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Abstract
Carinata (Brassica carinata) is an industrial oilseed feedstock for renewable fuels 
grown as a winter crop in the southeast US, which may provide a new rotation al-
ternative and benefits for water quality. However, the effects of carinata on water 
quantity and quality at the watershed and local scales are unknown. In this study, we 
use the Soil and Water Assessment Tool (SWAT) to assess the potential influence of 
carinata on water balance components, nutrients and sediment loads under plausible 
future scenarios of land use change in the upper Suwannee River Basin in the Atlantic 
Coastal Plain Physiographic Region near Tifton in South-Central Georgia. Three fu-
ture scenarios are considered, including planting stand-alone carinata in winter fallow 
land every third year, planting stand-alone winter wheat in winter fallow land every 
third year, and carinata and winter wheat in rotation, one year of winter carinata fol-
lowed by two years of winter wheat during simulation periods. The results show that 
under all three future scenarios, surface runoff, sediment, phosphorus, and nitrogen 
loadings decrease at both watershed and local scales, with higher average monthly 
reductions in the stand-alone carinata scenario versus the stand-alone winter wheat 
scenario. When carinata and winter wheat were planted over 36% of the total wa-
tershed area, reduction in total sediment, mineral phosphorus, and nitrate loads was 
ranging from 11.5% to 50.0%. However, when only 12% of the total watershed area 
was converted to carinata, the simulated reductions ranged from 3.8% to 14.0%. This 
suggests that the extent of carinata planting is crucial in assessing its hydrologic and 
water quality benefits. Overall, these results indicate that planting the biofuel carinata 
as a winter crop can reduce sediment and nutrient loading and provide water quality 
benefits to downstream waterbodies.
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1 |  INTRODUCTION

Bioenergy crop production has been introduced globally as an 
alternative fuel source aiming to reduce greenhouse gas emis-
sions and improve stream water quality. In the United States 
(US), the Energy Independence and Security Act of 2007 tar-
gets the production of 136 billion liters of renewable biofuel 
by 2022, with 58% to be derived from advanced biofuels (non-
corn feedstocks) to obtain a 50% reduction in greenhouse gas 
emissions (USDA, 2010). There is a growing body of stud-
ies focused on the effect of the ethanol produced from corn 
grain and crop residue on hydrology and stream water quality 
(Demissie et al., 2017; Guo et al., 2018; Simpson et al., 2008). 
However, grain-based ethanol can promote competition 
among food, feed, and fuel. Moreover, removal of crop residue 
such as corn stover can increase soil erosion and stream water 
quality degradation (Hoekman et al., 2018; Shrestha et al., 
2019). In addition, second-generation biofuels derived from 
non-food biomass that include lignocellulosic biomass can 
result in the depletion of soil carbon (Gerbrandt et al., 2016). 
However, advanced biofuels derived from specific feedstocks 
such as industrial oilseed crops may be used to eliminate the 
competition among food, feed, and fuel and have potential 
environmental benefits. Unlike second-generation biofuels, 
much of the biomass from advanced biofuels remains in the 
field after harvesting the seeds, which may increase soil car-
bon sink and reduce carbon emissions (Christ et al., 2020).

Carinata (Brassica carinata) is an off-season oilseed crop 
that has been introduced as a promising advanced feedstock for 
bio-based fuel industries. The oil is considered non-food oil be-
cause of the high erucic acid content (>40%) with long carbon 
chains which allows easier and more energy-efficient conver-
sion to aviation fuel (Greene, 2017). Also, the crude protein pro-
duced as a result of carinata seed crushing can be used as a meal 
supplement for beef and dairy cattle (Schulmeister et al., 2019).

In the southeast US, carinata has been commercially 
grown as an off-season winter crop to produce aviation 
fuels on fallow lands, which increased revenue for farmers 
(Seepaul et al., 2019). Additionally, carinata may provide 
off-season crop benefits to the rotation, such as improved soil 
structure, reducing soil erosion, runoff, and nutrient leaching, 
and improved weed and disease control (Shah et al., 2017; 
Sharpley et al., 1991; Yasumoto et al., 2011). It was estimated 
th\at winter crops in Brassica family, such as Brassica napus 
L. (i.e., winter canola), can provide up to 80% canopy cover 
during the winter, an essential consideration for erosion con-
trol (Haramoto & Gallandt, 2004). However, carinata is more 
heat and drought tolerant than canola (Seepaul et al., 2016). 
Brassica crops are also capable of capturing excess nitrate 
after crop harvesting and reducing nitrate leaching into the 
soil profile (Baggs et al., 2000; Isse et al., 1999).

Research on carinata nutrient uptake responses to nitrogen 
(N) fertilizer with four N rates (0, 45, 90, and 135 kg N ha−1) 

was conducted at the field trials (1.5 × 20 m) in the southeast US 
at Quincy, FL, on loamy fine sand soils. The authors found that 
total N uptake exceeded applied N by 11 to 160%, suggesting 
carinata is highly efficient at utilizing residual soil N (Seepaul 
et al., 2019). However, there is a scientific gap in the effects 
of carinata on surface runoff reduction, nutrient, and sediment 
loads at a larger scale, particularly in the Southeast United States.

Hydrologic models are ideal tools for predicting the hy-
drologic responses and nutrient and sediment loads for future 
scenarios at watershed scales. Soil and Water Assessment Tool 
(SWAT; Arnold et al., 2012) is one of the most broadly applied 
watershed models that has been used for evaluating the effects 
of biofuel-related scenarios on hydrology and water quality 
(Chen et al., 2017; Cibin et al., 2016; Engel et al., 2010; Holder 
et al., 2019). However, many bioenergy crops such as carinata 
are not represented in the SWAT plant database and other wa-
tershed models. To represent biofuel crops in the SWAT plant 
database, some used parameters from other crops available in 
the crop database of the model or used parameters derived from 
other crop model simulations (Miguez et al., 2012; Ng et al., 
2010). To account for accurate estimation of plant parameters 
such as plant nutrient uptake and leaf area development, which 
affect the outputs of hydrologic and water quality models, it 
is crucial to use evidence-based values from field studies in a 
similar region (Trybula et al., 2015).

Our objective was to assess the potential impacts of 
plausible carinata scenarios as a winter crop on watershed 
hydrology and water quality using the SWAT model in 
Coastal Plain of Georgia, US. The specific objectives were 
to: (1) set up a carinata plant database in the model and 
develop plausible carinata scenarios as a winter crop stand-
alone and in combination with the most common small 
grain winter crop in the southeast US (winter wheat) using 
the SWAT model, (2) assess potential benefits of the land 
use change from fallow to carinata on evapotranspiration 
(ET), surface runoff, percolation, water yield, total nitro-
gen (TN), nitrate (NO3-N), total phosphorus (TP), soluble 
P, mineral and organic P attached to the sediment, and sed-
iment loads, and (3) compare and contrast the hydrologic 
responses and water quality benefits of carinata at both wa-
tershed scale and Hydrologic Response Unit (HRU) level 
(hereafter we call it local scale). Our study is one of the 
first, to our knowledge, to fill these scientific gaps using 
the process-based semidistributed hydrologic SWAT model 
in the southeast US.

2 |  MATERIALS AND METHODS

2.1 | Study area

We conducted this study at the ~334  km2 Little River 
Experimental Watershed (LREW) in the Coastal Plain of 
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Georgia, in the southeast US (Figure 1). The LREW is located 
in the headwaters of the Suwannee River Basin and flows in a 
south direction, eventually joining the Suwannee River which 
drains into the Gulf of Mexico. The LREW was instrumented 
by the United States Department of Agriculture, Agriculture 
Research Service (USDA-ARS) to measure streamflow and 
water quality (Bosch et al., 1999).

The LREW climate is categorized as humid subtropical 
with a long growing season. High-intensity rainfall with 
short-duration promotes runoff and erosion that may carry 
soluble and adsorb nutrient particles of applied fertiliz-
ers and pesticides into surface waters (Bosch et al., 2004). 
The surface soil texture in the LREW is mainly sands and 
sandy loams with a high infiltration rate, underlain by lime-
stones that form the Floridan Aquifers (Bosch et al., 2007). 
The Floridan aquifer in this area is generally confined, and 
stream networks are not incised into deeper groundwater. The 
LREW is dominated by a dense dendritic network of stream 
channels with channel slopes of less than 5% bordered by 
riparian forest wetlands (Cho et al., 2010). The average an-
nual precipitation and temperature are 1208 mm and 19.1°C, 
respectively.

