SIMULATION OF SEDIMENT AND NITRATE LLOSS ON A VERTISOL
WITH CONSERVATION TILLAGE PRACTICES

K. W. King, C. W. Richardson, J. R. Williams

ABSTRACT. Shrinking and swelling clay soils are dominant in the Blackland Prairie of Central Texas and comprise a vast
majority of agricultural production land in the area. An agricultural field scale simulation model (EPIC) was applied on
six small watersheds located in Riesel, Texas. A non-calibrated model performance evaluation of the runoff, sediment
yield, nutrient transport, and crop growth components was completed. Management practices included no-till and
conventional till systems. Annual and monthly predicted parameter values were compared with measured data for a 5-
year period. Annual comparisons indicate close agreement between means and standard deviations for runoff, erosion,
and nitrate-nitrogen. Significant correlation existed between monthly measured and simulated runoff and erosion.
Significant correlation for nitrate-nitrogen was present in a majority of the cases studied. Prediction efficiency was
significant for all elements except nitrate-nitrogen on two watersheds. The results of this study indicate EPIC’s ability to
simulate natural processes without calibration on shrinking and swelling clay soils with varying management practices.
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raditional agricultural practices have accelerated

erosion rates thus increasing nutrient loading to

streams and waterways. Nutrients which exit the

field in runoff or are attached to eroded sediment
potentially threaten aquatic life and potable water supplies.
Past emphasis has been placed on adopting best
management practices (BMPs) which would decrease
sediment and nutrient loss and preserve surface water
quality. While BMP implementation is an ultimate goal,
studying different BMP implementations can be analyzed
by computer modeling to identify optimum practices.
These methodologies and practices are essential to the
conservation and protection of natural resources in the
Blackland Prairie where shrink/swell soils are
predominant.

BACKGROUND

In the mid 1930s, the Soil Conservation Service (SCS)
determined a need to understand and analyze hydrologic
data from natural field and watershed areas. A provision
was made to create the Hydrologic Division of the SCS and
also to establish a number of experimental watersheds
across the United States. One of those watersheds was
located near Riesel, Texas, in the heart of the Blackland
Prairie. The primary function of the facility was to collect
hydrologic data (precipitation, percolation, evaporation,
runoff, etc.) from watersheds which were influenced by
different land management practices. Data collected can be
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used to determine the effect of long-term management
practices on surface water quality.

Since the Clean Water Act of 1972, research efforts have
concentrated on identifying and reducing non-point source
pollution (Schuman et al., 1973; Jackson et al., 1973;
Kissel et al.,, 1976; Chichester et al., 1979; Angle et al.,
1984; Wendt and Burwell, 1985; Berg et al.,, 1988;
Sharpley et al., 1991; Smith et al., 1991). The primary non-
point source pollutants associated with agriculture include
fertilizers (commercial and animal waste), pesticides, and
sediment. Previous work indicates tillage intensity as a
major factor driving agricultural non-point source poliution
(Kissel et al.,, 1976; Blevins et al.,, 1990). Conservation
tillage measures have been cited as one means of reducing
sediment (Blevins et al,, 1990; King et al., 1995) and
nutrient loss (Sharpley et al., 1991; Chichester and
Richardson, 1992).

Field studies have often been the primary means of
evaluating and quantifying non-point sources. As a result
of enhancements in computing, modeling has been adopted
as another technique to evaluate non-point source
pollution. Models often serve as a tool for evaluating
management practices on large field size areas (Cooper et
al., 1992; Richardson and King, 1995). But model use is
often limited by the amount of detailed data required for
simulation (Sharpley and Meyer, 1994).

Model performance and evaluation studies on vertisols
are limited, in part due to the challenge that these unique
soils present. Vertisols are mineral soils comprised of more
than 30% clay and exhibit a large potential for shrinking
and swelling. Cracks extending to 98 cm (Dasog and
Shashidhara, 1993) are common after long periods of dry
weather. Precipitation after extensive dry periods can result
in little or no runoff because of the large water holding
capacity of the soil and preferential flow through residual
soil cracks. The objective of this study was to evaluate the
Erosion Productivity Impact Calculator’s (EPIC) capability
for predicting runoff, sediment loss, and nitrate transport
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on a Houston Black (fine, montmorillonitic, thermic udic,
haplustert) shrink/swell soil located in the Blackland
Prairie with varying management strategies.

