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Abstract 
 
Simulation modeling is widely used to assess water contamination risk associated with pesticide 
use and for evaluating effectiveness of agricultural conservation practices.  Currently the 
Agricultural Policy/Environmental eXtender (APEX) model is being used for this purpose in the 
USDA Conservation Effects Assessment Project (CEAP) Cropland National Assessment.  In 
support of the CEAP modeling effort, APEX was calibrated and validated using a 9-year record 
(1999-2007) of surface runoff and tile flow, and an 8-year record (1999-2006) of soluble 
pendimethalin and fluometuron herbicide losses from fields in a cotton-peanut rotation located in 
the Atlantic Coastal Plain region of south-central Georgia (USA).  Conventional and strip tillage 
management were directly compared.  Monthly surface runoff was calibrated by adjusting three 
variables: the Curve Number Index Coefficient (CNIC), which is a driver of the Natural 
Resources Conservation Service Runoff Curve Number; the runoff curve number for the average 
soil moisture condition 2 (CN2); and Irrigation Runoff Ratio (IRR).  Monthly statistics met 
satisfactory criteria between observed and simulated surface runoff for both tillage types, with R2 
values from 0.64 to 0.79 and Nash-Sutcliffe efficiency (NSE) values from 0.55 to 0.73 during 
calibration and validation periods.  Monitored and predicted annual runoff and fluometuron and 
pendimethalin runoff losses for both tillage systems and the tile drainage from the strip-till 
system were well aligned.  Values of R2 ranged from 0.57 to 0.93 and NSE values from 0.51 to 
0.89 based on annual comparisons between simulated and observed values.  APEX correlation 
was less satisfactory for annual tile flow from the conventional tillage system, and relatively 
poor for fluometuron transport in tile flow from both tillage systems.  Overall, APEX effectively 
replicated annual means for these three variables with simulated annual means within 10% of the 
observed values.  The percent bias statistical parameter, PBIAS, was below 26% for all annual 
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mean correlations indicating that APEX did a reasonable job in replicating annual means for 
runoff, tile flow and pesticide losses.  Results demonstrate APEX’s strength in simulating runoff 
in this landscape and relative weakness in examining tile flow temporally. 
 

Introduction 
 
Simulation modeling is widely used to assess water contamination risks imposed by agricultural 
pesticide use.  Over 1000 pesticides are currently registered, but only a few dozen are even 
periodically monitored nationwide.  National surveys conducted in 2003 to 2006 by the 
Conservation Effects Assessment Project (CEAP) indicated that 348 different pesticides were 
applied to U.S. agricultural fields during that four year period.  Modeling is needed to augment 
monitoring programs that are limited nationwide in scale and scope to assess potential 
contamination from these pesticides and risk to humans and the environment.  Additionally, 
computer modeling provides a predictive aspect of pesticide levels that could occur under 
varying weather and hydrologic conditions. 
 
In this study we examined the utility of the physical process and environmental fate model, 
Agricultural Policy/Environmental eXtender or (APEX) (Williams et al., 2006, 2008; Williams 
and Izaurralde, 2006; Gassman et al., 2009, 2010).  APEX was designed to simulate agricultural 
management strategies for a single field, farms containing multiple contiguous fields, grassed 
waterways, filter strips and buffers, and small watersheds.  The model operates with continuous 
simulations for as many years as desired using a daily time-step.  Weather, soil conditions, 
hydrology, erosion/sedimentation, crop growth, weed competition, grazing, irrigation, tillage 
operations, agricultural management and nutrient and pesticide dynamics are simulated.  APEX 
hydrology components include overland and channel runoff, subsurface flow, deep percolation, 
field sediment losses and evapotranspiration.   
 
Currently, APEX is being used by CEAP in a national effort to assess the effectiveness of 
conservation practices.  The model is being used to simulate nutrient, pesticide and sediment 
losses under conditions of agricultural practices based upon national farmers’ surveys from 
2003-2006 at selected National Resources Inventory (NRI) sample points.  A second set of 
simulations reassess pollutant losses after existing conservation practices have been removed.  
By comparing these two scenarios, CEAP evaluates the impact of conservation practices on 
levels of soil organic carbon, nutrients, sediment, and pesticide losses from farm fields as well as 
impact on loading to river basins. 
 
Like all models, APEX calibration and validation is necessary to improve simulation accuracy. 
To this end, simulations of hydrology and pesticide losses were compared to measured values 
from USDA-Agricultural Research Service research plots located at the University of Georgia 
Gibbs Farm near Tifton, GA.  Research that began in 1999 has made quantitative assessments of 
water and transport of the herbicides fluometuron and pendimethalin in surface runoff and tile-
drainage leachate as a function of tillage type (Potter et al. 2004 and Bosch et al. 2005, 2006).  
Cotton and peanut crops were produced in rotation.  Two tillage systems, conventional tillage 
and strip-till, a conservation tillage practice, were compared.  Strip tillage is very common in the 
region and like most conservation tillage systems helps to decrease erosion and sediment loss.  
Conservation tillage also tends to hold water on the field, thereby reducing pesticide runoff, but 
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augmenting water infiltration, and may increase pesticide leaching as has been found for 
herbicides like fluometuron at the Tifton plots and research plots at Bnei Darom, Israel (Sagiv, 
2008). 
 
EPA relies in part on simulation models for environmental fate and exposure assessments of 
fluometuron and pendimethalin.  Modeling results are used to help quantify potential risks to 
wildlife and humans (Federal Register, Sept. 19, 2007; USEPA OPPT, 2005).  EPA has 
concluded that fluometuron requires specific restrictions and mitigation measures on its 
formulated product label to address identified concerns.  Specifically, EPA identified human 
drinking water concerns based on the potential for groundwater contamination due to 
fluometuron’s mobility in soil and relative persistence in the environment.  Fluometuron 
modeling for cotton production in Mississippi, North Carolina, Texas, and California indicated 
that there was the potential for concentrations in ponds to exceed EPA’s acute Level of Concern 
(LOC) for endangered aquatic animal species, which have a lower threshold LOC than species 
that are not endangered.  Furthermore, modeled surface water concentrations were found to 
exceed the freshwater fish acute LOC for Mississippi, and acute freshwater invertebrate LOC for 
Mississippi, Texas and North Carolina (USEPA OPPT, 2005). 
 
In contrast to fluometuron, pendimethalin binds strongly to soil organic carbon, and thus is 
unlikely to reach groundwater.  However, it is transported from farm fields dissolved in runoff 
and bound to sediment.  EPA modeling indicated that it is not likely to reach concentrations in 
drinking water that will pose a threat to human health (USEPA, 1997).  At a common application 
rate of 1.1 kg ha-1

 

, pendimethalin is not expected to be an acute risk to fish, invertebrates or 
aquatic plants, but may pose a risk to endangered species.  Pendimethalin concentrations may 
reach acutely toxic levels when applied at higher application rates, such as to sugarcane, alfalfa 
and onions.  EPA long-term modeling mostly indicated minimal chronic risk to fish and 
invertebrates. 

APEX and its field scale model predecessor, the Environmental Policy Impact Climate (EPIC) 
model (Williams, 1990) have been extensively tested.  EPIC has been used for a variety of 
conditions in the U.S. and other countries (Gassman et al., 2005), and even at a global level (Liu 
at al., 2007).  APEX can be used as a Best Management Practice (BMP) model by simulating a 
variety of land management scenarios (Borah et al., 2006).  Since its inception in 1996, APEX 
has been used in dozens of studies to evaluate the impact of agricultural practices (e.g., 
Ramanarayanan et al., 1997; Gassman et al., 2002; Harman et al., 2004) and is being used in 
numerous watershed and river basin studies in CEAP (Kellogg et al., 2011a, 2011b). 
 
APEX has been calibrated and validated in previous studies.  Wang et al. (2006) tested the model 
for parameter sensitivity to determine variables that had the greatest impact on simulated 
hydrology.  A two-year calibration/validation of APEX was previously performed on the Tifton 
research plots using monitored data from 2000 – 2001 by Plotkin et al. (2009).  Results from this 
study indicated good correlation between monthly measured data and simulated results of water 
runoff, and fluometuron and pendimethalin runoff from conventionally tilled plots.  APEX was 
calibrated by Flowers et al. (1996) for dairy waste application fields.  Ramanarayanan et al. 
(1998) calibrated and validated APEX hydrology and soil loss for three small watersheds.  Wang 
et al. (2008) calibrated and validated the model using 20 years of measured data (1976–1995) 
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from two watersheds at the USDA Deep Loess Research Station near Treynor, Iowa.  
Continuous corn was grown in the watersheds using a conventional tillage system and the 
conservation tillage system, ridge-till.  Results showed good statistical agreement with measured 
levels for both tillage systems for runoff, sediment yield, soil organic carbon and crop yield.  The 
model further predicted that ridge-till versus conventional tillage had 36% to 39% surface runoff 
reduction, 82 – 86% sediment yield reduction, 63 – 67% reduction in cumulative soil carbon 
losses and a corn grain yield increase of 3.8%. 
 
This study further evaluated the ability of APEX to simulate field hydrology and pesticide losses 
following calibration with monitored data from fields in rotational cotton and peanut production 
under conventional and conservation tillage management.  Objectives were to: (1) calibrate and 
validate APEX using nine years of measured data (1999–2007) from the USDA, Agricultural 
Research Service research plots at the University of Georgia Gibbs Farm near Tifton, GA, and 
(2) quantify soluble losses of the herbicides fluometuron and pendimethalin in runoff and 
percolation (tile drained) using conventional tillage versus a strip-till conservation tillage system 
in a cotton-peanut crop rotation. 
 

Methods 
 
APEX Modeling 
 
Interactive-APEX (I_APEX) (Siemers, 2007), that uses APEX for its base model was used to 
populate all input data and perform preliminary simulations before initiating the calibration and 
validation procedures in APEX.  Model input parameters are presented in Table 1 including site 
characteristics, hydrology parameters, soil type, crop rotation, pesticides and soil management. 
 