The LREW consists of mixed land use. Dominant land 
uses are 42% row crops (36% peanut and cotton, and 6% 
winter wheat), 34% forest (evergreen and deciduous), 10% 
pasture, 9% wetland forest, and 5% other (urban and water). 

There are no permitted point source discharges in the LREW 
(Feyereisen et al., 2007).

2.2 | Model description

We used the process-based, sem-idistributed, and continuous 
time-step SWAT to simulate hydrology, crop growth, nutri-
ent, and sediment loads (Arnold et al., 2012). In SWAT, a 
watershed is divided into subbasins which are further divided 
into HRUs consisting of homogeneous land use, soil type, 
and slope. The hydrologic processes of a watershed in SWAT 
are divided into two major phases: the first phase is the land 
phase, which controls the amount of water, sediment, nutri-
ent, and pesticide loading to the main channel in each sub-
basin. The second phase is the water routing phase, which 
simulates the movement of water, sediment, etc., through the 
channel network of the watershed to the outlet. The hydro-
logic cycle in SWAT is based on the water balance equation:

where SWt is the final soil water content (mm), SW0 is the  
initial soil water content on day i (mm), t is the time (days),  
Rday is the amount of precipitation on day i (mm), Qsurf is  

SWt = SW0 +

t
∑

i− 1

(Rday − Qsurf − Ea − wseep − Qgw ) ,

F I G U R E  1  Little River Experimental Watershed is located at the headwater of the upper Suwannee River watershed in the Coastal Plain 
Physiographic Province near Tifton in South-Central Georgia, US. The triangle represents the outlet of the watershed
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the amount of surface water on day i (mm), Ea is the amount 
of precipitation on day i (mm), wseep is the amount of in-
filtration from the bottom of the soil profile to the vadose 
zone on day i (mm), and Qgw is the amount of groundwa-
ter contribution to the stream on day i (mm; Arnold et al.,  
2012).

We used the Soil Conservation Service (SCS) curve 
number (CN) method to predict surface runoff (SCS, 1972). 
Following Liew et al. (2005), we chose the Hargreaves 
method (Hargreaves et al., 1985) to estimate potential evapo-
transpiration at the LREW.

We used ArcSWAT 2012 interface for ArcGIS 10.3.2 
platform. To set up the SWAT model for the LREW we 
used 30-m Digital Elevation Model, Soil Survey Spatial 
Tabular (SSURGO 2.2) soils data, National Land Cover 
Dataset, and National Agricultural Statistics Services for 
land use data. Daily precipitation, temperature, relative hu-
midity, solar radiation, and wind data were obtained from 
Global Weather Data for SWAT (NCEP, 2014). We used 
the threshold values of 20%, 10%, and 5% of the subba-
sin area for soil, land uses, and slope classes, respectively. 

Then LREW was delineated to 198 subbasins and 1272 
HRUs.

2.3 | Management practices of crops

We set up a baseline SWAT model with the most common 
summer crop practices of a 3-year cotton, cotton, and pea-
nut rotation in the southeast US, specifically in Georgia and 
Florida. The crop management parameters such as tillage, 
planting, fertilizer application, harvesting were scheduled by 
date using the University of Georgia Cooperative Extension 
services for Tift County (UGA Extension, 2005; Table 1). The 
amount of 65  kg  N  ha−1 in the form of elemental nitrogen 
fertilizer and 50 kg P ha−1 of phosphorus fertilizer as P2O5 
(phosphorus pentoxide) was applied in cotton fields. No cover 
crops were planted during winter for the baseline simulation.

A base flow separation technique (Arnold et al., 1995) 
was used to initiate the value of the base flow recession 
constant (ALPHA_BF). We made relative adjustments of 
ALPHA_BF during the model calibration.

Operations Date Input data

Cotton

Tillage May 30 Deep ripper subsoiler

Fertilizer N fertilizer: June 28
P fertilizer: June 30

Anhydrous ammonia: 67 kg 
N ha−1

Elemental phosphorus: 50 kg 
P ha−1

Planting May 31

Harvest and kill November 30

Peanut

Tillage May 30 Deep ripper subsoiler

Planting May 31

Harvest and kill November 15

Carinata

Tillage December 01 Single disk

Fertilizer N fertilizer: December 02, 
February 25, and March 20

P fertilizer: December 02

Ammonium nitrate: 22.5, 45, and 
22.5 kg N ha−1

Elemental phosphorus: 56 kg N ha−1

Planting December 02

Harvest and kill May 29

Winter wheat

Tillage December 01 Single disk

Fertilizer December 02 and February 20 Ammonium nitrate: 25 and 65 kg 
N ha−1

Planting December 02

Harvest and kill May 28

Note: Date of each operation and input data were based on the University of Georgia Cooperative Extension 
services for Tiff County, Georgia (UGA Extension, 2005).
Abbreviation: SWAT, Soil and Water Assessment Tool.

T A B L E  1  Simulated management 
practices for cotton, peanut, carinata, and 
winter wheat in SWAT
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2.4 | Baseline model calibration, 
validation, and uncertainty analysis

The Sequential Uncertainty Fitting algorithm (SUFI-version 
2) in the SWAT Calibration and Uncertainty Program plat-
form was used (Abbaspour, 2013) to calibrate and validate 
the base model for streamflow, sediment, TP, and NO3-N 
loads. We used measured USDA-ARS daily streamflow and 
nutrient loads at the main LREW outlet from 1997 to 2005 
for model calibration and validation from the SEWRL da-
tabase (Bosch et al., 2007). Calibration and validation were 
only conducted at the watershed scale. The SUFI-2 com-
bines optimization with uncertainty analysis. Uncertainties 
in the parameters result in the model output uncertainties 
which are quantified as the 95% prediction uncertainty 
(95 PPU) band between the 2.5% and 97.5% levels of the 
cumulative distribution of an output variable using Latin 
Hypercube sampling (Abbaspour et al., 2007). We used a 
4-year initialization (1993–1996) followed by a 5-year cali-
bration (1997–2001), and a 4-year validation (2002–2005) 
for the base model.

We selected two quantitative error statistics Kling-Gupta 
Efficiency (KGE; Gupta et al., 2009) and Percent Bias 
(PBIAS), to evaluate the model performance.

The KGE contains three components: correlation (r), 
present bias (μs/μo), and variability ratio (σs/σo) between the 
simulated (s) and observed (o) variable, μ and σ are the mean 
and SD of the variable, respectively:

and KGE ranges from −∞ to 1, with a value closer to 1 
represents a relatively accurate model. KGE overcomes the 
disadvantage of Nash-Sutcliffe efficiency (Nash & Sutcliffe, 
1970) in underestimating peak flows prediction (Gupta et al., 
2009). PBIAS measures the average tendency of the pre-
dicted data to be larger or smaller than observed values. It 
also measures overestimation and underestimation of bias 
(Moriasi et al., 2007):

The optimum value for PBIAS is 0%, where values close 
to zero indicate better model prediction and overestimation is 
signified by PBIAS <0% and underestimation indicates when 
PBIAS >0% (Moriasi et al., 2015).

Previous research in LREW has examined the application 
of the SWAT model to the LRWE with different approaches 
(Bosch et al., 2004; Feyereisen et al., 2007; Liew et al., 
2005). Yet, we identified hydrology parameters used in our 

model calibration procedure from the aforementioned SWAT 
literature in this experimental watershed. In addition to these 
parameters, we incorporated relevant biophysical parameters 
(Rajib et al., 2018) for major crops in the LREW in our cal-
ibration process. Also, parameters controlling nutrients and 
sediment loads were indicated through a literature review 
(Abbaspour et al., 2007; Cho et al., 2010; Moriasi et al., 
2012). Parameters controlling streamflow and plant growth 
were calibrated first, followed by sediment and phosphorus, 
and then nitrogen parameters.

Because ET is considered an important component of 
the hydrologic and plant growth cycle, we used remotely 
sensed ET data to evaluate the spatial variability of the 
model (Herman et al., 2018). We used a year-end gap-filled 
yearly composite ~500 m gridded remotely sensed total ET 
data from Moderate Resolution Imaging Spectroradiometer 
MOD16A3GF version 6 from 2000 to 2005 (Running et al., 
2019). The data were corrected according to the scale factor 
and spatially aggregated into each of the 198 subbasins of the 
LREW. Then, relative error with respect to simulated total 
ET was calculated for each subbasin at the LREW.