SIMULATION MODEL

The Erosion Productivity Impact Calculator (EPIC)
(Williams et al., 1984; Williams, 1995) is a comprehensive
field scale model which operates on a daily time step.
Inputs for EPIC include climatic data, topographic
information, field characteristics, management practices,
and site specific parameters. Climate, soil, and
management data are assumed to be homogeneous.
Measured values should be used when available, however,
EPIC has default measures or a means of generating data
when actual parameter values are unavailable.

EPIC was developed to predict the effects of
management decisions on soil and water resources and
crop production for agricultural field scale areas. The major
strength of EPIC is the ability to simulate agricultural
management practices with a comprehensive crop growth
component. The crop growth model is capable of
simulating growth for both perennial and annual crops. The
hydrologic component in EPIC is based on the SCS curve
number method (Soil Conservation Service, 1972). Erosion
in EPIC may be computed from several options which
include: USLE (Wischmeier and Smith, 1978), the Onstad-
Foster modification of the USLE (Onstad and Foster,
1975), MUSLE (Williams, 1975), and variations of
MUSLE. Nutrients (nitrogen and phosphorus) are
simulated based on research by Sharpley and Williams
(1990) and documented by Williams (1995) while pesticide
fate and transport is adopted from the GLEAMS model
(Leonard et al., 1987).

The Modified Universal Soil Loss for Small Watersheds
(MUSS) erosion algorithm was selected for this study.
MUSS was developed by fitting small watershed data
(no channel erosion) and is represented by:

Y = x(KXC)(P)(LS) 0y
where Y is the sediment yield in t-ha1, K is the USLE soil
erodibility factor, C is the USLE crop management factor,
P is the USLE erosion control factor, and LS is the USLE
slope length and steepness factor. The factor ) is a runoff
erosivity index represented by:

x = 0.79(Q- qp)0.65 A0.009 )
where Q is the runoff volume in mm, q, is the peak runoff
rate in mm-h~1, and A is the watershed area in ha.

STATISTICAL METHODS

Simulated values were compared to measured values
using two methods: (1) Nash-Sutcliffe (1970) efficiency;
and (2) prediction efficiency.

Nash-Sutcliffe efficiency is an indicator of the model’s
ability to predict about the 1:1 line. The Nash-Sutcliffe
coefficient is calculated as:
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where x; is the predicted value, y; is the measured value,
y is the mean of the measured values, n is the number of
samples, and R2 represents efficiency.

Prediction efficiency is calculated by first sorting the
measured and predicted values in descending order. After
sorting, prediction efficiency is calculated in the same
manner as Nash-Sutcliffe efficiency (eq. 3). Prediction
efficiency gives an indication of the models ability to
reproduce the probability distribution function. These two
methods along with simulated and measured means and
standard deviations will indicate the models’ ability to
simulate measured data.

EXPERIMENTAL METHODS

Monitored management practices and weather data from
six, small paired watersheds located near Riesel, Texas,
were used as input data to simulate sediment and nutrient
loss. Management and climatic (temperature and
precipitation) data were collected from 1985 to 1989. The
soil on each of the watersheds is a Houston Black (fine,
montmorillonitic, thermic udic, haplustert) clay (57% clay,
35.7% silt, and 7.3% sand) vertisol with pronounced
shrinking and swelling characteristics. Each watershed was
assumed to be homogeneous with respect to soil, climate,
and management. Management practices included no-till
(NT) and conventional till (CT) systems. Potential
evapotranspiration was estimated using the Hargreaves
(1975) method.

CT management consisted of one or two plowing
(chisel) operations followed by tandem disking, harrowing,
and listing before planting. Essentially all previous years’
crop residues were buried during these processes. The NT
watersheds were conventionally managed before the study
began. In 1985, crops were planted into the previous years’
stubble, and weed management was conducted through
herbicide application. The only surface disturbance in NT
was due to planting the crop. Wheel traffic was minimized
and maintained in fixed locations.