Gibbs Farm Research Plot Characteristics 
 
Three 0.14-ha (approximately 59 m long X 24 m wide) conventionally tilled (CT) plots and three 
strip-tilled (ST) plots were established in 1999 at the University of Georgia Gibbs Farm in Tift 
County, Tifton, Georgia (310 26’ N, 830 35’) as depicted in Figure 1.  Conventionally tilled plot 
replicates were designated 1, 3 and 5, while strip-tilled plots included replicates 2, 4 and 6.  Plots 
were each surrounded by 0.6-meter tall earthen berms that directed surface runoff downslope to 
metal H-flumes.  Lateral subsurface flow was intercepted by 15 cm (i.d.) tile drains buried to a 
depth of 1.2 m, with flow and water quality samples collected at metal H-flumes installed at tile-
drain outlets.  An interceptor drain was installed upslope of the plots to cut off external lateral 
subsurface flow.  Additional descriptions of the plots can be found in Potter et al. (2004) and 
Bosch et al. (2005, 2006). 
 
Weather  
 
Daily precipitation (using a tipping bucket rain gage), and daily temperature minimums and 
maximums were collected on site (Bosch et al., 2005).  All other daily weather data including 
humidity, solar radiation and wind speed were obtained from a station maintained by the Georgia 
Automated Environmental Monitoring Network in Tifton, GA, located 8.3 km from the research 
site.  Average monthly weather data including wind speed and direction, solar radiation and 
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mean air temperatures needed for modeling were estimated using the weather generating 
program WXPM (Williams et al., 2006) based on historical daily weather data collected at Tifton, 
GA.  Evapotranspiration was simulated using the Hargreaves equation (Hargreaves and Samani, 
1985) which is appropriate for warm and humid weather conditions (Table 1). 

 
Figure 1.  Topography and site layout of Gibbs Farm research facility near Tifton, GA 
 
Plot Soil 
 
Soil was classed as Tifton Loamy Sand (fine-loamy, kaolinitic, thermic Plinthic Kandiudults).  
There is a restrictive argillic layer (higher clay percentage and bulk density) that varies in depth 
from about 25 to 50 cm below the surface.  Slopes range from 3 – 4%.  A median slope of 3.5% 
was used in the simulations. 
 
Soil bulk density was measured with depth at the top of the slope in Plot 1 (conventionally tilled) 
and Plot 2 (strip-tilled) 1999, 2002 and 2003.  Bulk density values used in APEX modeling were  
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Table 1: Parameter values used in APEX simulations 

 
Parameter Name 

 
Value 

 
Time period modeled 1999-2007 
Weather Daily local precipitation, temperature, 

relative humidity 
Plot length 59 m 
Plot width 24 m 
Field slope 0.035 m/m 
Hydrologic condition Good 
Irrigation runoff ratio (conventionally 
tilled plot) 

0.05 – 0.25 

Irrigation runoff ratio (strip-tilled 
plot) 

0.01 – 0.20 

Runoff Curve Number method Variable daily CN soil moisture index 
Curve number index coefficient (CNIC) 
after calibration 

0.9 

CN2 (conventionally tilled plot) 72-89 
CN2 (strip-tilled plot) 65-84 
Tile drainage depth 1200 mm 
Evapotranspiration equation Hargreaves PET 
Soil type Tifton loamy sand 
Crop rotation Cotton – Peanuts 
Fertilizer Poultry (1999-2002, 2005, 2007) 
Pesticides applied Pendimethalin, Fluometuron 
Pendimethalin properties: 

Water solubility 
Koc 
Aerobic soil t1/2 (conventionally 
 tilled) 
Aerobic soil t1/2 (strip-tilled) 
Foliar half-life 
Foliar wash-off fraction 

 
0.275 mg L-1 
16,000 mL g-1 
 
96 days 
71 days 
30 days 
0.4 

Fluometuron properties 
Water solubility 
Koc 
Aerobic soil t1/2 (conventionally 
 tilled) 
Aerobic soil t1/2 (strip-tilled) 
Foliar half-life 
Foliar wash-off fraction 

 
110 mg L-1 
100 mL g-1 
 
75 days 
62 days 
30 days 
0.5 

 
obtained from plot samples collected August 21, 2003 and from Perkins et al. (1987) data 
collected in soil pits at the Gibbs Farm.  These two sets of bulk density values appeared to best 
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represent the argillic layer.  Other soil physical parameters required to run APEX include field 
capacity, wilting point and saturated conductivity.  These parameters were estimated from the 
Saxton-Rawls Equation (Saxton and Rawls, 2006) using texture analyses from Plots 1 and 2 
sampled on March 23, 1999, soil organic carbon sampled on November 20, 2002 from Plots 1 
and 2, gravel content for Tifton loamy sand from the USDA, NRCS Soil Survey Geographic 
(SSURGO) database for Tift County (May 23, 2007) and bulk density measurements as 
previously noted.  Soil organic carbon content is of particular relevance in that higher levels tend 
to decrease bulk density and thereby allow increased water infiltration.  
 
Plots 1 and 2 soil texture and organic matter from the 1999 sampling were used in the modeling 
(Table 2).  These measurements were performed four years prior to bulk density sampling in 
2003.  Texture measurements performed in the plots at other times during 2000-2007 showed 
little change from year to year.  Sampling of soil organic carbon indicated variation from year to 
year depending upon cropping and tillage practices, soil moisture, solar radiation and 
temperature.  APEX varies soil organic carbon over the duration of a simulation based on these 
environmental variables.  Soil texture in the upper 0.33 m was predominantly sand with about 
88% sand content (Table 2).  The location of the restrictive argillic layer may be evident by the 
significant increase in soil clay content at a depth of 0.3 m – 0.7 m for each plot.  The organic 
carbon content of 0.4% in the conventionally tilled plot was lower than in the strip-tilled plot of 
0.9%, due to the organic matter building effects of conservation tillage. 
 
APEX simulations were conducted using combined hydrologic responses and pesticides losses of 
the three conventionally tilled and the three strip-tilled plots, respectively.  Soil characterization 
data obtained from Plot 1 were used to represent the conventionally tilled plots, while data from 
Plot 2 were used to represent the strip-tilled plots (Table 3).  This was necessary due to the fact 
that bulk density measurements were only available for these two plots. 
  
Crops and Plot Management 
 
A cotton (Gossypium hirsutum L.) and peanut (Arachis hypogaea L.; variety Georgia Green) 
rotation was used on all plots.  Cotton was planted in 1999 – 2001, 2003, 2005 and 2007 (Table 
4).  The cotton growing season ranged from 18 – 22 weeks.  Peanuts were grown in 2002, 2004 
and 2006.  The peanut growing season was between 17 – 19 weeks.  Sprinkler irrigation was 
applied based on crop demands.  Nutrient and pest management were based on University of 
Georgia recommendations.  The two herbicides investigated in this study were applied 
individually or in a tank mixture by ground-boom at planting (Table 4).  A rye cover crop 
(Secale cereale L.) was planted after harvest each fall.  In 2004, the rye was mixed with crimson 
clover (Trifolium incarnatum). 
 
Conventionally tilled plots were disk harrowed and bedded prior to planting.  The soil surface 
was free of crop residue.  On strip-till plots, crops were planted into 15 cm strips of tilled cover 
crop residue.  All plots were para-tilled in the fall of 2002.  Strip-till plots were also para-tilled 
during the fall of 2004 and 2007. 
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Table 2: Tifton loamy sand texture parameters used in APEX for simulations of 
conventionally tilled Plot 1 and strip-tilled Plot 2 

 

Plot Type 
Layer 

Depth (m) 
Sand 
(%)* 

Silt 
(%)* 

Clay 
(%)* 

Organic 
Carbon 
(%)** 

Coarse 
Fragments (% 
volume)*** 

Conventionally Tilled 
 Plot 1 

 
 
 
 
 
 

0.02 88.2 8.8 3.0 0.413 14 

0.08 88.2 8.8 3.0 0.506 14 

0.15 88.2 8.8 3.0 0.506 17 

0.33 88.2 8.8 3.0 0.479 18 

0.63 72.6 12.1 15.3 0.71 25 

1.10 64.3 11.8 23.9 0.171 4 

1.27 60.8 11.7 27.5 0.164 9 
Strip-Tilled Plot 2 

 
      

0.02 88.5 8.9 2.6 0.917 14 

0.08 88.5 8.9 2.6 0.581 14 

0.15 88.5 8.9 2.6 0.348 17 

0.32 88.5 8.9 2.6 0.347 19 

0.68 78.5 13.4 8.1 0.445 26 

1.19 62.8 11.9 25.3 0.171 5 

1.45 57.8 13.6 28.6 0.020 9 
 

*texture sampled in Plots 1 and 2 on March 23, 1999 
**organic carbon sampled in Plots 1 and 2 on November 20, 2002 
***coarse fragments for Tifton LS from USDA, NRCS NASIS soils database 
 
Herbicide Properties 
 
Pendimethalin has a low water solubility of 0.275 mg L-1 and high organic carbon-water partition 
coefficient (Koc), 16,000 mL g-1 (Table 1).  The Koc was based on measurements reported for 
pendimethalin sediment-water partitioning at the study site (Potter et al., 2008).  This value is in 
the upper part of the range of values compiled by Hornsby et al. (1995).  The compound’s high 
Koc enables sorption to soil organic matter making it essentially immobile in soil except via soil 
macropores.  Runoff losses are primarily associated with detached sediment, but pendimethalin’s 
solubility is high enough to enable significant levels to remain dissolved in runoff.  
Pendimethalin’s relatively long aerobic soil half-life measured in incubation studies using soil 
collected from the plots was 71 to 96 days (Potter, unpublished, 2007).  The long half-life can 
cause pendimethalin losses to occur for months after application. 
 