2.5 | Scenarios representation in the 
SWAT model

The calibrated baseline model was used to represent carinata 
scenarios. Carinata was selected as a winter crop for this 
study region to replace winter fallow land in cotton and pea-
nut land uses. Carinata needs to be rotated with other crops 
and not be planted in the same field for at least two con-
secutive years to avoid or minimize disease and nematodes 
(Seepaul et al., 2016). Also, planting carinata after peanut is 
not recommended due to the leftover pesticide from peanut 
production that may develop diseases in carinata. Therefore, 
in our model, carinata was planted after cotton rotation dur-
ing the winter growing season.

A recommended planting date for carinata in the south-
east is between November 1 and November 30 (Seepaul 
et al., 2016). In our model, carinata was planted on 
December 02 and harvested on May 29 every 3 years. At 
the harvest, much of the biomass remains in the field after 
seeds are harvested. The harvest index (HVSTI) was calcu-
lated as the ratio of seed to the total aboveground biomass 
at seed maturation and set to 0.35 in the SWAT plant data-
base (Seepaul et al., 2019).

A recommended fertilizer application rate of about 
90 kg N ha−1 in the form of ammonium nitrate (NH4NO3, 34-
0-0) was applied in three applications with 25% at planting, 
50% at bolting, and 25% at flowering (Seepaul et al., 2019). 
A 56 kg P ha−1 fertilizer in the form of triple superphosphate 
(Ca(H2PO4), 0-44-0) was applied at the time of planting 
(Table 1; Agrisoma, 2017–18).

KGE = 1 −

√

√

√

√

{

(r − 1)2 +

(

�s

�o

− 1

)2

+

(

�s

�o

− 1

)2
}

,

PBIAS =

∑

n

i=1
(Oi − Si )

∑

n

i=1
Oi

× 100.
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To compare the potential benefits of carinata with 
other small grain winter crops, we added winter wheat to 
the crop rotation. Winter wheat is one of the most com-
mon winter crops planted in the southeast US for grain 
production and has almost minimum N fertilizer require-
ments as carinata (UGA Extension, 2005). Planting time 
for most winter wheat varieties grown in Upper Coastal 
Plain was ranging from November 07 to December 01 
(UGA Extension, 2005). In our model, winter wheat was 
planted on December 02 (to allow 6 months growth period 
for cotton) and harvested on May 28. The minimum rec-
ommended fertilizer application rate for Tifton, Georgia, is 
90 kg N ha−1 in the form of ammonium nitrate (NH4NO3, 
33-0-0) with a 25% application at planting time and 75% 
prior to stem elongation (Table 1; UGA Extension, 1999). 
Winter wheat scenarios were implemented stand-alone and 
in combination with carinata.

The three simulated scenarios were:

S-C: Stand-alone winter carinata planted every third year, 
replacing winter fallow on Dec 1997–May 1998, Dec 
2000–May 2001, and Dec 2003–May 2004.
S-W: Stand-alone winter wheat planted every third year, 
replacing winter fallow on Dec 1997–May 1998, Dec 
2000–May 2001, and Dec 2003–May 2004.
S-CW: Carinata and winter wheat in rotation, one year of 
winter carinata followed by two years of winter wheat; 
Carinata replaced for winter fallow land on Dec 1997–
May 1998, Dec 2000–May 2001, and Dec 2003–May 
2004, and winter wheat replaced for winter fallow land on 
Dec 1998–May 1999, Dec 1999–May 2000, Dec 2001–
May 2002, Dec 2002–May 2003, and Dec 2004–May 
2005.

There were no changes in summer crop rotations relative 
to the baseline model in all three scenarios. For scenarios S-C 
and S-W, winter fallow conditions existed one-third of the 
time, while for scenario S-CW, no winter fallow conditions 
existed in fields with row crops.

Accurate representation of carinata phenology in SWAT 
requires specific crop growth parameters and management 
practices. Therefore, we obtained values for maximum po-
tential leaf area index (BLAI), HVSTI, maximum canopy 
height (CHTMX), maximum root depth (RDMX), optimal 
temperature, and minimum (base) temperature for plant 
growth (T_OPT and T_BASE), normal fraction of nitrogen 
and phosphorus in yield (CNYLD and CPYLD), and normal 
fraction of nitrogen and phosphorus in plant biomass at emer-
gence, 50% maturity, and maturity from Seepaul et al. (2019) 
from field measurements for carinata on loamy sand at 
University of Florida, North Florida Research and Education 
Center at Quincy, Florida and personal communications 
(Seepaul, 2018–19; Table 2). Other plant growth parameters 

such as radiation use efficiency (BIO_E) and maximum sto-
matal conductance (FRGMAX) were set to values for canola  
(B. napus), the same family as carinata, from the SWAT data-
base (Arnold et al., 2013; Seepaul et al., 2016).

The potential benefits of these land management changes 
on hydrology and nutrient loads over the period of 1997 to 
2005 were assessed relative to the baseline condition both 
at the watershed and local (HRU level) scales. The monthly 
averages were calculated by averaging daily values within a 
month.

3 |  RESULTS

3.1 | Baseline model calibration, validation, 
and uncertainty analysis

The calibration process for the LREW started with 36 hy-
drologic and biophysical parameters. After 1000 simulations, 
the most sensitive flow parameters were identified and listed 
in Table S-C in order of decreasing sensitivity. The most sen-
sitive parameters were: effective hydraulic conductivity of 
the alluvium in the main channel (CH_K2.rte), runoff CN 
2 (CN2.mgt), groundwater delay time (GW_DELAY.gw), 

T A B L E  2  Model inputs in the SWAT plant database relating to 
carinata growth and aboveground biomass nutrient content parameters 
(N, nitrogen; P, phosphorus). Values were obtained from field 
measurements at Quincy, Florida, in 2014 and 2015 (Seepaul et al., 
2019)

Input description
Code in 
SWAT Value

Maximum potential leaf area index BLAI 6.37

Harvest index HVSTI 0.35

Maximum canopy height (m) CHTMX 1.2

Maximum root depth (m) RDMX 0.3

Optimal temperature for plant growth (°C) T_OPT 28

Base temperature for plant growth (°C) T_BASE 0

Fraction of N in yield CNLYD 0.04

Fraction of P in yield CPYLD 0.009

Fraction of N in biomass at emergence 
(kg N kg−1 biomass)

BN1 0.0225

Fraction of N in biomass at 50% maturity 
(kg N kg−1 biomass)

BN2 0.0181

Fraction of N in biomass at maturity 
(kg N kg−1 biomass)

BN3 0.0101

Fraction of P in biomass at emergence 
(kg P kg−1 biomass)

BP1 0.0032

Fraction of P in biomass at 50% maturity 
(kg P kg−1 biomass)

BP2 0.0017

Fraction of P in biomass at maturity 
(kg P kg−1 biomass)

BP3 0.0015
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plant uptake compensation factor (EPCO), and available 
water capacity of the soil layer (SOL_AWC.sol; Table S1). 
CN2 for the main crops and forest (evergreen and decidu-
ous) were reduced by 5% resulting in a better adjustment to 
streamflow predictions. Among biophysical parameters, ra-
diation use efficiency (BIO_E) for wetland forest land use, 
and BLAI for pasture land use were the most sensitive pa-
rameters (Table S1). The daily KGE for streamflow is 0.75 
with PBIAS of 5.1 for the calibration period and the KGE of 
0.71 with a PBIAS of −1.0 for the validation period (Table 3; 
Figure 2). The observed streamflow, the model best fit, and 
the 95 PPU band for calibration and validation periods are 
shown in Figure 2.

The relative error in predicted ET in respect to remotely 
sensed ET data at the subbasin level is shown in Figure S1 
in the supplemental material. The relative error for all 198 
subbasins ranged from −27% to 28% with the RMSE (Root 
Mean Square Error) of 79 mm year−1 (11%; Figure S1).

After the model was calibrated for hydrology and bio-
physical parameters, the narrow ranges for these parameter 
values were fixed, and the model was calibrated for total sus-
pended solids load at the watershed outlet using 14 parame-
ters. Following calibration of the total suspended solids load, 
TP and nitrate (NO3-N) loads were calibrated.