Climatic data (temperature and precipitation) was
collected via a standard weather station. Precipitation for
each watershed (table 1) was calculated from a weighted
average based on a network of gages located over the entire
watershed. Soils data was from the SOILS 5 database for a
Houston Black soil and remained constant for each
watershed. Management data was input corresponding to

Table 1. Watershed characteristics used
in performance evaluation of EPIC

Precipitation Area Slope Curve

Watershed Treatment (mm) (ha) (m/m) Number P-factor
Y-6 NT 963.0 66 0.032 82 0.2
Y-8 NT 946.5 84  0.022 82 0.2
Y-10 NT 963.2 75 0.019 82 0.2
Y-13 CT 894.8 46 0.023 87 0.4

W-12 CT 893.1 4.0 0.020 87 04
W-13 CT 893.4 46 0.011 87 04
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actual records of management practices (tillage, planting,
fertilization, and harvesting) and varied for each watershed.
Topographic parameters were input according to measured
data (table 1).

Other input parameters were held constant with the
exception of hydrologic curve number, slope, and soil loss
P-factor (table 1). Curve number was based on a
hydrologic soil group D with good practice. Selected curve
numbers were 87 and 82 for CT and NT watersheds,
respectively. Soil loss P-factor was selected at 0.2 and 0.4
for no-till and conventional till respectively. The 0.4 P-
factor for conventional tilled watersheds was chosen
because of a grassed waterway entry to the runoff station.
In addition to the grassed inlets, NT watersheds were
managed on the contour. Thus, a reduced P-factor of 0.2
was selected. Measured annual and monthly runoff,
sediment, and soluble nitrate losses, along with annual crop
yields were compared with predicted values.

RESULTS AND DISCUSSION

A comparison of mean annual simulated and observed
runoff, sediment loss, and soluble nitrate loss is presented
in table 3 for each watershed. A comparison of annual
standard deviations of measured and simulated runoff,
sediment loss, and soluble nitrate loss is presented in

RUNOFF

During the simulation period, runoff to precipitation
ratios (Q/P) ranged from 12.99% to 19.89% on measured
data and 13.84% to 17.80% for predicted data (table 2). An
analysis of the predicted Q/P data indicates that EPIC was
able to simulate a reduction in runoff associated with NT
management. The consistency of the simulated ratios with
respect to management practice when compared to
measured ratios (table 2) is an indication of EPIC’s limited
ability to simulate the varying soil conditions
(shrink/swell) that occur on vertisols. However, the
relatively close agreement between annual measured and
simulated means (table 3) and standard deviations (table 4)
indicates similar frequency distributions. For the model to
be considered applicable on shrinking and swelling soils
under varying management practices, it must be able to
reproduce a realistic frequency distribution similar to that
of the measured data. In this case, EPIC was able to
reproduce realistic runoff statistics and similar frequency
distributions and it is expected that a length of record
greater than five years would tend to bring the measured
and predicted means and standard deviations in closer
agreement.

Table 5. Parameters from linear regression* of measured versus
EPIC predicted monthly outputs