Fluometuron has a relatively high water solubility of 110 mg L-1 and low Koc of 100 mL g-1 
(Plotkin et al. 2010).  These properties make it highly mobile in soil and useful for tracking 
leachate to the tile drainage system.  The aerobic soil half-life was nearly as long as that of 
pendimethalin, as measured in incubations of soil obtained from the plots at 62 to 75 days (Potter, 
unpublished, 2007). 
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Table 3: Tifton loamy sand water holding capacity parameters used in APEX for 
simulations of conventionally tilled Plot 1 and strip-tilled Plot 2 

 

Plot Type 

Layer 
Depth 

(m) 

Bulk 
Density 
(g/cc)* 

Field 
Capacity 

(%)** 

Wilting 
Point 
(%)** 

Saturated 
Conductivity 
(mm/hr)** 

Conventionally Tilled Plot 1 0.02 1.60 0.07 0.02 129.5 

0.08 1.60 0.07 0.02 125.8 

0.15 1.85 0.05 0.02 60.1 

0.33 2.01 0.04 0.02 30.5 

0.63 2.03 0.15 0.10 5.9 

1.10 1.90 0.21 0.14 1.5 

1.27 1.93 0.24 0.17 0.5 
Strip-Tilled Plot 2 0.02 1.53 0.08 0.03 139.0 

0.08 1.53 0.08 0.02 152.0 

0.15 1.89 0.05 0.01 57.0 

0.32 2.10 0.03 0.01 23.0 

0.68 2.14 0.08 0.05 8.0 

1.19 2.00 0.21 0.15 0.2 

1.45 2.03 0.24 0.17 0.01 
________________________________________________________________________ 

*measured on-site in 2003 
**estimated using Saxton-Rawls equation (Saxton and Rawls, 2006) 
 
Table 4.  Crop/cover planting, harvest and pesticide application schedule (1999 – 2007) on 

Gibbs Farm research plots 
 
    Cover Crop* Herbicide Fluometuron Pendimethalin 
Year Crop Plant Harvest Plant Date Appl. Date Rate (g ha-1 ) Rate (g ha-1 ) 
1999 cotton 6-May 16-Sep 1-Nov 6-May 1121 448 
2000 cotton 1-May 11-Sep 1-Dec 1-May 1121 897 
2001 cotton 7-May 5-Oct 11-Dec 7-May 1121 897 
2001 cotton    18-Jun 1401 not applied 
2002 peanut 10-May 10-Sep 25-Nov 10-May not applied 1121** 
2003 cotton 12-May 22-Oct 25-Nov 12-May 1121 897 
2004 peanut 10-May 15-Sep 5-Oct 10-May not applied not applied 
2005 cotton 23-May 1-Nov 16-Nov 23-May 1121 897 
2006 peanut 16-May 27-Sep 31-Oct 16-May not applied 1121 
2007 cotton 1-May 8-Oct 15-Oct 1-May 1121 1053 

 
*Cover crops in strip-tilled plots killed by two applications of herbicides prior to planting crop. 
  Cover crops in conventional tilled plots killed by disk harrowing prior to planting crop. 
**Pendimethalin applied only to strip-tilled plots. 
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APEX Calibration and Validation 
 
The model was calibrated using monthly runoff data from April 1999 to December 2003 for both 
tillage treatments.  Pesticide data were used for validation only.  Monthly runoff data from 
January 2004 to December 2007 were used for validation.  Three parameters that significantly 
affect partitioning of runoff and percolation were varied to optimize correlation between 
simulated and measured runoff including: Curve Number Index Coefficient (CNIC); Natural 
Resources Conservation Service Runoff Curve Number for the average soil moisture condition 2 
(CN2); and Irrigation Runoff Ratio (IRR).  Runoff simulation in APEX is strongly influenced by 
CNIC and CN2 (Wang et al., 2005, 2006).  CNIC is the weighting coefficient used to calculate the S 
retention parameter in determination of the daily runoff curve number (CN) in APEX and is dependent 
upon plant evapotranspiration (Wang et al., 2009).  CN2 values required occasional adjustments 
during the 9-year runs to achieve optimal runoff correlation.  An earlier study performed on-site 
determined that similar variation in CN2 values was necessary in order to represent plot flow 
patterns (Feyereisen et al, 2008).  Runoff is also affected by the APEX IRR which partitions 
irrigation water between runoff and infiltration (e.g., a ratio of 0.1 would partition 10% of the 
irrigation water to runoff and 90% to infiltration).  CNIC and IRR were adjusted within model 
recommended ranges (CNIC: 0.5-1.5; IRR: 0.0-1.0; Williams et al., 2006) during the calibration 
period. 
 
The calibrated model was continuously run through the validation periods.  Validation was 
conducted for surface runoff, tile drain flow, fluometuron and pendimethalin losses in runoff and 
fluometuron loss in tile drain flow.  Pendimethalin’s very high Koc, 16,000 mL g-1, makes 
leaching unlikely.  It was not detected in any of the tile-drain samples and therefore was not 
considered in the tile drainage validation.  Statistical measures including mean, standard 
deviation, R2, Nash–Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970), average percent error 
or percent bias (PBIAS), and ratio of the root mean square error to the standard deviation of 
observed data (RSR) were used to evaluate the model performance based on criteria suggested 
by Moriasi et al. (2007).   
 

Results and Discussion 
 
Surface Runoff 
 
Monthly surface runoff calibration resulted in a CNIC of 0.9.  Model CN2 values ranged from 72 
– 89 for the conventional tillage treatment and 65 – 84 for the strip-till during the calibration and 
validation periods (Table 1).  This represents a median CN2 decrease from 80.5 to 74.5 or 7.5% 
that can be attributed to the strip tillage system.  Irrigation runoff ratios were adjusted from 0.05 
– 0.25 for conventional tillage and between 0.01 – 0.20 for the strip tillage.  CN2 values for 
winter cover small grains were lower than values from cotton and peanut row crops.  This was 
due to the much greater plant biomass per square inch of small grains which impedes runoff.  
Crop residue remaining on the soil surface under strip tillage management, were responsible for 
the lower range in CN2 values versus the conventional tillage management.  Prior research at the 
study site showed that the strip-tilled plots had an average CN2 of about 71 during the growing 
season compared to 82 for the conventional tillage plots (Feyereisen et al, 2008).  These values 
nearly matched the median CN2 used in the APEX modeling.  Chung et al. (1999) reported a 
CN2 reduction of about 19% for the conservation tillage system, ridge-till.  Wang et al. (2008) 
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found 6% lower CN2 values with ridge till systems compared to conventional till systems.  
Studies by Rawls et al. (1980) and Rawls and Richardson (1983) also indicated reduction in CN2 
to represent the impacts of different residue cover levels regarding partition of rainfall between 
surface runoff and infiltration.   
 
Monthly runoff correlations (January, 2004 – December, 2007) were evaluated to test the 
model’s ability to capture mean and standard deviations.  R2 were 0.64 to 0.79 and NSE ranged 
from 0.55 to 0.73 based on the monthly runoff comparisons between the observed and simulated 
values for the two tillage systems during the calibration and validation periods (Table 5).  
Simulated average monthly surface runoff was within ±26% of observed values, while the root 
mean square errors to the standard deviations of observed data ratios ranged from 0.51 to 0.67 
(Table 5).  Moriasi et al. (2007) proposed several statistical criteria for establishing satisfactory 
water quality model performance, including a lower bound for NSE values of 0.5, RSR values of 
less than 0.70, and PBIAS values within ±25% for monthly flow comparisons.  Other criteria for 
satisfactory model performance have been reported in the literature, including R2 > 0.5 and 
NSE > 0.3 (Chung et al. 1999; 2001; 2002).  Based on these criteria, APEX performance for 
monthly runoff was satisfactory.  In general, simulated monthly runoff followed the observed 
trend well.  However, APEX significantly over-estimated runoff in March 2001 and July 2005 
(Figure 2).  Both March 2001 and July 2005 had unusually high rainfall.   
 

Table 5.  Measured versus simulated monthly surface runoff (mm) for the calibration period (April, 1999-
December, 2003) and the validation period (January, 2004-December, 2007) 

 

Treatment  
Measured Simulated 

R2 NSE PBIAS 
(%) RSR‡ 

Mean Std Mean Std 
Conventional 

till 
 

Calibration 9.6 13.4 8.2 14.9 0.79 0.73 -15.0 0.52 

Validation 6.7 10.7 7.8 12.4 0.67 0.55 17.0 0.67 

Strip-till 
Calibration 4.9 8.4 3.6 7.7 0.64 0.61 -25.9 0.62 
Validation 3.8 8.9 3.8 9.3 076 0.73  0.1 0.51 

                      ‡RSR: Ratio of the root mean square error to the standard deviation of observed data. 
 
The simulated means and standard deviations of the annual runoff correlated closely with the 
measured values for both the conventional tillage (96.1 mm ±40.9 mm vs. 96.8 mm ±52.4 mm) 
and the strip tillage systems (46.1 mm ±23.9 mm vs. 50.8 mm ±36.7 mm) (Table 6).  The R2 of 
0.92 and NSE value of 0.89 for the conventionally tilled plot and R2 of 0.78 with an NSE of 0.71 
for the strip-tilled plot, showed the close correlation between observed and simulated annual 
runoff.  Overall, simulated annual runoff matched well in trend and quantity to observed values 
(Figure 3). 
 
 
 
 



12 
 

0
10
20
30
40
50
60
70
80
90

R
un

of
f (

m
m

)

Observed
Simulated

Conventional till

Calibration period Validation period

0
10
20
30
40
50
60
70
80
90

A
pr

-9
9

O
ct

-9
9

A
pr

-0
0

O
ct

-0
0

A
pr

-0
1

O
ct

-0
1

A
pr

-0
2

O
ct

-0
2

A
pr

-0
3

O
ct

-0
3

A
pr

-0
4

O
ct

-0
4

A
pr

-0
5

O
ct

-0
5

A
pr

-0
6

O
ct

-0
6

A
pr

-0
7

O
ct

-0
7

Time

R
un

of
f (

m
m

)

0
100
200
300
400
500
600
700
800
900
1000

Pr
ec

ip
ita

tio
n 

(m
m

)

Precipitation

Strip till

 
Figure 2.  Precipitation and measured vs. simulated monthly runoff from both conventionally tilled and strip- 

tilled plots near Tifton, GA 
 
 
Table 6.  Summary of measured versus simulated annual runoff and tile flow (1999-2007) and pesticide losses 

(1999-2006) 
 

 Treatment Numbers of 
observations 

Measured Simulated 
R2 NSE PBIAS 

(%) RSR‡ 
Mean Std Mean Std 

Surface 
runoff (mm) 

Conventional 
till 9 96.81 52.39 96.09 40.86 0.92 0.89 -0.74 0.32 

Strip till 9 50.82 36.73 46.12 23.86 0.78 0.71 -9.25 0.51 

Tile flow 
(mm) 

Conventional 
till 9 41.93 22.29 46.11 23.55 0.37 0.13 9.98 0.88 

Strip-till 9 69.95 48.88 66.16 34.23 0.57 0.56 -5.42 0.63 

Fluometuron 
in runoff 

(g/ha) 

Conventional 
till 8 4.12 5.01 5.19 7.28 0.92 0.63 25.94 0.57 

Strip-till 8 0.91 1.33 1.08 1.65 0.93 0.84 19.19 0.38 

Pendimethalin 
in runoff 

(g/ha) 

Conventional 
till 8 1.03 0.87 0.92 0.67 0.67 0.65 -10.40 0.55 

Strip-till 8 0.11 0.09 0.10 0.10 0.61 0.51 -13.41 0.66 

Fluometuron 
in tile flow 

(g/ha) 

Conventional 
till 8 0.47 0.40 0.46 0.32 0.16 0.00 -0.52 0.94 

Strip-till 8 0.92 0.63 0.93 0.86 0.03 -1.38 0.34 1.44 
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Figure 3.  Precipitation and measured vs. simulated annual runoff from conventionally tilled and strip-tilled 

plots near Tifton, GA. 
 