The most sensitive parameters for total suspended solids 
load were exponent parameter for calculating sediment re-
entrained in channel sediment routing (SPEXP.bsn), linear 
parameter for calculating the maximum amount of sedi-
ment that can be reentrained during channel sediment rout-
ing (SPCON.bsn), and the cover factor for the effect of land 
cover on erosion (USLE_C.plant; Table S1). The SPEXP 
and SPCON are parameters used to calculate the maximum 
amount of sediment that can be transported from a reach. The 
fitted value for SPEXP and SPCON in our model was 1.54 
and 0.001, respectively. The daily KGE was 0.45 and 0.38 
for the calibration and validation period, respectively with 
PBIAS of −6.0% for the calibration period and −12.3% for 
the validation period (Table 3; Figure3a). A lower KGE for 

the validation period was expected because the observation 
data for total suspended solids loads were sparse for that pe-
riod (compared with daily observations for streamflow).

The most sensitive P parameters were phosphorus enrich-
ment ratio for loading with sediment (ERORGP.hru), and soil 
erodibility factor (USLE_K.sol) (Table S1). The fitted values 
for ERORGP and USLE_K were 0.68 and 0.19, respectively. 
The daily KGE for TP load is 0.57 with PBIAS of −1.7% 
for the calibration period and the KGE of 0.37 with PBIAS 
of −5.2% for the validation period (Table 3; Figure 3b). The 
same as total suspended load, a lower KGE for the valida-
tion period was expected because the observation data for TP 
loads were sparse for the validation period.

Following the calibration of total suspended solids and 
TP loads, the model was calibrated for NO3-N load. The 
most sensitive N parameter was denitrification threshold 
water content (SDNCO.bsn) (Table S1). The fraction of NO3 
in the soil surface layer that is lost to runoff relative to the 
amount removed via percolation parameter was not sensitive 
(NPERCO.bsn). The fitted value indicated that concentra-
tions in surface runoff were 11% of the concentrations in the 
surface layer. Therefore, this parameter reduced NO3 runoff 
losses. The daily KGE for NO3-N load is 0.35, with PBIAS 
of −18.3% for the calibration period and the KGE of 0.44 
with PBIAS of −0.3% for the validation period (Table 3; 
Figure 3c).

3.2 | Watershed level effects of carinata on 
hydrology and water quality

3.2.1 | Effects of carinata as a winter crop 
on hydrology

Simulated seed yield for carinata from cotton and peanut 
HRUs averaged 1752  kg  ha−1 under S-C and S-CW sce-
narios. Simulated yield for carinata was similar to measured 
seed yield of 1794  kg  ha−1 for Avanaz 641 variety from 

Streamflow 
(m3 year−1)

Sediment 
(tonne year−1) TP (kg year−1)

NO3-N 
(kg year−1)

Observed 925 483 11,241 21,169

Simulated 920 484 10,620 23,121

Calibration

KGE 0.75 0.47 0.57 0.35

PBIAS 5.1 −6.0 −1.7 −18.3

Validation

KGE 0.71 0.38 0.37 0.44

PBIAS −1.0 −12.3 −5.2 −0.3

Abbreviations: KGE, Kling-Gupta Efficiency index; NO3-N, nitrate- nitrogen; PBIAS, percent bias; TP, total 
phosphorus.

T A B L E  3  Observed and simulated 
streamflow, sediment, TP, and NO3-N 
loads and daily statistical parameters for 
the baseline model during calibration and 
validation periods at the outlet of LREW
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2019 to 2020 in Tifton, Georgia. Seepaul et al. (2020) re-
ported carinata seed yields of 2300 kg ha−1 with N fertilizer 
application rate of 90 kg N ha−1 in a 5-year field study in 
Quincy, Florida. The simulated average winter wheat grain 
yield was 3600 kg ha−1 under S-W and S-CW scenarios. The 
late-planted winter wheat grain yield for Tifton, Georgia, 
from 1999 to 2000 was ranging from 3800 to 4900 kg ha−1 
depends on wheat variety (UGA Extension, 1999).

Results at the watershed scale showed on average (1997–
2005) about 64% of the precipitation was lost to ET (Table 
4a) at the baseline condition. Under all scenarios (S-C, S-W, 
and S-CW), the increase in average annual ET compared to 
the baseline was negligible, ranging from 0.1 to about 1% 
(Table 4a). The small increase in average annual ET caused 
reductions in the annual surface water, water yield, and per-
colation by about 0.8%–1.4%, 0.2%–1.8%, and 0.2%–1.9%, 
respectively, compared to the baseline model for all scenar-
ios; with the highest reduction simulated for S-CW (Table 
4a).

Figure 4 shows the average monthly percent changes from 
1997 to 2005 (December–May) on hydrology, N, P, and sed-
iment loads relative to the baseline under different winter 

cover crop scenarios at the watershed outlet. From December 
to May, the average ET increased by 6.0 ± 1.2%, 2.4 ± 0.9%, 
and 1.0 ± 0.3% for S-CW, S-C, and S-W scenarios compared 
to baseline, respectively. Therefore percent changes in surface 
runoff from December to May at the downstream watershed 
outlet, ranging from 0.0%–25.0% with the mean reduction of 
4.0 ± 0.9% under S-CW scenario, 0.0% to −25.0% with the 
mean reduction of 1.8 ± 0.7% under S-C scenario, and 1.7 
to −3.7% with the mean of −0.5 ± 0.1% under S-W scenario 
(Figure 4a).

When compared to the baseline, simulated water perco-
lation past the bottom of the soil profile decreased, with the 
highest reduction under S-CW scenario with the average re-
duction of 6.1 ± 2.0%, followed by S-C scenario (4.2 ± 2.0%), 
and S-W scenario (0.6 ± 0.6%) (Figure 4a). As a result, the 
simulated average water yield from December to May also 
reduced about 3.5 ± 0.5% (S-CW), 1.1 ± 0.3% (S-C), and 
0.5 ± 0.1% (S-W) (Figure 4a).

There were no significant changes in average monthly 
water balance components from the following summer grow-
ing seasons under all three scenarios compared to the base-
line at the outlet of LREW.

F I G U R E  2  The daily observed streamflow, the model best fit, and 95 PPU band for Calibration (1997–2001) (a) and validation (2002–2005) 
(b) periods at the outlet of Little River Experimental Watershed. 95PPU, 95% prediction uncertainty
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3.2.2 | Effects of carinata on sediment, TP, and 
TN loads

At the watershed outlet, the average annual (1997–2005) 
total sediment load under S-C, S-W, and S-CW scenarios de-
creased by 4.2%, 1.5%, and 12.9%, respectively, compared 
to the baseline as a result of the reduction in average annual 
surface runoff (Table 4a). As a result, the average annual 
soluble mineral P transported by surface runoff decreased by 
14% under S-C and S-W scenarios and 43% under the S-CW 
scenario (Table 4a).

The average annual (1997–2005) NO3-N load through the 
surface runoff was reduced by 50% under scenario S-CW 
compared to the baseline (Table 4a). The decrease in surface 
runoff and increases in ET were the key drivers of reduced 
NO3-N load in surface runoff. However, under S-C and S-W 
scenarios, the reduction in average annual (1997–2005) 

NO3-N load in surface runoff compared to the baseline was 
small (Table 4a). Besides, the average annual NO3-N leach-
ing from the bottom of the soil profile was much higher 
than the average annual NO3-N lost through surface runoff 
(45.3 kg  ha−1 vs. 2.6 kg  ha−1 for the baseline) at the down-
stream watershed outlet (Table 4a). Although the annual 
average percolation reduced only about 2% under S-CW sce-
nario relative to the baseline (Table 4a), the NO3-N leaching 
reduced by almost 40% under S-CW scenario due to higher 
plant N uptake (222 kg N ha−1 for S-CW vs. 179 kg N ha−1 
for baseline). However, under stand-alone carinata scenario 
(S-C) and stand-alone winter wheat scenario (S-W), the re-
duction in average annual NO3-N leaching relative to base-
line was small and about −1% (Table 4a).

With the presence of carinata (S-C) and winter wheat (S-
W), the average monthly (December–May) sediment load 
reduced about 6.0 ± 2.4% and 3.5 ± 2.2% compared to the 

F I G U R E  3  The daily observed, the model best fit, and 95 PPU band for total suspended solids (a), TP (b), and NO3-N (c) loads at the outlet of 
Little River Experimental Watershed. 95PPU, 95% prediction uncertainty
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baseline at the watershed outlet (Figure 4b). Under S-CW 
scenario, the average monthly sediment load reduction was 
the highest, with 12.0 ± 3.3% reduction relative to the base-
line (Figure 4b). Under all three scenarios, as a result of plant 
residue remaining from the previous winter growing season, 
detachment of soil particles and therefore sediment loading 
to the stream also decreased for the following summer crops 
about 7.0 ± 2.1%, 4.0 ± 2.7%, and 3.6 ± 2.1% for S-CW, S-C, 
and S-W scenarios, respectively (data not shown).