table 4. Correlation and efficiency st.atistics WEre  Watershed Runoff Sediment NO;-N
completed on monthly results for runoff, sediment loss, and ~ — " 2= 001 ol
nitrate loss (table 5). Measured annual crop yields b=1.10 b=070 b=046
compared with predicted yields are presented in table 6. R2=078 2 =047 P2=039
N-SR2=0.77 N-SR2=0.18 N-SRZ=-0.13%
2 - 2 2=
Table 2. Comparison of measured and EPIC predicted runoff to Pred. R*=0.90 Pred. R*=0.78 Pred. R*=026
precipitation ratios for six watersheds located at Riesel, Texas Y-8 a=-114 a=00l a=0.14
Watershed Measured (%) Predicted (%) b=1.14 b=1.20 b=0.11
2=0.74 r2 = 0.66 r2 =0.02%
re (gg e o N-SRZ=073  N-SR2=063  N-SR’=-166t
Y. 1-0 ENT) 19'31 14'43 Pred. R2=0.88 Pred. R2=0.79 Pred. R2=-0.10%
Y-13(CT) 19.89 17.66 a _ _ _
W-12 (CT) 12.99 17.80 Y-10 a:1.29 a:0.0l a=0.07
W-13 (CT) 15.00 17.46 b=123 b=052 b=0.70
. : r2=0.79 2=0.15 =089
N-SR2=0.74 N-S R2=0.02 N-SR2=0.73
2= 2= 2=
Table 3. Comparison of predicted and red mean 1 runoff, sediment Pred. R?=0.89 Pred. R?=0.83 Pred. R?=0.84
loss, and soluble nitrate in surface runoff Y-13 a=-321 a=003 a=029
y Pred SMICE:)S]- SP{egi b=1.36 b=0.76 b=1.03
eas. red. oluble oluble 2= 2= 2~
Meas. Pred. Sediment Sediment Nitrate  Nitrate ;\I-S (1)3 (1 0.74 rN-S %33_ 0.20 rN-S %ZB_ 0.78
Area Runoff Runoff  Loss Loss Loss Loss Pred R2_ -083 Pred 7+ 2
Watershed  (ha) (mm) (mm) (tha-)) (tha) (kghal) (kgha!) red. R*=0. red. R2=0.77  Pred. R?=0.94
Y6(NT) 66 135 144 021 0.22 2.48 2.48 3 - - -
Y8(NT) 84 135 131 027 018 194 176 w-12 b 1‘:)'14 b _60.}(9)2 " g'z)i
Y-IONT) 75 18 139 0.10 009 5.04 6.05 2= 079 P AT
Y-13(CT) 46 178 158 113 108 1240 8.57 r = = OZZ 2 =0.05
W-12(CT) 40 116 159 1.63 234 1.89 237 N-§R?=0.77 N-§ R? = 0.66 N-S R2=-1.67+
W-13(CT) 46 134 156 2.84 2.33 5.51 5.35 Pred. R2=0.89 Pred. R2=0.92 Pred. R2=0.71
W-13 a=-2.82 a=-0.02 a=024
Table 4. Comparison of predicted and measured standard deviations of annual b=107 b=127 b =048
runoff, sediment loss, and soluble nitrate in surface runoff 2= 6,82 2= 0 67 2= 0 3]
Meas. Pred. N-SR2=0.81 N-SR2=0.64 N-SR2=-0.03
Meas. ~ Pred.  Soluble  Soluble Pred. R2=090  Pred. R2=0.80  Pred. R2=0.86
Meas. Pred. Sediment Sediment Nitrate Nitrate
Area Runoff Runoff  Loss Loss Loss Loss * Coefficients a and b follow from the expression Y = a + bX, where X
Watershed (ha) (mm) (mm) (tha') (tha") (kgha!) (kghah) is the predicted value and Y is the observed value; 12 is the coefficient
Y6 (NT) 66 692 925 0.19 0.13 1.66 3.30 of determination; N-S R2 is the Nash-Sutcliffe efficiency; and Pred.
Y-8(NT) 84 864 871 0.26 0.15 191 2.03 R2 is the prediction efficiency.
Y-I0(NT) 75 982 94.7 0.11 0.07 6.66 9.59 t Negative values of efficiency have no statistical meaning and are no
Y-13(CT) 46 1106 70.8 0.77 0.71 14.85 11.05 different from zero.

W-12(CT) 40 826 65.0 1.87 1.52 2.90 2.60
W-13(CT) 46 584 55.7 2.37 1.53 6.24 443
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t Coefficient of determination is not significantly different from zero
(o = 0.05).
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Table 6. Simulated and measured crop yields for each year
and each watershed