Tile Flow 
 
Tile flow from the strip tillage system was significantly greater than that from the conventional 
tillage system.  This was presumably due to lower strip tillage system runoff and greater 
infiltration.  Simulated versus observed annual tile flows are shown in Figure 4.  Statistical 
measures indicate that APEX did a better job of predicting tile flow for strip tillage than for the 
conventional tillage system.  The strip tillage system R2 was 0.57 and NSE, 0.56, compared to 
the conventional tillage system R2, 0.37, and NSE, 0.13 (Table 6).  The strip tillage values met 
the criteria for satisfactory performance. 
 
Although the fit of the data did not meet satisfactory criteria with the conventional tillage system, 
predicted tile flow trends were actually better than with the strip tillage system (Figure 4).  The 
net difference in annual tile flow between measured and simulated points was smaller most years 
than the net differences between the strip-tilled data points.  The lower statistical correlation was 
partly a result of low flow values in the conventionally tilled plot.  With the model using 
estimated soil field capacity and wilting point values and the variation in depth to the argillic 
layer within the plots, the model only has to be slightly incorrect in estimating such low tile flow 
to result in a significant discrepancy by percentage.  Another potential source of error comes 
from APEX estimates of flow leakage between “typical” tile drainage pipes.  Actual leakage may 
vary from site to site depending upon how tightly tile drains are positioned.  Even with these 
potential sources of error, and the difficulty with accurately simulating low flow, the simulated 
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average annual tile-flow mean of 46.11 mm was within 10% of the measured annual mean, 41.93 
mm. 
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Figure 4.  Precipitation and measured vs. simulated annual tile flow from conventionally tilled and strip-tilled 

plots near Tifton, GA. 
 
Pesticide Losses 
 
Model performance statistics for annual simulated soluble fluometuron losses (1999-2006) in 
runoff were stronger than for soluble pendimethalin runoff losses (Table 6).  Annual soluble 
fluometuron runoff losses from the conventionally tilled plot (5.19 g ha-1) and strip-tilled plot 
(1.08 g ha-1) were closely correlated with observed losses as indicated by the R2 values of 0.92 
and 0.93 and NSE values of 0.63 and 0.84, respectively.  Performance statistics were not as good 
for pendimethalin soluble runoff losses; but still met the criteria for satisfactory model 
performance (Chung et al., 1999, 2001, 2002).  Simulated average annual soluble pendimethalin 
runoff loss from the conventionally tilled system was 0.92 g ha-1 yr-1, and 0.1 g ha-1 yr-1 from the 
strip-tilled system.  These values closely correlated with average annual observations of 1.03 g 
ha-1 yr-1 and 0.11 g ha-1 yr-1, respectively.  The R2 for soluble pendimethalin runoff were 0.67 
and 0.61 and the NSE, 0.65 and 0.51, for the conventional tillage and strip tillage systems, 
respectively.  Dissolved fluometuron runoff was much greater than pendimethalin runoff due to 
fluometuron’s greater solubility in water and lower tendency to sorb to soil and sediment.  
Increased water runoff associated with conventional tillage management led to greater herbicide 
runoff losses compared to the strip tillage system.  In general, both fluometuron and 
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pendimethalin simulated and observed annual surface runoff losses showed similar trends 
(Figures 5 and 6). 
 
Only fluometuron was detected in tile flow for both the observed and simulated results.  As 
noted, pendimethalin binds strongly to soil allowing minimal or no leaching.  The observed 
versus simulated trends were relatively poor for fluometuron leachate for both tillages.  The R2 
for the conventional and strip tillage were only 0.16 and 0.03, respectively.  However, it is 
noteworthy that mean annual mass losses were very close (within a 2% differential) between 
observed and simulated losses.  Tile drainage fluometuron average annual measured and 
simulated losses for the conventionally tilled plot were 0.47 g ha-1 yr-1 and 0.46 g ha-1 yr-1, 
respectively.  Fluometuron levels were higher in the strip tillage system leachate due to the 
increased water infiltration. Measured and predicted annual losses were 0.92 g ha-1 yr-1 and 0.93 
g ha-1 yr-1, respectively. 
 
Harmel et al. (2006) found that model results within 10% to 31% of measured values are within 
the average uncertainty range of water quality data measured with a typical “quality 
assurance/quality control” effort.  Modeling of low levels can be less accurate due to inexact soil 
and pesticide properties input into the model.  Accuracy in measuring and modeling low 
contaminant levels may be of particular concern when the contaminant is highly toxic.  For 
example, the pesticide diflubenzuron has been found to be chronically toxic to aquatic 
invertebrates at the extremely low level 0.00025 µg/L (USEPA, 2011).  The PBIAS values 
shown in Table 6 were all below 26%, indicating that the APEX model did a reasonable job in 
replicating the annual means for runoff, tile flow and pesticide losses.   

Measured runoff and subsurface drainage variability between replicate plots may have been a 
factor accounting for the relatively poor trend correlation between observed and simulated results 
for fluometuron leachate, and for tile flow from the conventionally tilled plots.  Measured water 
flows and pesticide losses were combined, essentially treating the three replicates as a single 
field.  Also, a plot median slope of 3.5% was used in the model simulations even though the 
slopes varied within the plots from 3 to 4%.  
 
Another possible explanation for uncertainty in the pesticide results may have been from 
imperfect representation of soil parameters in the simulations.  Soil physical parameters for the 
simulations were based on sampling that was performed on Plot 1 (conventionally tilled) and 
Plot 2 (strip-tilled) as representative of the combined replicate plots.  With the exception of bulk 
density, soil water holding capacity parameters were estimated for the model simulations.  Also, 
bulk density sampling was quite variable between sampling years and from the several cores 
taken within each plot and sampling year. 
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Figure 5.  Precipitation and measured vs. simulated annual fluometuron loss in runoff from both 

conventionally tilled and strip-tilled plots near Tifton, GA 
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Figure 6.  Precipitation and measured vs. simulated annual pendimethalin in runoff from both conventionally 
tilled and strip tilled plots near Tifton, GA 

 
Summary and Conclusions 

 
The APEX model was tested using measured data from research plots at the Gibbs Farm research 
facility near Tifton, GA.  Measured data included a 9-year record (1999-2007) of surface runoff, 
and tile flow and an 8-year record (1999-2006) of soluble pendimethalin and fluometuron 
herbicide losses.  Two tillage systems were investigated including strip tillage and conventional 
tillage in a cotton and peanut rotation. 
 
APEX was calibrated and validated for monthly runoff for both tillage treatments.  Model 
parameters adjusted in the calibration phase included the Curve Number Index Coefficient and 
Irrigation Runoff Ratio.  A CNIC of 0.9 was found to be optimal in the monthly calibration 
period (April 1999 to December 2003).  Adjusted CN2 values ranged from 72 – 89 and 65 – 84 
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for the conventional and strip tillage systems, respectively during 9-year calibration and 
validation.  APEX runoff calibration indicated that it was necessary to adjust Irrigation Runoff 
Ratios between 0.05 – 0.25 for the conventionally tilled plot and between 0.01 – 0.20 for the 
strip-tilled plot.  R2 ranged from 0.64 to 0.79 and NSE from 0.55 to 0.73 based on the monthly 
runoff comparisons between the observed and simulated values for the two tillage systems 
during the calibration and validation periods.  
 
Average annual simulated runoff correlated closely with the measured values for both the 
conventionally tilled plot (96.1 mm ±40.9 mm versus 96.8 mm ±52.4 mm) and the strip-tilled 
plot (46.1 mm ±23.9 mm versus 50.8 mm ±36.7 mm).  An R2 of 0.92 and NSE of 0.89 for the 
conventionally tilled plot, and R2 of 0.78 and 0.71 NSE for the strip-tilled plot corroborated close 
correlation and trending with observed surface runoff data. 
 
The model replicated percolation (tile drainage) in the strip tillage system reasonably well with 
an R2 of 0.57 and NSE equal to 0.56.  These values met the criteria for satisfactory correlation of 
R2 > 0.5 and NSE > 0.3 established by Chung et al. (1999, 2001 and 2002).  The APEX model’s 
performance did not meet these criteria for annual tile flow in the conventionally tilled plot (R2 
value of 0.37 and NSE value of 0.13), but still indicated statistical significance and good trend 
prediction.  The lower correlation was attributed in part to inaccurate estimates of soil water 
holding capacity parameter model inputs, variation in depth to the argillic layer within the plots 
and difficulty in simulating low flow conditions.  In spite of these uncertainties, the simulated 
average annual tile flow with conventional tillage was within 10% of the observed values.  The 
fact that tile flow statistics were satisfactory for the strip-till plots indicated that APEX is capable 
of simulating acceptable tile flows if model soil inputs are reasonably accurate and flows are not 
too low. 
 