At the downstream outlet, the average monthly NO3-N 
and soluble P loads in surface runoff from December to May 
(1997–2005) decreased mainly due to the reduction in av-
erage surface runoff (Figure 4a,b). The highest reduction in 
NO3-N and soluble P loads observed under S-CW scenarios, 
with 34.6 ± 5.2% and 24.4 ± 5.6%, respectively (Figure 4b). 
A higher reduction in simulated soluble P in surface runoff 
was observed under S-C scenario (10.0  ±  4.0%) compared 
to S-W scenario (1.2 ± 1.2%; Figure 4b). Reduction in sur-
face runoff NO3-N for S-W and S-C scenarios was almost the 
same and about 13.4 ± 4.0% and 12.0 ± 3.8%, respectively.

Soluble P loading from the following summer grow-
ing seasons decreased by 10.3  ±  4.0% under S-CW and 
1.0 ± 0.9% under S-C due to higher availability of mineral 

P for plant uptake relative to winter fallow (baseline). Under 
S-W scenario, we did not observe any changes in soluble P 
load from following summer growing seasons.

As percolation into shallow aquifer decreased (Figure 4a), 
the average monthly (December–May) NO3-N load through 
leaching also reduced relative to the baseline. Again, the 
highest reduction occurred under S-CW scenario relative to 
the baseline, where NO3-N load from leaching decreased by 
23.2 ± 4.4% (Figure 4b). The average monthly NO3-N leach-
ing from the following summer growing seasons reduced 
about 6.5 ± 4.0% under S-CW, and 2.6 ± 3.0% under S-C 
and S-W scenarios.

3.3 | Local level effects on hydrology and 
water quality

3.3.1 | Effects of carinata winter crop 
on hydrology

Hydrologic Response Unit (HRU) level analyses were as-
sessed to indicate the local level benefits of the carinata 
production on hydrology and water quality. Figures 3 and 4 

Baseline S-C S-W S-CW

(a) Entire watershed

Precipitation (mm) 1125.8 1125.8 1125.8 1125.8

ET (mm) 718.1 722.2 (0.6) 719.1 (0.1) 725.2 (0.9)

Surface runoff (mm) 94.9 94.1 (−0.8) 94.6 (−0.3) 93.6 (−1.4)

Percolation (mm) 278.0 274.9 (−1.1) 277.3 (−0.2) 272.5 (−1.9)

Water yield (mm) 408.4 404.3 (−1.0) 407.4 (−0.2) 401.1 (−1.8)

Total sediment (tonne ha−1) 2.60 2.50 (−3.8) 2.56 (−1.52) 2.3 (−11.5)

Soluble P (kg P ha−1) 0.14 0.12 (−14.3) 0.12 (−14.3) 0.08 (−42.8)

NO3-N load in surface 
runoff (kg ha−1)

2.6 2.5 (−3.8) 2.5 (−3.8) 1.3 (−50.0)

NO3-N leaching (kg ha−1) 45.3 45.0 (−0.6) 44.9 (−0.8) 27.0 (−40.3)

(b) Cotton and peanut HRUs

Precipitation (mm) 1125.8 1125.8 1125.8 1125.8

ET (mm) 671.9 682.9 (1.6) 674.6 (0.4) 690.8 (2.8)

Surface runoff (mm) 129.6 127.6 (−1.5) 128.9 (−0.5) 126.3 (−2.5)

Percolation (mm) 262.9 254.6 (−3.2) 261.0 (−0.7) 248.6 (−5.4)

Water yield (mm) 444 433.0 (−.2.5) 441.4 (−0.6) 424.9 (−4.3)

Total sediment (tonne ha−1) 4.7 4.4 (−6.4) 4.6 (−2.1) 3.6 (−23.4)

Mineral P attached to 
sediment (kg P ha−1)

0.8 0.6 (−25.0) 0.6 (−25.0) 0.4 (−50.0)

Soluble P (kg P ha−1) 0.3 0.2 (−33.3) 0.2 (−33.3) 0.1 (−66.7)

NO3-N load in surface 
runoff (kg N ha−1)

5.5 5.4 (−1.8) 5.4 (−1.8) 2.2 (−60.0)

NO3-N leaching 
(kg N ha−1)

96.1 95.1 (−1.0) 95.1 (−1.0) 53.4 (−44.4)

T A B L E  4  Comparison of the average 
(1995–2007) annual water balance, 
nitrogen (N), phosphorus (P), and sediment 
parameters under baseline, stand-alone 
carinata (S-C), stand-alone winter wheat  
(S-W), and rotating carinata and winter 
wheat (S-CW) scenarios at the watershed 
outlet (a), and cotton and peanut HRUs  
(b). The number in parentheses is the 
percent change relative to the baseline 
condition (winter fallow)
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show the simulated hydrology and water quality effects on 
the cotton and peanut HRUs during winter growing seasons 
under S-C, S-W, and S-CW scenarios. Simulated monthly 
average of ET, surface runoff, percolation, and water yield 
for cotton and peanut HRUs from 1997 to 2005 under base-
line and S-C, S-W, and S-CW scenarios are presented in the 
Supporting Information (Figure S2).

Conversion of fallow lands to carinata, winter wheat, 
and combined carinata and winter wheat led to increased 
monthly ET and decreased runoff (water yield) from the 

cotton and peanut HRUs. The average annual (1997–2005) 
ET within the cotton and peanut HRUs was slightly in-
creased from 671 mm for the baseline to 690.8 mm (2.8%), 
682.9  mm (1.6%), and 674.6  mm (0.4%) for S-CW, S-C, 
and S-W scenarios, respectively (Table 4b). The highest 
increase in monthly average (December–May) ET rel-
ative to the baseline model was observed under S-CW 
when compared to S-C and S-W scenarios with the mean 
of 17.0 ± 3.0%, 7.0 ± 2.6%, and 3.0 ± 1.0%, respectively 
(Figure 5a). The ET reduction reached the lowest amount 

F I G U R E  4  Box plots of average 
monthly relative changes (%) from 1997 
to 2005 (December–May) in water balance 
components (a): evapotranspiration (ET), 
surface runoff, percolation, and water 
yield, and (b) total sediment load, soluble 
phosphorus (P) in surface runoff, nitrate 
(NO3-N) in surface runoff, and NO3-N 
leaching from the bottom of the soil profile 
at the watershed outlet under three different 
scenarios. The whiskers represent maximum 
and minimum, and “+” represents mean. 
S-C, stand-alone carinata; S-CW, rotating 
carinata and winter wheat; S-W, stand-alone 
winter wheat
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in May under all scenarios relative to the baseline model as 
a result of plant harvesting (Figure S2).

The changes in ET are reflected in surface runoff and 
water yield from HRUs, as more ET leads to less runoff 
and streamflow (Table 4b; Figure 5b). When compared to 
the baseline, the average annual (1997–2005) surface runoff 
and water yield from cotton and peanut HRUs reduced for all 
scenarios, with the highest reduction observed for the S-CW 
scenario (2.5% and 4.3%, respectively; Table 4b). Monthly 
average (December–May) surface runoff and water yield also 
decreased about 9.6 ± 1.6% and 9.7 ± 1.3% under S-CW, and 
4.0 ± 1.4% and 3.7 ± 1.0% under S-C scenarios, respectively, 
followed by the S-W scenario (−1.3 ± 0.4% and −1.6 ± 0.5%; 
Figure 5b,d). A significant reduction in monthly water yield 
occurred in April and May as a result of surface runoff reduc-
tion (Figure S2). We did not observe any significant changes 
in ET for the following cotton and peanut summer crops for 
all three scenarios. Although surface runoff from following 
summer crop HRUs decreased by about 2.0  ±  0.5% under 
both S-CW and S-C scenarios compared to winter fallow. 
This is likely attributed to the plant residuals from the previ-
ous winter growing season (Figure S2). However, reduction 
in surface runoff from following summer crops HRUs under 
stand-alone winter wheat was negligible (less than 0.5%) 
compared to winter fallow (baseline)(Figure S2).

