Leached C 27 22 31

Net ecosystem carbon balance” (Mg C ha™")

Sediment excluded” 20.1 -9.4 14.1
Sediment included”

0.0 23.7 —4.7 20.5
0.2 23.0 -5.6 19.2
1.0 20.1 94 14.1

?Net ecosystem carbon balance (NECB) is calculated as the difference in soil C storage between the final and
initial year. For W118, NECB = 91.8-71.7 = 20.1 Mg C ha '.

® Net ecosystem carbon balance is calculated as the difference in soil C storage between the final and initial
year plus one minus the fraction of sediment and soluble C in runoff that is assumed to evolve as CO,.
This fraction (/) has been estimated as 0.0 (Smith et al. 2001; Stallard 1998), 0.2 (Lal 1995, 2003), or 1.0
(Schlesinger 1995). For W118 at f/=0.0, NECB = 20.1 + (1.0 — 0.0)(1.9 + 1.7) =23.7 Mg C ha " ; for W118
at f=0.2, NECB =20.1 + (1.0 — 0.2)(1.9 + 1.7) =23.0 Mg C ha ' ; and for W118 at /=1.0, NECB = 20.1 +
(1.0 — 1.0)(1.9 + 1.7) = 20.1 MgC ha™".

compared to other values reported in the literature. An increase, not necessarily proportional,
in simulated C losses with runoff would be expected under conditions of increased erosion.

On an annual basis, simulated C losses through soil respiration were lower in W188 and
W118 than in W128 (Table 5). This is supported by the relatively similar amounts of annual
additions of plant C to soil. An extended period without soil disturbance (i.e., no tillage) in
W188 allowed for an enhanced stabilization of the added C within the various soil C pools.
Conversely, tillage operations in W128 may have exacerbated the loss of C through the
breakdown of soil aggregates and enhanced C mineralization (Izaurralde et al. 2006).
Runoff transport of solid and soluble C outside watershed boundaries was relatively small
(73-179 kg C ha ' year ") compared to soil respiration losses (Table 5). However, these
rates are comparable to the simulated soil C sequestration rates calculated from the difference
between W188 and W128 (225 kg C ha ! year ! for the top 30-cm soil depth and 653 kg C
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ha™' year_1 for the entire soil profile depth). The magnitude of C transported in runoff is
similar to average soil C sequestration rates under no till reported by West and Post (2002)
on a global basis (570 kg C ha ' year ') and by Franzluebbers (2005) for the southeastern
USA (420 kg C ha ' year ). This strongly suggests that the amount of C removed from
agricultural fields by erosion compares in magnitude to C sequestered through the
application of no till practices. It also emphasizes the need to include erosion and
deposition processes when calculating rates of soil C sequestration and, more generally, in
C cycle studies.

The MUSS equation simulates sediment yield by implicit estimation of the amount of
eroded soil that is re-deposited within the watershed boundary. We calculated the amount of
soil C deposition within the watershed boundary by multiplying the difference between the
USLE estimate of soil erosion and the MUSS estimate of sediment yield times the C
concentration of sediment C yield. For W118, the calculation, on an annual basis, is:

Csedyield )

CDWWB = (USLEErosion - MUSSSeineld) X m

Where Cpwws (kg C hafl) is C eroded and deposited within the watershed boundary,
USLEgosion (kg hafl) is soil erosion estimated with the USLE equation, MUSSscqvicld
(kg ha ") is sediment yield estimated with the MUSS equation, and Cseqyieia (kg ha '). Thus:

73
CDWWB = (1210 — 860) X % (5)
Cpwws = 30kg C ha™! year ! (6)

For W128, the annual rate of soil C re-deposition within the watershed was estimated at
212 kg C ha ' year ') while for W188 the estimate was 178 kg C ha ' year . Currently,
EPIC does not estimate the fraction of the re-deposited C that evolves to the atmosphere as
CO,. As discussed previously, estimates of this fraction range from 0.0 (Smith et al. 2001;
Stallard 1998) to > 0.2 (Lal 1995, 2003; Schlesinger 1995). Our findings support a clear
need to document and model the transformations and fate of eroded soil C that is deposited
either within or outside watershed boundaries. Research progress in this area would, in turn,
lead to an improved understanding of the C cycle at the landscape scale and, eventually, to
elucidation of the role of erosion and deposition processes as sources or sinks of
atmospheric CO,.

Simulated leached C ranged from 22 to 31 kg C ha ' year ' (Table 5). These values are
larger than the 4.5 kg C ha ' year ' (range: 1.5-12.4 kg C ha ' year ') leached, on average,
below 2.4-m depth from a weighing lysimeter cropped to a corn—soybean rotation during
1989-1998 (Owens et al. 2002).

We used the difference in soil C stocks at the end and beginning of the simulation period
to estimate the net ecosystem carbon balance (NECB) (Randerson et al. 2002) (Table 5) and
thus assess the extent to which each watershed had been a source or a sink of C to the
atmosphere. The two watersheds that contained significant periods under no till (W118 and
W188) behaved as C sinks while the one that had been under plow till during the last 18
years (W128) behaved as a C source to the atmosphere (Table 5). These results are
consistent with those reported by Puget et al. (2005).

We also estimated the influence of sediment C and its fate on NECB (Table 5). We
assumed that if none of the sediment C evolves as CO, (fraction 0.0 in Table 5), then NECB
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would be enhanced. Conversely, there would be a reduction in NECB if a fraction or all of
sediment C were to evolve as CO, to the atmosphere. Relative to non-eroding conditions
and depending on the decomposition described above and in Table 5, NECB would have
increased or decreased by 18% for W118, by 50% for W128, and by 45% for W188. This
demonstrates the importance or erosion and sediment decomposition on NECB.

4 Conclusions

This simulation study linked the interactions of erosion—deposition processes to the C
cycle of three small watersheds near Coshocton, OH. A simulated sediment C yield of
443 + 22 kg C ha ' year ' during 1951-1999 compared well against the 31 + 12 kg C
ha ' year ' observed in W118. These estimates resulted from realistic simulation of runoff
and erosion processes. EPIC overestimated the soil C stock in the top 30-cm soil depth in
W118 by 21% of the measured value (36.8 Mg C ha '). Simulations of soil C stocks in the
other two watersheds (42.3 Mg C ha ' in W128 and 50.4 Mg C ha ' in W188) were off by
<1 Mg C ha'. Simulated eroded C re-deposited inside (30-212 kg C ha ' year ') or
outside (73-179 kg C ha ' year ') watershed boundaries compared in magnitude to a
simulated soil C sequestration rate of 225 kg C ha ! year ' and to literature values. An
analysis of net ecosystem carbon balance revealed that the watershed currently under a
plow till system (W128) was a source of C to the atmosphere while the watersheds
currently under a no till system (W118 and W188) behaved as C sinks of atmospheric CO,.
Our results demonstrate a clear need for documenting and modeling the proportion of
eroded soil C that is transported outside watershed boundaries and the proportion that
evolves as CO, to the atmosphere. In future work, we will use the APEX model (the
landscape version of EPIC) (Williams and Izaurralde 2005) to study the role of erosion and
deposition as sources or sinks of atmospheric CO, at the large watershed scale.
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