Annual fluometuron and pendimethalin soluble runoff were validated with R2 ranging from 0.61 
to 0.93 and NSE 0.51 to 0.89.  R2 and NSE values met established criteria for satisfactory 
correlation.  The APEX model’s performance was relatively poor for fluometuron leaching in tile 
flow for both conventional and strip-tilled plots.  This may have been due to problems with 
modeling of low tile flow in the conventionally tilled plot as previously noted, and the 
uncertainty in measuring and modeling very low pesticide mass losses.  Simulated annual 
averages of fluometuron in tile drainage in both plots were within 2% of observed values 
indicating close correlation. 
 
The statistical parameter, PBIAS, was below 26% for all annual mean correlations demonstrating 
that APEX did a reasonable job in replicating annual means for runoff, tile flow and pesticide 
losses. 
 
APEX is being used in the USDA-NRCS CEAP Cropland National Assessment to evaluate the 
effectiveness of conservation practices.  One of the components of this effort is to evaluate the 
impact of conservation practices on pesticide losses from farm fields.  Results from the current 
study indicate that conservation tillage tended to significantly decrease water runoff and soluble 
pesticide losses in runoff.   Percolation to tile drainage at 1.2 m depth increased moderately, 
while infiltration of a mobile pesticide nearly doubled. 
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Abstract

Simulation modeling is widely used to assess water contamination risk associated with pesticide use and for evaluating effectiveness of agricultural conservation practices.  Currently the Agricultural Policy/Environmental eXtender (APEX) model is being used for this purpose in the USDA Conservation Effects Assessment Project (CEAP) Cropland National Assessment.  In support of the CEAP modeling effort, APEX was calibrated and validated using a 9-year record (1999-2007) of surface runoff and tile flow, and an 8-year record (1999-2006) of soluble pendimethalin and fluometuron herbicide losses from fields in a cotton-peanut rotation located in the Atlantic Coastal Plain region of south-central Georgia (USA).  Conventional and strip tillage management were directly compared.  Monthly surface runoff was calibrated by adjusting three variables: the Curve Number Index Coefficient (CNIC), which is a driver of the Natural Resources Conservation Service Runoff Curve Number; the runoff curve number for the average soil moisture condition 2 (CN2); and Irrigation Runoff Ratio (IRR).  Monthly statistics met satisfactory criteria between observed and simulated surface runoff for both tillage types, with R2 values from 0.64 to 0.79 and Nash-Sutcliffe efficiency (NSE) values from 0.55 to 0.73 during calibration and validation periods.  Monitored and predicted annual runoff and fluometuron and pendimethalin runoff losses for both tillage systems and the tile drainage from the strip-till system were well aligned.  Values of R2 ranged from 0.57 to 0.93 and NSE values from 0.51 to 0.89 based on annual comparisons between simulated and observed values.  APEX correlation was less satisfactory for annual tile flow from the conventional tillage system, and relatively poor for fluometuron transport in tile flow from both tillage systems.  Overall, APEX effectively replicated annual means for these three variables with simulated annual means within 10% of the observed values.  The percent bias statistical parameter, PBIAS, was below 26% for all annual mean correlations indicating that APEX did a reasonable job in replicating annual means for runoff, tile flow and pesticide losses.  Results demonstrate APEX’s strength in simulating runoff in this landscape and relative weakness in examining tile flow temporally.

Introduction


Simulation modeling is widely used to assess water contamination risks imposed by agricultural pesticide use.  Over 1000 pesticides are currently registered, but only a few dozen are even periodically monitored nationwide.  National surveys conducted in 2003 to 2006 by the Conservation Effects Assessment Project (CEAP) indicated that 348 different pesticides were applied to U.S. agricultural fields during that four year period.  Modeling is needed to augment monitoring programs that are limited nationwide in scale and scope to assess potential contamination from these pesticides and risk to humans and the environment.  Additionally, computer modeling provides a predictive aspect of pesticide levels that could occur under varying weather and hydrologic conditions.

In this study we examined the utility of the physical process and environmental fate model, Agricultural Policy/Environmental eXtender or (APEX) (Williams et al., 2006, 2008; Williams and Izaurralde, 2006; Gassman et al., 2009, 2010).  APEX was designed to simulate agricultural management strategies for a single field, farms containing multiple contiguous fields, grassed waterways, filter strips and buffers, and small watersheds.  The model operates with continuous simulations for as many years as desired using a daily time-step.  Weather, soil conditions, hydrology, erosion/sedimentation, crop growth, weed competition, grazing, irrigation, tillage operations, agricultural management and nutrient and pesticide dynamics are simulated.  APEX hydrology components include overland and channel runoff, subsurface flow, deep percolation, field sediment losses and evapotranspiration.  


Currently, APEX is being used by CEAP in a national effort to assess the effectiveness of conservation practices.  The model is being used to simulate nutrient, pesticide and sediment losses under conditions of agricultural practices based upon national farmers’ surveys from 2003-2006 at selected National Resources Inventory (NRI) sample points.  A second set of simulations reassess pollutant losses after existing conservation practices have been removed.  By comparing these two scenarios, CEAP evaluates the impact of conservation practices on levels of soil organic carbon, nutrients, sediment, and pesticide losses from farm fields as well as impact on loading to river basins.

Like all models, APEX calibration and validation is necessary to improve simulation accuracy. To this end, simulations of hydrology and pesticide losses were compared to measured values from USDA-Agricultural Research Service research plots located at the University of Georgia Gibbs Farm near Tifton, GA.  Research that began in 1999 has made quantitative assessments of water and transport of the herbicides fluometuron and pendimethalin in surface runoff and tile-drainage leachate as a function of tillage type (Potter et al. 2004 and Bosch et al. 2005, 2006).  Cotton and peanut crops were produced in rotation.  Two tillage systems, conventional tillage and strip-till, a conservation tillage practice, were compared.  Strip tillage is very common in the region and like most conservation tillage systems helps to decrease erosion and sediment loss.  Conservation tillage also tends to hold water on the field, thereby reducing pesticide runoff, but augmenting water infiltration, and may increase pesticide leaching as has been found for herbicides like fluometuron at the Tifton plots and research plots at Bnei Darom, Israel (Sagiv, 2008).


EPA relies in part on simulation models for environmental fate and exposure assessments of fluometuron and pendimethalin.  Modeling results are used to help quantify potential risks to wildlife and humans (Federal Register, Sept. 19, 2007; USEPA OPPT, 2005).  EPA has concluded that fluometuron requires specific restrictions and mitigation measures on its formulated product label to address identified concerns.  Specifically, EPA identified human drinking water concerns based on the potential for groundwater contamination due to fluometuron’s mobility in soil and relative persistence in the environment.  Fluometuron modeling for cotton production in Mississippi, North Carolina, Texas, and California indicated that there was the potential for concentrations in ponds to exceed EPA’s acute Level of Concern (LOC) for endangered aquatic animal species, which have a lower threshold LOC than species that are not endangered.  Furthermore, modeled surface water concentrations were found to exceed the freshwater fish acute LOC for Mississippi, and acute freshwater invertebrate LOC for Mississippi, Texas and North Carolina (USEPA OPPT, 2005).


In contrast to fluometuron, pendimethalin binds strongly to soil organic carbon, and thus is unlikely to reach groundwater.  However, it is transported from farm fields dissolved in runoff and bound to sediment.  EPA modeling indicated that it is not likely to reach concentrations in drinking water that will pose a threat to human health (USEPA, 1997).  At a common application rate of 1.1 kg ha-1, pendimethalin is not expected to be an acute risk to fish, invertebrates or aquatic plants, but may pose a risk to endangered species.  Pendimethalin concentrations may reach acutely toxic levels when applied at higher application rates, such as to sugarcane, alfalfa and onions.  EPA long-term modeling mostly indicated minimal chronic risk to fish and invertebrates.


APEX and its field scale model predecessor, the Environmental Policy Impact Climate (EPIC) model (Williams, 1990) have been extensively tested.  EPIC has been used for a variety of conditions in the U.S. and other countries (Gassman et al., 2005), and even at a global level (Liu at al., 2007).  APEX can be used as a Best Management Practice (BMP) model by simulating a variety of land management scenarios (Borah et al., 2006).  Since its inception in 1996, APEX has been used in dozens of studies to evaluate the impact of agricultural practices (e.g., Ramanarayanan et al., 1997; Gassman et al., 2002; Harman et al., 2004) and is being used in numerous watershed and river basin studies in CEAP (Kellogg et al., 2011a, 2011b).

APEX has been calibrated and validated in previous studies.  Wang et al. (2006) tested the model for parameter sensitivity to determine variables that had the greatest impact on simulated hydrology.  A two-year calibration/validation of APEX was previously performed on the Tifton research plots using monitored data from 2000 – 2001 by Plotkin et al. (2009).  Results from this study indicated good correlation between monthly measured data and simulated results of water runoff, and fluometuron and pendimethalin runoff from conventionally tilled plots.  APEX was calibrated by Flowers et al. (1996) for dairy waste application fields.  Ramanarayanan et al. (1998) calibrated and validated APEX hydrology and soil loss for three small watersheds.  Wang et al. (2008) calibrated and validated the model using 20 years of measured data (1976–1995) from two watersheds at the USDA Deep Loess Research Station near Treynor, Iowa.  Continuous corn was grown in the watersheds using a conventional tillage system and the conservation tillage system, ridge-till.  Results showed good statistical agreement with measured levels for both tillage systems for runoff, sediment yield, soil organic carbon and crop yield.  The model further predicted that ridge-till versus conventional tillage had 36% to 39% surface runoff reduction, 82 – 86% sediment yield reduction, 63 – 67% reduction in cumulative soil carbon losses and a corn grain yield increase of 3.8%.


This study further evaluated the ability of APEX to simulate field hydrology and pesticide losses following calibration with monitored data from fields in rotational cotton and peanut production under conventional and conservation tillage management.  Objectives were to: (1) calibrate and validate APEX using nine years of measured data (1999–2007) from the USDA, Agricultural Research Service research plots at the University of Georgia Gibbs Farm near Tifton, GA, and (2) quantify soluble losses of the herbicides fluometuron and pendimethalin in runoff and percolation (tile drained) using conventional tillage versus a strip-till conservation tillage system in a cotton-peanut crop rotation.