Under all three scenarios, average annual (1997–2005) 
percolation from cotton and peanut HRUs decreased within 
a range of 0.7%–5.4%, as compared to the winter fallow 

scenario (Table 4b). Following the same trend, the average 
monthly (December–May) water percolation past bottom of 
the soil profile also decreased for all three scenarios relative 
to the baseline, with the highest reduction of 17.0 ± 4.7% for 
S-CW scenario (Figure 5c). An increase in percolation was 
mainly observed in April and May with ET reduction, which 
can compensate the reduction in total water yield (Figure S2).

3.3.2 | Effects of carinata as a winter crop on 
TN, TP, and sediment loads

As expected, TN, TP, and sediment loadings from cotton and 
peanut HRUs from 1997 to 2005 also decreased when winter 
fallows were converted to carinata, winter wheat, and both 
carinata and winter wheat in rotation, with the impacts being 
relatively higher for S-CW scenario followed by S-C and 
S-W scenarios (Table 4b; Figures 5 and 7). Simulated aver-
age monthly loads for TN, TP, and sediment from cotton and 
peanut HRUs from 1997 to 2005 for the baseline condition 
and S-C, S-W, and S-CW are presented in the Supporting 
Information (Figure S3–S5).

The average annual (1997–2005) sediment, mineral P at-
tached to sediment, soluble P, and NO3-N loadings from the 
cotton and peanut HRUs under the baseline are estimated to 
be 4.7, 0.8, 0.3, and 5.5 tonne ha−1 year−1 (Table 4b). There 
is a considerable decrease in average annual (1997–2005) 
total sediment (23%), mineral P transported by sediment 

F I G U R E  5  Box plots of relative 
changes (%) in average monthly 
(December–May) water balance 
components; evapotranspiration (ET; a), 
surface runoff (b), percolation (c), and water 
yield (d) from cotton and peanut HRUs 
(winter growing season) from 1997 to 2005 
compared to the baseline model (winter 
fallow) under three different scenarios. The 
whiskers represent maximum and minimum, 
and “+” represents mean. S-C, stand-alone 
carinata, S-W, stand-alone winter wheat, 
and S-CW, rotating carinata and winter 
wheat
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(50%), soluble P (67%), and NO3-N in surface runoff (60%) 
loadings and leaching (44%) for S-CW scenario from cotton 
and peanut HRUs compared to the baseline (Table4b). Also, 
reduction in sediment loading was almost tripled under the 
S-C scenario (6%) compared to the S-W scenario (2%) 
(Table 4b). The sediment loading from the cotton and peanut 
HRUs from December to May (1997–2005), decreased with 
the reduction being almost doubled in S-C scenario with an 
average reduction of about 10.0 ± 2.9% compared to S-W 
scenario with an average reduction of 5.0 ± 1.5% (Figure 
6a). Under these two scenarios, sediment loading was also 
slightly reduced from peanut HRUs following summer 
(1998, 2002, and 2005) with 5.0 ± 2.9% and 3.7 ± 2.2% re-
duction for S-C and S-W scenarios, respectively, compared 
to the baseline (winter fallow; Figure S3). Furthermore, 
when compared to the baseline, average monthly sediment 
loads from December to May (1997–2005) decreased from 
0.013 to 0.009 tonne ha−1 day−1 (~−29.0 ± 3.2%) for S-CW 

(Figure 4a), and to 0.010 tones ha−1 day−1 (~−11.0 ± 2.5%) 
for the following cotton and peanut summer crops (Figure 
S3). Overall, the highest reduction in sediment loads from 
HRUs occurred in April and May due to the maximum abo-
veground and belowground plant development and runoff 
reduction.

The average monthly TP load into the stream from the cotton 
and peanut HRUs from December–May (1997–2005), reduced 
about 18.0 ± 3.5% and 17.0 ± 2.5% for S-C and S-W scenar-
ios, respectively (Figure 6b). However, the average monthly 
TP load decreased by approximately 53.0 ± 3.5% under S-CW 
scenario (Figure 6b). The average monthly TP loading from 
the following cotton and peanut summer crops HRUs reduced 
34.0 ± 2.8% under S-CW scenario, and 27.0 ± 2.9% under S-C, 
and 26.0 ± 2.4% under S-W scenarios (Figure S4a).

A close look at the TP load components showed that 
from 1997 to 2005, soluble P loss by surface runoff from the 
cotton and peanut HRUs reduced from 0.3 kg P ha−1 year−1 

F I G U R E  6  Box plots of relative 
changes (%) in average monthly 
(December–May) sediment (a), total 
phosphorus (TP)(b), soluble P (c), mineral P 
(d), and organic P (e) attached to sediment 
loadings, and plant P uptake (f) from cotton 
and peanut HRUs (winter growing season) 
from 1997 to 2005 compared to the baseline 
model (winter fallow) under three different 
scenarios. The whiskers represent maximum 
and minimum, and “+” represents mean. 
HRU, Hydrologic Response Unit; S-C, 
stand-alone carinata; S-CW, rotating 
carinata and winter wheat; S-W, stand-alone 
winter wheat
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under baseline (winter fallow) to about 0.1 kg P ha−1 year−1 
(−67%) under S-CW scenario and 0.2  kg  P  ha−1  year−1 
(−33%) under S-C and S-W scenarios (Table 4b). The 
average monthly soluble P loading from December–May 
(1997–2005) to the stream also significantly decreased by 
about 21.0 ± 4.0% and 21.0 ± 3.2% under S-C and S-W 
scenarios, and 62.1  ±  4.2% under S-CW scenario rela-
tive to the baseline as a result of runoff reduction (Figure 
6c). Under S-C and S-W scenarios, the estimated average 
monthly soluble P loading from the following peanut sum-
mer crop HRUs (1998, 2002, and 2005) also reduced by 
39.0 ± 9.3% (S-W) and 36.0 ± 8.4% (S-C) compared to the 
baseline winter fallow (Figure S4b).

A similar trend was observed for mineral and organic P 
attached and transported by sediment from the cotton and 
peanut HRUs to the stream due to the reduction in sediment 

loads (Table 4b; Figure 6d,e). The average monthly mineral 
and organic P attached to sediment reduced by 19.0 ± 3.3% 
and 15.4 ± 3.6% for S-C, and 17.5 ± 2.3% and 13.0 ± 2.7% 
for S-W, respectively, from December to May (1997–2005) 
(Figure 6d,e). In contrast, the highest reduction of 49.0 ± 3.6% 
and 44 ± 3.4% in average monthly mineral and organic P loads 
was observed under S-CW scenario relative to the baseline 
from 1997 to 2005 (Figure 6d,e). Again, the highest reduction 
in TP, soluble P, organic P, and sediment P occurred in April 
and May due to runoff reduction (Figure S4). The soluble P, 
organic P loads and mineral P transported by sediment also 
decreased from the following cotton and peanut summer crops 
HRUs for S-CW scenario, approximately by 38.5  ±  4.0%, 
12  ±  3.0%, and 39.4  ±  3.0%, respectively (Figure S4).  
Similarly, mineral P transported by sediment from the fol-
lowing peanut summer crop HRUs reduced from average 

F I G U R E  7  Box plots of relative 
changes (%) in average monthly 
(December–May) nitrate-nitrogen (NO3-N) 
in surface runoff (a), organic N (b), NO3-N 
in leaching (c), total N (TN)(d) and plant 
N uptake (e) from cotton and peanut HRUs 
(winter growing season) from 1997 to 2005 
compared to the baseline model (winter 
fallow) under three different scenarios. The 
whiskers represent maximum and minimum, 
and “+” represents mean. S-C, stand-alone 
carinata; S-CW, rotating carinata and winter 
wheat; S-W, stand-alone winter wheat
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0.0025  kg  P  ha−1  day−1 under the baseline (winter fallow) 
reduced to 0.0019 kg P ha−1 day−1 (−24.0 ± 2.4%) under S-C 
scenario and 0.0018 kg P ha−1 day−1 (−28.0 ± 1.7%) under 
S-W scenario (Figure S4c).

The average monthly NO3-N and organic N loads in 
the surface runoff from the cotton and peanut HRUs from 
December–May (1997–2005) decreased by 27.0  ±  5.7% 
and 10.5 ± 2.9% under S-C scenario and 26.0 ± 5.6% and 
5.5 ± 1.5% under S-W scenario, respectively, compared to 
the baseline (Figure 7a,b). Similarly, under the S-CW sce-
nario, the average monthly NO3-N and organic N loads in 
the surface runoff from the cotton and peanut HRUs from 
December to May (1997–2005) reduced by 63.0  ±  4.0%, 
38.0 ± 2.7%, respectively, compared to the baseline (Figure 
7a,b). Unlike sediment and TP loadings, under all three sce-
narios, there were no significant changes in average monthly 
NO3-N and organic N loadings in the surface runoff from the 
following summer crops (Figure S5).