Measured Simulated

Yield Yield

Watershed Year Crop (tha!)  (thal)
Y-6 (NT) 1985 Sorghum 5.1 5.5
1986 Corn 29 6.0
1987 Sorghum 25 7.8
1988 Wheat 2.0 1.6
1989 Corn 37 6.4
Y-8 (NT) 1985 Corn 4.7 5.1
1986 Sorghum 2.7 49
1987 Wheat 14 27
1988 Corn 52 53
1989 Sorghum 1.5 6.1
Y-10 (NT) 1985 Sorghum 44 54
1986 Wheat 22 1.2
1987 Corn 4.0 53
1988 Sorghum 26 6.6
1989 Wheat 0.0 1.4
Y-13 (CT) 1985 Sorghum 6.4 5.4
1986 Wheat 27 1.2
1987 Corn 44 59
1988 Sorghum 6.4 6.7
1989 Wheat 0.2 0.0
W-12 (CT) 1985 Corn 4.8 5.5
1986 Sorghum 4.7 50
1987 Wheat 1.7 2.7
1988 Corn 73 53
1989 Sorghum 5.6 6.6
W-13 (CT) 1985 Sorghum 6.3 5.6
1986 Corn 6.1 6.2
1987 Sorghum 5.8 8.7
1988 Wheat 33 1.6
1989 Corn 6.3 6.7

A scattergram of measured versus predicted monthly
runoff about a 1:1 line for the six watersheds (fig. 1) shows
that EPIC performs realistically in its ability to reproduce
runoff from this vertisol soil. Nash-Sutcliffe efficiency
coefficients ranged from 0.73 to 0.77 for the three NT
watersheds and 0.74 to 0.81 for the three CT watersheds.
Prediction efficiencies (an indicator of the model’s ability
to reproduce a similar probability distribution) varied from
0.88 to 0.90 for the NT watersheds and 0.83 to 0.90 for the
CT watersheds. Based on Nash-Sutcliffe and prediction
efficiencies (table 5), monthly runoff from NT and CT
managed watersheds were realistically simulated with
similar efficiency and similar frequency distributions. EPIC
was able to explain an average of 79% of the variance
associated with monthly runoff.

A time series plot (fig. 2) of runoff indicates the model’s
ability to reproduce the seasonal fluctuations of the water
balance. Seasonal fluctuations in runoff are in part due to
soil water and evapotranspiration. Time plots of runoff
(fig. 2) indicate month 14 as wet (222-mm and 201-mm
average precipitation for NT and CT sites). Average
measured runoff for month 14 was 121 mm and 132 mm
for CT and NT managed sites, respectively. Mean predicted
runoff for month 14 was 108 mm and 106 mm for the CT
and NT managed watersheds’ respectively. While this is
only one month in the season, it is critical in terms of
percent of annual runoff. EPIC also performs well during
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Figure 1-Scattergram and 1:1 line of 60 monthly observed vs.
predicted runoff events for each watershed.

dry periods. An analysis of year 4 (months 37-48) (fig. 2)
shows little or no measured runoff for this time period.
EPIC runoff predictions for this same time period were also
small but greater than measured, indicating a limitation for
predicting preferential flow after an extended dry period.

SEDIMENT Loss

Measured annual average sediment loss was 0.19 t-ha-!
and 1.87 tha! compared with simulated annual average
sediment losses of 0.16 t-ha~! and 1.92 t-ha-! for NT and
CT, respectively (table 3). An analysis of annual sediment
loss standard deviations (table 4) also indicates close
agreement between measured and simulated values.
However, all predicted standard deviations for sediment
loss are less than measured standard deviations. This
indicates an inability of the model to simulate extreme
events on both high and low ends. But, this is more a
function of the under-estimation of runoff rather than any
deficiency in the erosion component of the model. The
ability to handle breakpoint rainfall data would make the
model more data intensive, but may allow a better
estimation of the rainfall intensity and thus peak runoff rate
for use in the MUSS equation.

Explained variance associated with monthly sediment
loss ranged from 15% at watershed y-10 to 72% on
watershed w-12 (table 5). An r2 value of 0.72 is good for
simulation of natural processes; however, improvements
could be made. Possible improvements could be made by
means of a simple calibration and the inclusion of breakpoint
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Figure 2-Time series of runoff for each watershed: solid line
represents measured runoff, and broken line represents predicted
runoff.

rainfall for intensity calculations. An evaluation of figures 3
and 4 indicates underprediction for large events and over-
prediction for small events. This under-prediction signifies
damped peak runoffs which could be improved with
breakpoint rainfall data. Overprediction could be improved
with better routines for managing preferential flow.