Methods


APEX Modeling

Interactive-APEX (I_APEX) (Siemers, 2007), that uses APEX for its base model was used to populate all input data and perform preliminary simulations before initiating the calibration and validation procedures in APEX.  Model input parameters are presented in Table 1 including site characteristics, hydrology parameters, soil type, crop rotation, pesticides and soil management.

Gibbs Farm Research Plot Characteristics

Three 0.14-ha (approximately 59 m long X 24 m wide) conventionally tilled (CT) plots and three strip-tilled (ST) plots were established in 1999 at the University of Georgia Gibbs Farm in Tift County, Tifton, Georgia (310 26’ N, 830 35’) as depicted in Figure 1.  Conventionally tilled plot replicates were designated 1, 3 and 5, while strip-tilled plots included replicates 2, 4 and 6.  Plots were each surrounded by 0.6-meter tall earthen berms that directed surface runoff downslope to metal H-flumes.  Lateral subsurface flow was intercepted by 15 cm (i.d.) tile drains buried to a depth of 1.2 m, with flow and water quality samples collected at metal H-flumes installed at tile-drain outlets.  An interceptor drain was installed upslope of the plots to cut off external lateral subsurface flow.  Additional descriptions of the plots can be found in Potter et al. (2004) and Bosch et al. (2005, 2006).

Weather 

Daily precipitation (using a tipping bucket rain gage), and daily temperature minimums and maximums were collected on site (Bosch et al., 2005).  All other daily weather data including humidity, solar radiation and wind speed were obtained from a station maintained by the Georgia Automated Environmental Monitoring Network in Tifton, GA, located 8.3 km from the research site.  Average monthly weather data including wind speed and direction, solar radiation and mean air temperatures needed for modeling were estimated using the weather generating program WXPM (Williams et al., 2006) based on historical daily weather data collected at Tifton, GA.  Evapotranspiration was simulated using the Hargreaves equation (Hargreaves and Samani, 1985) which is appropriate for warm and humid weather conditions (Table 1).
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Figure 1.  Topography and site layout of Gibbs Farm research facility near Tifton, GA

Plot Soil


Soil was classed as Tifton Loamy Sand (fine-loamy, kaolinitic, thermic Plinthic Kandiudults).  There is a restrictive argillic layer (higher clay percentage and bulk density) that varies in depth from about 25 to 50 cm below the surface.  Slopes range from 3 – 4%.  A median slope of 3.5% was used in the simulations.

Soil bulk density was measured with depth at the top of the slope in Plot 1 (conventionally tilled) and Plot 2 (strip-tilled) 1999, 2002 and 2003.  Bulk density values used in APEX modeling were 


Table 1: Parameter values used in APEX simulations


		Parameter Name




		Value






		Time period modeled

		1999-2007



		Weather

		Daily local precipitation, temperature, relative humidity



		Plot length

		59 m



		Plot width

		24 m



		Field slope

		0.035 m/m



		Hydrologic condition

		Good



		Irrigation runoff ratio (conventionally tilled plot)

		0.05 – 0.25



		Irrigation runoff ratio (strip-tilled plot)

		0.01 – 0.20



		Runoff Curve Number method

		Variable daily CN soil moisture index



		Curve number index coefficient (CNIC) after calibration

		0.9



		CN2 (conventionally tilled plot)

		72-89



		CN2 (strip-tilled plot)

		65-84



		Tile drainage depth

		1200 mm



		Evapotranspiration equation

		Hargreaves PET



		Soil type

		Tifton loamy sand



		Crop rotation

		Cotton – Peanuts



		Fertilizer

		Poultry (1999-2002, 2005, 2007)



		Pesticides applied

		Pendimethalin, Fluometuron



		Pendimethalin properties:

Water solubility


Koc

Aerobic soil t1/2 (conventionally


 tilled)


Aerobic soil t1/2 (strip-tilled)

Foliar half-life

Foliar wash-off fraction

		0.275 mg L-1

16,000 mL g-1

96 days

71 days


30 days


0.4



		Fluometuron properties

Water solubility


Koc

Aerobic soil t1/2 (conventionally


 tilled)


Aerobic soil t1/2 (strip-tilled)


Foliar half-life


Foliar wash-off fraction

		110 mg L-1

100 mL g-1

75 days

62 days


30 days


0.5





obtained from plot samples collected August 21, 2003 and from Perkins et al. (1987) data collected in soil pits at the Gibbs Farm.  These two sets of bulk density values appeared to best represent the argillic layer.  Other soil physical parameters required to run APEX include field capacity, wilting point and saturated conductivity.  These parameters were estimated from the Saxton-Rawls Equation (Saxton and Rawls, 2006) using texture analyses from Plots 1 and 2 sampled on March 23, 1999, soil organic carbon sampled on November 20, 2002 from Plots 1 and 2, gravel content for Tifton loamy sand from the USDA, NRCS Soil Survey Geographic (SSURGO) database for Tift County (May 23, 2007) and bulk density measurements as previously noted.  Soil organic carbon content is of particular relevance in that higher levels tend to decrease bulk density and thereby allow increased water infiltration. 

Plots 1 and 2 soil texture and organic matter from the 1999 sampling were used in the modeling (Table 2).  These measurements were performed four years prior to bulk density sampling in 2003.  Texture measurements performed in the plots at other times during 2000-2007 showed little change from year to year.  Sampling of soil organic carbon indicated variation from year to year depending upon cropping and tillage practices, soil moisture, solar radiation and temperature.  APEX varies soil organic carbon over the duration of a simulation based on these environmental variables.  Soil texture in the upper 0.33 m was predominantly sand with about 88% sand content (Table 2).  The location of the restrictive argillic layer may be evident by the significant increase in soil clay content at a depth of 0.3 m – 0.7 m for each plot.  The organic carbon content of 0.4% in the conventionally tilled plot was lower than in the strip-tilled plot of 0.9%, due to the organic matter building effects of conservation tillage.

APEX simulations were conducted using combined hydrologic responses and pesticides losses of the three conventionally tilled and the three strip-tilled plots, respectively.  Soil characterization data obtained from Plot 1 were used to represent the conventionally tilled plots, while data from Plot 2 were used to represent the strip-tilled plots (Table 3).  This was necessary due to the fact that bulk density measurements were only available for these two plots.

Crops and Plot Management

A cotton (Gossypium hirsutum L.) and peanut (Arachis hypogaea L.; variety Georgia Green) rotation was used on all plots.  Cotton was planted in 1999 – 2001, 2003, 2005 and 2007 (Table 4).  The cotton growing season ranged from 18 – 22 weeks.  Peanuts were grown in 2002, 2004 and 2006.  The peanut growing season was between 17 – 19 weeks.  Sprinkler irrigation was applied based on crop demands.  Nutrient and pest management were based on University of Georgia recommendations.  The two herbicides investigated in this study were applied individually or in a tank mixture by ground-boom at planting (Table 4).  A rye cover crop (Secale cereale L.) was planted after harvest each fall.  In 2004, the rye was mixed with crimson clover (Trifolium incarnatum).


Conventionally tilled plots were disk harrowed and bedded prior to planting.  The soil surface was free of crop residue.  On strip-till plots, crops were planted into 15 cm strips of tilled cover crop residue.  All plots were para-tilled in the fall of 2002.  Strip-till plots were also para-tilled during the fall of 2004 and 2007.

Table 2: Tifton loamy sand texture parameters used in APEX for simulations of conventionally tilled Plot 1 and strip-tilled Plot 2


		Plot Type

		Layer Depth (m)

		Sand (%)*

		Silt (%)*

		Clay (%)*

		Organic Carbon (%)**

		Coarse Fragments (% volume)***



		Conventionally Tilled

 Plot 1




		0.02

		88.2

		8.8

		3.0

		0.413

		14



		

		0.08

		88.2

		8.8

		3.0

		0.506

		14



		

		0.15

		88.2

		8.8

		3.0

		0.506

		17



		

		0.33

		88.2

		8.8

		3.0

		0.479

		18



		

		0.63

		72.6

		12.1

		15.3

		0.71

		25



		

		1.10

		64.3

		11.8

		23.9

		0.171

		4



		

		1.27

		60.8

		11.7

		27.5

		0.164

		9



		Strip-Tilled Plot 2




		

		

		

		

		

		



		

		0.02

		88.5

		8.9

		2.6

		0.917

		14



		

		0.08

		88.5

		8.9

		2.6

		0.581

		14



		

		0.15

		88.5

		8.9

		2.6

		0.348

		17



		

		0.32

		88.5

		8.9

		2.6

		0.347

		19



		

		0.68

		78.5

		13.4

		8.1

		0.445

		26



		

		1.19

		62.8

		11.9

		25.3

		0.171

		5



		

		1.45

		57.8

		13.6

		28.6

		0.020

		9





*texture sampled in Plots 1 and 2 on March 23, 1999


**organic carbon sampled in Plots 1 and 2 on November 20, 2002

***coarse fragments for Tifton LS from USDA, NRCS NASIS soils database

Herbicide Properties


Pendimethalin has a low water solubility of 0.275 mg L-1 and high organic carbon-water partition coefficient (Koc), 16,000 mL g-1 (Table 1).  The Koc was based on measurements reported for pendimethalin sediment-water partitioning at the study site (Potter et al., 2008).  This value is in the upper part of the range of values compiled by Hornsby et al. (1995).  The compound’s high Koc enables sorption to soil organic matter making it essentially immobile in soil except via soil macropores.  Runoff losses are primarily associated with detached sediment, but pendimethalin’s solubility is high enough to enable significant levels to remain dissolved in runoff.  Pendimethalin’s relatively long aerobic soil half-life measured in incubation studies using soil collected from the plots was 71 to 96 days (Potter, unpublished, 2007).  The long half-life can cause pendimethalin losses to occur for months after application.

Fluometuron has a relatively high water solubility of 110 mg L-1 and low Koc of 100 mL g-1 (Plotkin et al. 2010).  These properties make it highly mobile in soil and useful for tracking leachate to the tile drainage system.  The aerobic soil half-life was nearly as long as that of pendimethalin, as measured in incubations of soil obtained from the plots at 62 to 75 days (Potter, unpublished, 2007).