Reduction in percolation from the cotton and peanut HRUs 
from December to May (1997–2005) led to average monthly 
NO3-N leaching reduced about 44.0 ± 5.0% for S-CW, fol-
lowed by 19.1  ±  5.6% and 17.0  ±  4.2% for S-W and S-C 
scenarios, respectively compared to the baseline (Figure 7c). 
Overall, conversion of mainly fallow lands from the cotton 
and peanut HRUs to carinata (S-C), winter wheat (S-W), and 
combined carinata and winter wheat (S-CW) from December 
to May (1997–2005) led to the reduction in average TN load 
into the stream by 45.3 ± 3.5% (S-CW), 33.3 ± 5.3% (S-C), 
and 27.2 ± 5.0% (S-W) (Figure 7e). Reduction in TN load 
from the following summer crops was small and was about 
2.0 ± 2.4% under S-CW and 2.0 ± 2.0% under S-C. However, 
TN load under stand-alone winter wheat scenario slightly in-
creased (2.2 ± 2.0%) from the following summer crops com-
pared to winter fallow (Figure S5a). Moreover, plant uptake 
of N and P from the cotton and peanut HRUs increased by 
about 61.4  ±  5.8%, 27.0  ±  5.7%, and 26.0  ±  5.7% for N, 
and 65.0 ± 6.1%, 30.0 ± 6.3%, and 27.0 ± 6.0% for P under 
S-CW, S-C, and S-W scenarios, respectively relative to the 
winter fallow (Figures 6f and 7d).

4 |  DISCUSSION

4.1 | Evaluation of SWAT model 
performance

The simulated daily streamflow deemed “satisfactory” 
fit with daily observed streamflow during the calibration 
(1997–2001) period with a daily KGE of 0.75 and BPIAS 
of 5.1, and validation (2002–2005) period with the KGE of 
and PBIAS of −1.0 at the LREW outlet (Moriasi et al., 2015; 
Table 3; Figure 2). However, we observed some repeat-
able underpredications of streamflow during winter months 

during both calibration and validation periods (Figure 2). 
Underestimation of the peaks and overestimation of the hy-
drograph recession balances out the overall water-budget 
(Table 4). These SWAT simulation shortcomings for this wa-
tershed were first reported by Bosch et al. (2004). One poten-
tial reason for SWAT tendency to underpredict streamflow 
during wet winter months could be the adjustment for CN 
II (curve number moisture condition II) based on antecedent 
moisture conditions, which cannot accurately represent the 
seasonal variations in soil water storage in the studied water-
shed (Feyereisen et al., 2007).

In addition to the temporal accuracy of predicted stream-
flow at the watershed outlet, the spatial variability of simu-
lated ET from 2000 to 2005 also showed acceptable variability 
with respect to the remotely sensed ET at the subbasin level. 
The calculated relative error for 184 out of 198 subbasins 
ranged from −20% to 20% with RMSE of 66  mm  year−1  
(~ 9%; Figure S1).

The comparison of simulated average crop yields for 
the LREW with the crops yield reported by the University 
of Georgia Extension (UGA Extension, 2000) for Tifton 
County indicated that they both are in good coordinate with 
4500 kg ha−1 for peanut and 2000 kg ha−1 for cotton for the 
study period.

Mean annual streamflow, sediment, TP, and NO3-N 
loads are presented in Table 3. The model performance is 
considered “satisfactory” with daily KGE >0.45 and PBIAS 
≤±20% for sediment load, with daily KGE >0.35 and 
PBIAS ≤±30% for TP load, and with daily KGE >0.35 and  
PBIAS ≤±30% for NO3-N load (Moriasi et al., 2015). 
Therefore, the simulated daily sediment, TP, and NO3-N 
loads of our SWAT model showed “satisfactory” to “good” 
agreement with observed values during calibration and vali-
dation at the outlet of the LREW (Table 3; Figure 3).

Parameter values should be considered after calibra-
tion to avoid unrealistic simulations. For instance, the fit-
ted values for SOL_AWC in the SWAT model for crops 
and forest soil were ranging from 0.06 to 0.07 mm mm−1 
that is comparable to the SOL_AWC weighted average 
of 0.057 mm mm−1 for the Tifton soil series reported by 
Hubbard (1985).

The simulated annual sediment load at the water-
shed outlet for the study period (1997–2005) was ranging 
from 1 to 4  metric  tonne  ha−1  year−1 with an average of 
2.6 tonne ha−1 (Table 4a). The measured total sediment load 
at the outlet of a small watershed with a drainage area of 
about 1.2  km2 (Gibbs farm) located at the Tifton Upland 
physiographic region (only 12  km away from the LREW 
outlet) with similar land use, soils, and hydrogeology was 
ranging from 0.001 to 2.74  tonne ha−1 year−1 from 1997–
2003 with an average of 0.50 ± 0.80 tonne ha−1 (Lowrance 
et al., 2007). Bosch et al. (2020) reported 41 years of mea-
sured hydrologic and water quality data from the LREW 
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outlet. The average annual TP and NO3-N loadings from 
1990 to 1999 were about 0.25  ±  0.16  kg  P  ha−1  year−1 
and 1.05 ± 0.85 kg N ha−1 year−1, respectively, and from 
2000 to 2009, the average annual TP load was about 
0.38 ± 0.43 kg P ha−1 year−1, and average annual NO3-N 
load 0.22 ± 0.21 for kg N ha−1 year−1 (Bosch et al., 2020). 
The estimated average TP and NO3-N loadings from the 
SWAT model at the outlet of LREW was 0.29 kg P ha−1 and 
2.6 kg N ha−1, respectively (Table 4a) that is comparable to 
measured loads by Bosch et al. (2020).

The simulated average annual sediment and NO3-N load-
ings from our SWAT model were slightly overestimated, and 
it was at the upper end of the measured data (Table 4a). This 
is more likely attributed to disperse observed data from 1997 
to 2003, resulting in higher PBIAS compared to streamflow 
(Table 3). However, the calibrated SWAT model predicted a 
denitrification rate of 0.04 kg ha−1 day−1 in the studied water-
shed, which is comparable to the average denitrification rate 
of 0.04 to 0.05 kg ha−1 day−1 for the study area (Lowrance 
et al., 1995; Vellidis, 1999).

4.2 | Potential benefits of converting winter 
fallow to carinata on hydrology

Average reductions in water yield were maximum for 
S-CW and S-C scenarios with approximately annual 2% 
and 1% reduction at the watershed outlet and 4% and 2% 
from the cotton and peanut HRUs, respectively (Table 4). 
This may point out that changes in aquatic environments 
are likely to be limited across the entire watershed and 
local scales, and it is proportional to the area converted to 
carinata and winter wheat. Therefore, a modest reduction 
in water yield was expected since only 12% and 36% of 
the total watershed area under S-C and S-CW scenarios, 
respectively, were converted to winter crops from 1997 
to 2005. However, at the local level, the average water 
yield reductions for cotton and peanut HRUs in April and 
May were about 27%, which indicates the importance of 
local scale predicting and understanding of streamflow 
assessment in large-scale biofuel crop planting (Poff & 
Zimmerman, 2010). At both watershed and local scales, 
the dominant components in water yield reduction in the 
study watershed were water lost through ET. Physiological 
factors such as higher LAI of carinata resulted in higher 
water usage and higher ET than winter wheat during the 
winter growing season (Figure 5a).

On the other hand, the reduction in ET from the cotton 
and peanut HRUs in May for all scenarios compared to the 
baseline could be related to a reduction in transpiration due 
to plant harvest. Both carinata and winter wheat have almost 
similar HVSTIs of 0.35 and 0.40, respectively. Therefore, the 
plants residual after harvest affect the reduction in evaporation 

from soil surface compared to the winter fallow. The increase 
in ET is reflected in the surface runoff reduction. At the wa-
tershed outlet and local level, the reduction in simulated sur-
face runoff was more apparent for S-C and S-CW scenarios 
compared to the S-W scenario (Table 4; Figure 5b). These 
may indicate the benefits of carinata over winter wheat in 
surface runoff reduction, which may result in less pollution 
loads into the stream.