Even though explained variance was small on two of the
watersheds, prediction efficiencies were quite high
(table 5). Average prediction efficiency for all watersheds
was 0.82. In other words, EPIC was able to explain 82% of
the variance between the measured and predicted
frequency distributions. Hence, for environmental and
agricultural policy decisions which are made on probability
statistics, EPIC simulations are realistic for predicting
outcomes from conservation tillage management on clay
soils for annual or monthly analyses.

SoLUBLE NITRATE Loss

Measured mean annual soluble NO3-N (table 3) was
6.60 kg-ha-! and 3.15 kg-ha™! for CT and NT compared
with annual average EPIC predicted values of 5.43 kg-ha~!
and 3.43 kg-ha”! for CT and NT, respectively. A
comparison of annual standard deviations for soluble
nitrate loss (table 4) also indicates relatively close
agreement between measured and predicted values. The
implied similarity in frequency distributions from these
values suggests EPIC’s acceptability for annual evaluation
of soluble nitrate losses on this clay soil with conservation
tillage practices.
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Figure 3-Scattergram and 1:1 line of 60 monthly observed vs.
predicted sediment loss events for each watershed.

Monthly statistics of soluble nitrate losses for the five
year period studied are presented in table 5. Explained
variance decreased considerably on average for the six
watersheds compared to runoff. Prediction efficiency was
very high on 4 of 6 watersheds which implies reproduction
of the frequency distribution. However, Nash-Sutcliffe
efficiencies were not significantly different from zero on
4 of 6 watersheds implying that temporal distribution of
events was poor. The poor statistical results for simulated
versus measured soluble nitrate loss are attributed to
prediction errors in crop growth simulation (table 6).

Cror GROWTH

Crop growth, residue cover, and water use efficiency all
have a role in determining runoff, sediment loss, and nutrient
uptake. Thus, crop growth, as indicated by yield should be in
an acceptable range for the study region. Even though some
scatter was present, simulated crop yields were in the range
of observed values for this region (table 6). Overprediction
of crop yield for NT was attributed to a considerable amount
of weed infestation which was not accounted for in the
model simulation. Under-prediction of crop yields was not
expected but may be a result of sensitive temperature and
water stress relationships. Both underprediction and
overprediction of crop growth play a vital role in
determining nutrient uptake.
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Figure 4-Time series of sediment loss for each watershed: solid line
represents measured sediment loss and broken line represents
predicted sediment loss.

CONCLUSIONS

The hydrology, erosion, nutrient (nitrate), and crop growth
components of EPIC were evaluated on a clay soil with
conservation tillage practices. A total of six watersheds (3 NT
and 3 CT) were used in the evaluation. Crop rotations and
thus tillages and fertilization dates varied on all six
watersheds. Uncalibrated model predictions were compared
with measured data over a 5-year period. Evaluation was
completed on monthly and annual totals.

Measured and predicted annual means of runoff,
sediment loss, and NO3;-N were in close agreement for the
5-year study period. Standard deviations were not as close
in agreement, but nevertheless realistic. Yearly crop
growth, indicated by yield, was simulated in the range of
expected values but did not match with measured values
due to plant competition with weeds in the natural setting.

Significant (o¢ = 0.05) correlation between simulated
and observed runoff and sediment loss was measured.
There was little to no correlation between measured and
predicted NO5;-N. The lack of correlation between
measured and predicted NO3-N was a function of the
number of processes involved in the nutrient cycle.
Monthly prediction efficiencies indicated a significant
ability of EPIC to reproduce like frequency distributions
for runoff, sediment, and NO3-N.

Overall, EPIC performed very well on an annual basis
while maintaining differences between conventional and
no-till management practices on this clay soil. Evaluation
on a monthly basis yielded similar findings with the
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exception of NO3-N. A calibration procedure could have
improved the evaluation results for NO3-N as well as
runoff and sediment loss. Enhancements in modeling
crackflow dynamics could also improve simulation results.
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