Table 3: Tifton loamy sand water holding capacity parameters used in APEX for simulations of conventionally tilled Plot 1 and strip-tilled Plot 2


		Plot Type

		Layer Depth (m)

		Bulk Density (g/cc)*

		Field Capacity


(%)**

		Wilting Point (%)**

		Saturated Conductivity (mm/hr)**



		Conventionally Tilled Plot 1

		0.02

		1.60

		0.07

		0.02

		129.5



		

		0.08

		1.60

		0.07

		0.02

		125.8



		

		0.15

		1.85

		0.05

		0.02

		60.1



		

		0.33

		2.01

		0.04

		0.02

		30.5



		

		0.63

		2.03

		0.15

		0.10

		5.9



		

		1.10

		1.90

		0.21

		0.14

		1.5



		

		1.27

		1.93

		0.24

		0.17

		0.5



		Strip-Tilled Plot 2

		0.02

		1.53

		0.08

		0.03

		139.0



		

		0.08

		1.53

		0.08

		0.02

		152.0



		

		0.15

		1.89

		0.05

		0.01

		57.0



		

		0.32

		2.10

		0.03

		0.01

		23.0



		

		0.68

		2.14

		0.08

		0.05

		8.0



		

		1.19

		2.00

		0.21

		0.15

		0.2



		

		1.45

		2.03

		0.24

		0.17

		0.01





________________________________________________________________________

*measured on-site in 2003


**estimated using Saxton-Rawls equation (Saxton and Rawls, 2006)


Table 4.  Crop/cover planting, harvest and pesticide application schedule (1999 – 2007) on Gibbs Farm research plots

		

		

		

		

		Cover Crop*

		Herbicide

		Fluometuron

		Pendimethalin



		Year

		Crop

		Plant

		Harvest

		Plant Date

		Appl. Date

		Rate (g ha-1 )

		Rate (g ha-1 )



		1999

		cotton

		6-May

		16-Sep

		1-Nov

		6-May

		1121

		448



		2000

		cotton

		1-May

		11-Sep

		1-Dec

		1-May

		1121

		897



		2001

		cotton

		7-May

		5-Oct

		11-Dec

		7-May

		1121

		897



		2001

		cotton

		

		

		

		18-Jun

		1401

		not applied



		2002

		peanut

		10-May

		10-Sep

		25-Nov

		10-May

		not applied

		1121**



		2003

		cotton

		12-May

		22-Oct

		25-Nov

		12-May

		1121

		897



		2004

		peanut

		10-May

		15-Sep

		5-Oct

		10-May

		not applied

		not applied



		2005

		cotton

		23-May

		1-Nov

		16-Nov

		23-May

		1121

		897



		2006

		peanut

		16-May

		27-Sep

		31-Oct

		16-May

		not applied

		1121



		2007

		cotton

		1-May

		8-Oct

		15-Oct

		1-May

		1121

		1053





*Cover crops in strip-tilled plots killed by two applications of herbicides prior to planting crop.


  Cover crops in conventional tilled plots killed by disk harrowing prior to planting crop.

**Pendimethalin applied only to strip-tilled plots.


APEX Calibration and Validation


The model was calibrated using monthly runoff data from April 1999 to December 2003 for both tillage treatments.  Pesticide data were used for validation only.  Monthly runoff data from January 2004 to December 2007 were used for validation.  Three parameters that significantly affect partitioning of runoff and percolation were varied to optimize correlation between simulated and measured runoff including: Curve Number Index Coefficient (CNIC); Natural Resources Conservation Service Runoff Curve Number for the average soil moisture condition 2 (CN2); and Irrigation Runoff Ratio (IRR).  Runoff simulation in APEX is strongly influenced by CNIC and CN2 (Wang et al., 2005, 2006).  CNIC is the weighting coefficient used to calculate the S retention parameter in determination of the daily runoff curve number (CN) in APEX and is dependent upon plant evapotranspiration (Wang et al., 2009).  CN2 values required occasional adjustments during the 9-year runs to achieve optimal runoff correlation.  An earlier study performed on-site determined that similar variation in CN2 values was necessary in order to represent plot flow patterns (Feyereisen et al, 2008).  Runoff is also affected by the APEX IRR which partitions irrigation water between runoff and infiltration (e.g., a ratio of 0.1 would partition 10% of the irrigation water to runoff and 90% to infiltration).  CNIC and IRR were adjusted within model recommended ranges (CNIC: 0.5-1.5; IRR: 0.0-1.0; Williams et al., 2006) during the calibration period.


The calibrated model was continuously run through the validation periods.  Validation was conducted for surface runoff, tile drain flow, fluometuron and pendimethalin losses in runoff and fluometuron loss in tile drain flow.  Pendimethalin’s very high Koc, 16,000 mL g-1, makes leaching unlikely.  It was not detected in any of the tile-drain samples and therefore was not considered in the tile drainage validation.  Statistical measures including mean, standard deviation, R2, Nash–Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970), average percent error or percent bias (PBIAS), and ratio of the root mean square error to the standard deviation of observed data (RSR) were used to evaluate the model performance based on criteria suggested by Moriasi et al. (2007).  

Results and Discussion

Surface Runoff


Monthly surface runoff calibration resulted in a CNIC of 0.9.  Model CN2 values ranged from 72 – 89 for the conventional tillage treatment and 65 – 84 for the strip-till during the calibration and validation periods (Table 1).  This represents a median CN2 decrease from 80.5 to 74.5 or 7.5% that can be attributed to the strip tillage system.  Irrigation runoff ratios were adjusted from 0.05 – 0.25 for conventional tillage and between 0.01 – 0.20 for the strip tillage.  CN2 values for winter cover small grains were lower than values from cotton and peanut row crops.  This was due to the much greater plant biomass per square inch of small grains which impedes runoff.  Crop residue remaining on the soil surface under strip tillage management, were responsible for the lower range in CN2 values versus the conventional tillage management.  Prior research at the study site showed that the strip-tilled plots had an average CN2 of about 71 during the growing season compared to 82 for the conventional tillage plots (Feyereisen et al, 2008).  These values nearly matched the median CN2 used in the APEX modeling.  Chung et al. (1999) reported a CN2 reduction of about 19% for the conservation tillage system, ridge-till.  Wang et al. (2008) found 6% lower CN2 values with ridge till systems compared to conventional till systems.  Studies by Rawls et al. (1980) and Rawls and Richardson (1983) also indicated reduction in CN2 to represent the impacts of different residue cover levels regarding partition of rainfall between surface runoff and infiltration.  


Monthly runoff correlations (January, 2004 – December, 2007) were evaluated to test the model’s ability to capture mean and standard deviations.  R2 were 0.64 to 0.79 and NSE ranged from 0.55 to 0.73 based on the monthly runoff comparisons between the observed and simulated values for the two tillage systems during the calibration and validation periods (Table 5).  Simulated average monthly surface runoff was within ±26% of observed values, while the root mean square errors to the standard deviations of observed data ratios ranged from 0.51 to 0.67 (Table 5).  Moriasi et al. (2007) proposed several statistical criteria for establishing satisfactory water quality model performance, including a lower bound for NSE values of 0.5, RSR values of less than 0.70, and PBIAS values within ±25% for monthly flow comparisons.  Other criteria for satisfactory model performance have been reported in the literature, including R2 > 0.5 and NSE > 0.3 (Chung et al. 1999; 2001; 2002).  Based on these criteria, APEX performance for monthly runoff was satisfactory.  In general, simulated monthly runoff followed the observed trend well.  However, APEX significantly over-estimated runoff in March 2001 and July 2005 (Figure 2).  Both March 2001 and July 2005 had unusually high rainfall.  


Table 5.  Measured versus simulated monthly surface runoff (mm) for the calibration period (April, 1999-December, 2003) and the validation period (January, 2004-December, 2007)

		Treatment

		

		Measured

		Simulated

		R2

		NSE

		PBIAS (%)

		RSR‡



		

		

		Mean

		Std

		Mean

		Std

		

		

		

		



		Conventional till




		Calibration

		9.6

		13.4

		8.2

		14.9

		0.79

		0.73

		-15.0

		0.52



		

		Validation

		6.7

		10.7

		7.8

		12.4

		0.67

		0.55

		17.0

		0.67



		Strip-till

		Calibration

		4.9

		8.4

		3.6

		7.7

		0.64

		0.61

		-25.9

		0.62



		

		Validation

		3.8

		8.9

		3.8

		9.3

		076

		0.73

		 0.1

		0.51





                      ‡RSR: Ratio of the root mean square error to the standard deviation of observed data.


The simulated means and standard deviations of the annual runoff correlated closely with the measured values for both the conventional tillage (96.1 mm ±40.9 mm vs. 96.8 mm ±52.4 mm) and the strip tillage systems (46.1 mm ±23.9 mm vs. 50.8 mm ±36.7 mm) (Table 6).  The R2 of 0.92 and NSE value of 0.89 for the conventionally tilled plot and R2 of 0.78 with an NSE of 0.71 for the strip-tilled plot, showed the close correlation between observed and simulated annual runoff.  Overall, simulated annual runoff matched well in trend and quantity to observed values (Figure 3).
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Figure 2.  Precipitation and measured vs. simulated monthly runoff from both conventionally tilled and strip- tilled plots near Tifton, GA


Table 6.  Summary of measured versus simulated annual runoff and tile flow (1999-2007) and pesticide losses (1999-2006)

		

		Treatment

		Numbers of observations

		Measured

		Simulated

		R2

		NSE

		PBIAS (%)

		RSR‡



		

		

		

		Mean

		Std

		Mean

		Std

		

		

		

		



		Surface runoff (mm)

		Conventional till

		9

		96.81

		52.39

		96.09

		40.86

		0.92

		0.89

		-0.74

		0.32



		

		Strip till

		9

		50.82

		36.73

		46.12

		23.86

		0.78

		0.71

		-9.25

		0.51



		Tile flow (mm)

		Conventional till

		9

		41.93

		22.29

		46.11

		23.55

		0.37

		0.13

		9.98

		0.88



		

		Strip-till

		9

		69.95

		48.88

		66.16

		34.23

		0.57

		0.56

		-5.42

		0.63



		Fluometuron in runoff (g/ha)

		Conventional till

		8

		4.12

		5.01

		5.19

		7.28

		0.92

		0.63

		25.94

		0.57



		

		Strip-till

		8

		0.91

		1.33

		1.08

		1.65

		0.93

		0.84

		19.19

		0.38



		Pendimethalin in runoff (g/ha)

		Conventional till

		8

		1.03

		0.87

		0.92

		0.67

		0.67

		0.65

		-10.40

		0.55



		

		Strip-till

		8

		0.11

		0.09

		0.10

		0.10

		0.61

		0.51

		-13.41

		0.66



		Fluometuron in tile flow (g/ha)

		Conventional till

		8

		0.47

		0.40

		0.46

		0.32

		0.16

		0.00

		-0.52

		0.94



		

		Strip-till

		8

		0.92

		0.63

		0.93

		0.86

		0.03

		-1.38

		0.34

		1.44
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Figure 3.  Precipitation and measured vs. simulated annual runoff from conventionally tilled and strip-tilled plots near Tifton, GA.