We have to note that the simulated surface runoff in the 
SWAT model is based on the CN method (SCS, 1972) and 
Manning's roughness coefficients (Arcement & Schneider, 
1989). The values for SCS runoff CN and Manning's rough-
ness are well established for raw crops and traditional small 
grain winter crops, but empirical measurements are lacking 
for carinata. Therefore, we adopted these values for carinata 
similar to the spring canola from the same family (B. napus) 
in the LREW watershed.

4.3 | Potential benefits of converting winter 
fallow to carinata on sediment, TP, and 
TN loads

The average sediment loads from 1997 to 2005 decreased 
by more than double for stand-alone carinata scenario (S-C) 
compared to the S-W scenario at both the watershed outlet 
and the local level (Figures 4b and 6a). The higher reduc-
tion in sediment loading under S-C scenario than S-W sce-
nario can be attributed to the relatively higher plant density 
of carinata than winter wheat. The bushy aboveground bio-
mass of carinata reduced the power of rainfall to detach 
soil particles and reduce sediment load. The same reason 
is valid for S-CW scenario compared to the winter fallow 
(baseline condition). The minimal reduction in sediment 
loads under S-C and S-W scenarios from the winter fallow 
HRUs during consequent December-May (1999, 2002, and 
2005) where neither carinata nor winter wheat was planted 
were more likely related to the accumulation of plant re-
sidual in soil from previous winter growing seasons. This 
reduction was higher for the S-C scenario than S-W, where 
carinata was planted. This can be confirmed by the reduc-
tion in simulated water yield from the winter fallow HRUs 
during the same periods (Figure S2).

The reduction in mineral P loadings in surface runoff 
(soluble P) at the watershed and local levels for all three 
scenarios is attributed to the reduction in runoff and in-
crease in P uptake by plant with higher reduction observed 
at the HRU level (Figures 4b and 6c). For instance, at the 
local level plant P uptake increased from a monthly aver-
age of 0.007 kg ha−1 for the baseline to 0.065 kg P ha−1 
for S-CW scenario, 0.054 kg P ha−1 for S-C scenario, and 
0.032 kg P ha−1 for S-W scenario (Figure 6f). Moreover, 
organic P and mineral P loadings transported by sediment 
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into the stream decreased (Figure 6d,e) mainly due to the 
reduction in sediment loading from carinata and winter 
wheat HRUs (Figure 6a).

A slightly higher reduction in simulated TP loading from 
peanut and cotton HRUs after S-C scenario despite the appli-
cation of mineral P fertilizer on carinata HRUs compared to 
S-W scenario (Figure 6b) is more likely due to a higher fraction 
of P in carinata yield than winter wheat yield (0.009 kg P kg−1 
carinata yield vs. 0.002 kg P kg−1 winter wheat yield, respec-
tively) (Kiniry et al., 1995; Seepaul et al., 2019). A close look 
into the benefits of converting winter fallow to carinata, winter 
wheat, and rotation of carinata and winter wheat (1997–2005) 
on the TP loading from the following summer crops indicated 
that TP loading from peanut and cotton HRUs reduced under 
all scenarios, due to reduction in mineral and organic P trans-
ported by sediment into the stream (Figure S4c,d). Overall, in 
the long term (1997–2005), converting winter fallow HRUs 
to stand-alone carinata (S-C) could reduce more TP loading 
into the stream than stand-alone winter wheat scenario (S-W), 
however the difference was minimal.

At the local level, the reduction in NO3-N and organic N 
loadings in the surface runoff for all three scenarios com-
pared to the baseline winter fallow was related to the re-
duction in the surface runoff, and thus decreased monthly 
average TN loading (Figure 7a, b, and d). At both watershed 
scale and local level, the reduction in NO3-N load under S-C 
and S-W scenarios was similar when N fertilizer requirement 
of 90 kg N ha−1 was applied.

With the presence of carinata and winter wheat, NO3-N 
leaching from the bottom of soil profile decreased mainly 
as a result of the increase in plant N uptake (Figure 7e). 
However, under S-W scenario, an increase in NO3-N leach-
ing (Figure 4c) could be attributed to a higher fraction of N in 
winter wheat biomass at plant maturity than N fraction in ca-
rinata biomass at maturity (0.015 kg N kg−1 winter wheat vs. 
0.010 kg N kg−1 carinata, respectively) (Kiniry et al., 1995; 
Seepaul et al., 2019) which consequently might leave more N 
in the soil and make it more susceptible to N mineralization 
and leaching.

Compared to the benefits of carinata on NO3-N loading at 
the local level, the simulated NO3-N loading at the watershed 
scale was small mainly due to the importance of riparian for-
est buffers in removing N from the study watershed before 
reaching the outlet (Figures 4b and 7a).

It is important to note that the extent of total area converted 
to carinata, winter wheat, or both within the watershed is also 
critical in assessing the hydrologic and water quality benefits 
of carinata. We observed higher reductions in sediment, TP, 
and TN loads when 36% of the total watershed or 100% of cot-
ton and peanut HRUs were converted to carinata and winter 
wheat rotation. In contrast, when only 12% of the total water-
shed area was converted to carinata or winter wheat (S-C and 
S-W scenarios, respectively), the reduction was modest.

In summary, we assessed the hydrologic and water quality 
benefits associated with land use change from winter fallow 
to carinata in the coastal plain of Georgia using the SWAT 
model. Our results indicated that ET could increase, and as 
a result, surface runoff and water yield decreased under S-C 
scenario, followed by S-W scenario relative to the baseline. 
A similar reduction trend was observed for sediment loads 
and mineral P and organic P transported by sediments into 
the stream when stand-alone carinata compared to stand-
alone winter wheat. In addition, converting winter fallow to 
stand-alone carinata resulted in a higher reduction of organic 
nitrogen loading into the stream than the stand-alone winter 
wheat scenario. Also, NO3-N loading reduction through sur-
face runoff under both S-C and S-W scenarios relative to the 
baseline was almost the same.

We conclude that our results are consistent with a mecha-
nistic understanding of the benefits of carinata on water qual-
ity and indicate that carinata can be planted as a promising 
winter biofuel crop in south-central Georgia while providing 
winter crop benefits in rotations. We observed more signif-
icant benefits in surface runoff reduction, and consequently, 
reduction in sediment, TP, and TP loadings into the stream 
when carinata was planted instead of winter wheat. Moreover, 
we observed the highest benefits of converting fallow land to 
carinata on TN, TP, and sediment loads when carinata was in 
rotation with winter wheat.

Minimal nutrient load reductions in the study watershed 
can be explained by the extent to which total area converted 
to carinata across the watershed, coupled with the fact that 
LREW is a heavily buffered system.

From a broader nutrient management perspective, we ex-
pect that substantial reduction in sediment, TP, and TN loads 
would be observed when planting carinata as a winter crop 
combined with other nutrient management implementations 
such as developing best management practice at agricultural 
fields and fertilizer management. This might be critical in re-
gions where excess phosphorus and nitrogen concentrations 
in streams may lead to excessive algal growth and eutrophi-
cation of freshwater ecosystems.

Here, we included relevant biophysical parameters 
during the streamflow calibration process using the aggre-
gated (or lumped) approach (Chen et al., 2017; Cibin et al., 
2016; Demissie et al., 2017; Holder et al., 2019). Recent 
research in watershed modeling has shown improvements 
in hydrology and water quality predictions with the assim-
ilation of remotely sensed biophysical data (e.g., LAI; Ma 
et al., 2019; Rajib et al., 2020). Future research is needed 
to incorporate remotely sensed biophysical parameters in 
modeling the effect of bioenergy crops on hydrology and 
water quality with respect to crop yields in various geo-
physical regions.

We need to point out the potential uncertainties asso-
ciated with the carinata modeling hydrology components 
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(such as surface runoff), nutrients, and sediment loads, as 
no measurements were available for the model evaluation 
at this time. Field experiments should be performed to 
assess water quantity and quality impacts of carinata sce-
narios directly. Also, the associated cost (seed cost, fertil-
ization, fuel, etc.) to planting carinata and winter wheat as 
a winter crop needs to be weighed against water quality 
benefits. In addition, this finding may be transferable to 
watersheds with similar specific characteristics and man-
agement practices.

Further research is needed to better understand the effects 
of carinata on hydrology, nutrient, and sediment loads in 
nested watersheds within the southeast US and various man-
agement practices.
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