Tile Flow


Tile flow from the strip tillage system was significantly greater than that from the conventional tillage system.  This was presumably due to lower strip tillage system runoff and greater infiltration.  Simulated versus observed annual tile flows are shown in Figure 4.  Statistical measures indicate that APEX did a better job of predicting tile flow for strip tillage than for the conventional tillage system.  The strip tillage system R2 was 0.57 and NSE, 0.56, compared to the conventional tillage system R2, 0.37, and NSE, 0.13 (Table 6).  The strip tillage values met the criteria for satisfactory performance.

Although the fit of the data did not meet satisfactory criteria with the conventional tillage system, predicted tile flow trends were actually better than with the strip tillage system (Figure 4).  The net difference in annual tile flow between measured and simulated points was smaller most years than the net differences between the strip-tilled data points.  The lower statistical correlation was partly a result of low flow values in the conventionally tilled plot.  With the model using estimated soil field capacity and wilting point values and the variation in depth to the argillic layer within the plots, the model only has to be slightly incorrect in estimating such low tile flow to result in a significant discrepancy by percentage.  Another potential source of error comes from APEX estimates of flow leakage between “typical” tile drainage pipes.  Actual leakage may vary from site to site depending upon how tightly tile drains are positioned.  Even with these potential sources of error, and the difficulty with accurately simulating low flow, the simulated average annual tile-flow mean of 46.11 mm was within 10% of the measured annual mean, 41.93 mm.
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Figure 4.  Precipitation and measured vs. simulated annual tile flow from conventionally tilled and strip-tilled plots near Tifton, GA.

Pesticide Losses


Model performance statistics for annual simulated soluble fluometuron losses (1999-2006) in runoff were stronger than for soluble pendimethalin runoff losses (Table 6).  Annual soluble fluometuron runoff losses from the conventionally tilled plot (5.19 g ha-1) and strip-tilled plot (1.08 g ha-1) were closely correlated with observed losses as indicated by the R2 values of 0.92 and 0.93 and NSE values of 0.63 and 0.84, respectively.  Performance statistics were not as good for pendimethalin soluble runoff losses; but still met the criteria for satisfactory model performance (Chung et al., 1999, 2001, 2002).  Simulated average annual soluble pendimethalin runoff loss from the conventionally tilled system was 0.92 g ha-1 yr-1, and 0.1 g ha-1 yr-1 from the strip-tilled system.  These values closely correlated with average annual observations of 1.03 g ha-1 yr-1 and 0.11 g ha-1 yr-1, respectively.  The R2 for soluble pendimethalin runoff were 0.67 and 0.61 and the NSE, 0.65 and 0.51, for the conventional tillage and strip tillage systems, respectively.  Dissolved fluometuron runoff was much greater than pendimethalin runoff due to fluometuron’s greater solubility in water and lower tendency to sorb to soil and sediment.  Increased water runoff associated with conventional tillage management led to greater herbicide runoff losses compared to the strip tillage system.  In general, both fluometuron and pendimethalin simulated and observed annual surface runoff losses showed similar trends (Figures 5 and 6).

Only fluometuron was detected in tile flow for both the observed and simulated results.  As noted, pendimethalin binds strongly to soil allowing minimal or no leaching.  The observed versus simulated trends were relatively poor for fluometuron leachate for both tillages.  The R2 for the conventional and strip tillage were only 0.16 and 0.03, respectively.  However, it is noteworthy that mean annual mass losses were very close (within a 2% differential) between observed and simulated losses.  Tile drainage fluometuron average annual measured and simulated losses for the conventionally tilled plot were 0.47 g ha-1 yr-1 and 0.46 g ha-1 yr-1, respectively.  Fluometuron levels were higher in the strip tillage system leachate due to the increased water infiltration. Measured and predicted annual losses were 0.92 g ha-1 yr-1 and 0.93 g ha-1 yr-1, respectively.

Harmel et al. (2006) found that model results within 10% to 31% of measured values are within the average uncertainty range of water quality data measured with a typical “quality assurance/quality control” effort.  Modeling of low levels can be less accurate due to inexact soil and pesticide properties input into the model.  Accuracy in measuring and modeling low contaminant levels may be of particular concern when the contaminant is highly toxic.  For example, the pesticide diflubenzuron has been found to be chronically toxic to aquatic invertebrates at the extremely low level 0.00025 µg/L (USEPA, 2011).  The PBIAS values shown in Table 6 were all below 26%, indicating that the APEX model did a reasonable job in replicating the annual means for runoff, tile flow and pesticide losses.  


Measured runoff and subsurface drainage variability between replicate plots may have been a factor accounting for the relatively poor trend correlation between observed and simulated results for fluometuron leachate, and for tile flow from the conventionally tilled plots.  Measured water flows and pesticide losses were combined, essentially treating the three replicates as a single field.  Also, a plot median slope of 3.5% was used in the model simulations even though the slopes varied within the plots from 3 to 4%. 


Another possible explanation for uncertainty in the pesticide results may have been from imperfect representation of soil parameters in the simulations.  Soil physical parameters for the simulations were based on sampling that was performed on Plot 1 (conventionally tilled) and Plot 2 (strip-tilled) as representative of the combined replicate plots.  With the exception of bulk density, soil water holding capacity parameters were estimated for the model simulations.  Also, bulk density sampling was quite variable between sampling years and from the several cores taken within each plot and sampling year.
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Figure 5.  Precipitation and measured vs. simulated annual fluometuron loss in runoff from both conventionally tilled and strip-tilled plots near Tifton, GA
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Figure 6.  Precipitation and measured vs. simulated annual pendimethalin in runoff from both conventionally tilled and strip tilled plots near Tifton, GA


Summary and Conclusions


The APEX model was tested using measured data from research plots at the Gibbs Farm research facility near Tifton, GA.  Measured data included a 9-year record (1999-2007) of surface runoff, and tile flow and an 8-year record (1999-2006) of soluble pendimethalin and fluometuron herbicide losses.  Two tillage systems were investigated including strip tillage and conventional tillage in a cotton and peanut rotation.

APEX was calibrated and validated for monthly runoff for both tillage treatments.  Model parameters adjusted in the calibration phase included the Curve Number Index Coefficient and Irrigation Runoff Ratio.  A CNIC of 0.9 was found to be optimal in the monthly calibration period (April 1999 to December 2003).  Adjusted CN2 values ranged from 72 – 89 and 65 – 84 for the conventional and strip tillage systems, respectively during 9-year calibration and validation.  APEX runoff calibration indicated that it was necessary to adjust Irrigation Runoff Ratios between 0.05 – 0.25 for the conventionally tilled plot and between 0.01 – 0.20 for the strip-tilled plot.  R2 ranged from 0.64 to 0.79 and NSE from 0.55 to 0.73 based on the monthly runoff comparisons between the observed and simulated values for the two tillage systems during the calibration and validation periods. 


Average annual simulated runoff correlated closely with the measured values for both the conventionally tilled plot (96.1 mm ±40.9 mm versus 96.8 mm ±52.4 mm) and the strip-tilled plot (46.1 mm ±23.9 mm versus 50.8 mm ±36.7 mm).  An R2 of 0.92 and NSE of 0.89 for the conventionally tilled plot, and R2 of 0.78 and 0.71 NSE for the strip-tilled plot corroborated close correlation and trending with observed surface runoff data.


The model replicated percolation (tile drainage) in the strip tillage system reasonably well with an R2 of 0.57 and NSE equal to 0.56.  These values met the criteria for satisfactory correlation of R2 > 0.5 and NSE > 0.3 established by Chung et al. (1999, 2001 and 2002).  The APEX model’s performance did not meet these criteria for annual tile flow in the conventionally tilled plot (R2 value of 0.37 and NSE value of 0.13), but still indicated statistical significance and good trend prediction.  The lower correlation was attributed in part to inaccurate estimates of soil water holding capacity parameter model inputs, variation in depth to the argillic layer within the plots and difficulty in simulating low flow conditions.  In spite of these uncertainties, the simulated average annual tile flow with conventional tillage was within 10% of the observed values.  The fact that tile flow statistics were satisfactory for the strip-till plots indicated that APEX is capable of simulating acceptable tile flows if model soil inputs are reasonably accurate and flows are not too low.

Annual fluometuron and pendimethalin soluble runoff were validated with R2 ranging from 0.61 to 0.93 and NSE 0.51 to 0.89.  R2 and NSE values met established criteria for satisfactory correlation.  The APEX model’s performance was relatively poor for fluometuron leaching in tile flow for both conventional and strip-tilled plots.  This may have been due to problems with modeling of low tile flow in the conventionally tilled plot as previously noted, and the uncertainty in measuring and modeling very low pesticide mass losses.  Simulated annual averages of fluometuron in tile drainage in both plots were within 2% of observed values indicating close correlation.

The statistical parameter, PBIAS, was below 26% for all annual mean correlations demonstrating that APEX did a reasonable job in replicating annual means for runoff, tile flow and pesticide losses.

APEX is being used in the USDA-NRCS CEAP Cropland National Assessment to evaluate the effectiveness of conservation practices.  One of the components of this effort is to evaluate the impact of conservation practices on pesticide losses from farm fields.  Results from the current study indicate that conservation tillage tended to significantly decrease water runoff and soluble pesticide losses in runoff.   Percolation to tile drainage at 1.2 m depth increased moderately, while infiltration of a mobile pesticide nearly doubled.
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