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ABSTRACT:  
 
Growing monoculture impacts not just soil properties and biodiversity but also local hydrology including evapotranspiration (ET). The 
Midwest region of the U.S. is known for its monoculture trend by growing and producing corn, which commonly replaces other crop types. 
In addition to large areas covered with corn, the photosynthetic adaptations of corn, being the C4 crop, affects ET differently than other C3 
crops such as soybean, wheat, and alfalfa. This study aims to model and compare ET for C3 and C4 crops using remote sensing (Sentinel-
2 data) and the Boreal Ecosystem Productivity Simulator (BEPS) model, modified to consider C3 and C4 crops. The study explores the ET 
rate trend for corn and soybean in an agriculture area situated in the Western Lake Erie Basin, where the balance between 
evapotranspiration, groundwater level, and surface runoff may play a role in agricultural runoff and Lake Erie’s algal blooms caused by 
runoff pollution. The results suggest that the monthly average ET rates for both soybean (C3) and corn (C4) reach its maximum at the mid-
to-late growing season. However, the ET rate for corn is higher than for soybean in the early season (June) (ET=121 mm month-1 for corn; 
ET=105 mm month-1 for soybean), while the ET rate for soybean becomes higher than for corn soon after (July) and becomes considerably 
higher in August (ET=181 mm month-1 for corn; ET=218 mm month-1 for soybean). It is surmised that the higher ET rate for corn in the 
early growing season is due to nitrogen-based fertilizer commonly applied to corn parcels at that time, whereas soybean growth is based 
on biological nitrogen fixation.   
    
   

1. MANUSCRIPT 
 

1.1 Introduction 
 

Evapotranspiration (ET) is a process of water movement through 
plants generated by water potential gradients between the 
rhizosphere, plants, and the atmosphere (Landsberg and Waring, 
2016). ET affects the photosynthesis rate and, together with the 
carbon dioxide (CO2) uptake, controls the primary production of 
crops, their vigor and yield (Kool et al., 2014; Fisher et al., 2017; 
Irmak, 2017). Through interactions with soil moisture, as function 
of soil texture and soil water holding capacity, ET controls nutrient 
absorption and crop growth. Nowadays, when crop management 
practices are designed to ensure the maximum yield to satisfy the 
food and energy (biofuel) requirements of the growing population, 
understanding and predicting crop ET is critical (Black et al., 2012; 
FAO, 2017). Water resource management and irrigation processes 
are being constantly adjusted to balance ET (Liu et al., 2003; FAO, 
2016), due to the constantly changing weather and crop 
management practices.  

 
The recent trend of monoculture farming affects not just soil 
properties and biodiversity but also local hydrology including ET. 
The Midwest region of the U.S. is known for its high production of 
corn and soybean where the monoculture trend, by growing and 
producing corn that replaces other crop types, has been observed in 
recent years. The trend is observed not just in the Midwest region 
but across the whole U.S. (Mladenoff et al., 2016; Gao et al., 2017). 
The production of corn plays an important role in the U.S. 
economy. The U.S. Department of Agriculture (USDA) related the 
trend of high corn production to ethanol, in addition to human and 

livestock production (USDA, 2017; USDA, 2018). The USDA 
estimated that corn planted in 2017 covered an area of 90.9 million 
acres and that the daily biofuel production in 2017 was nearly 1000 
barrels per day.  

 
In addition to larger areas covered with corn, the photosynthetic 
adaptations of corn, as the most widely cultivated C4 plant, affects 
ET differently than other, more abundant, C3 crops (e.g., soybean, 
wheat, and alfalfa). It is well known that C4 plants have their 
photosynthetic mechanism developed to reduce photorespiration 
and save water (Ajao et al., 2017) and that they are more 
photosynthetically active than C3 plants (Ueno, 2001; Garner et al., 
2016; Ajao et al., 2017). Lundgren and Christin (2016) summarized 
the findings showing how the anatomical variations in C4 plants 
also exhibit more efficient uptake of CO2. Known as the ratio 
between primary production and transpiration, the Water Use 
Efficiency (WUE), which is higher in C4 plants, helps them to 
survive better in harsh environments (Cernusak et al., 2007). 
Overall, C4 plants perform better in conditions of high 
temperatures, with a wide range of CO2 concentrations, and in soil 
with poor water conditions (Powell and Still, 2009; Black et al., 
2012). By contrast, C3 crops increase water consumption under the 
same conditions but their yield decreases (Leakey et al., 2009; 
Kumar et al., 2017).  
 
In the present study, the Boreal Ecosystem Productivity Simulator 
(BEPS) model (Liu et al., 1997), modified for C3 and C4 crops in 
this study, is used to estimate subtle ET differences between corn 
(C4) and soybean (C3) using Sentinel-2 satellite data for the 
growing season of 2016. The aim is to explore the ET temporal 
trends for the two crops in an agriculture area situated within the 
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Western Lake Erie Basin where the balance between 
evapotranspiration, groundwater level, and surface runoff may play 
an important role in agricultural runoff and Lake Erie’s algal 
blooms caused by runoff pollution.  

 
 

2. METHODS 
 

2.1 Study Site 
 
The study area is located in northwest Ohio and southeast Michigan 
within the Western Lake Erie Basin (WLEB) (latitude 41.78°, 
longitude -83.92). The area partially covers Lucas and Fulton 
counties of Ohio, and Lenawee and Monroe counties of Michigan 
(Figure 1). In 2016, the agricultural lands covered around 75% of 
the study area (USDA, 2016). The USDA’s cropland classified 
map measured 37% of soybean, 28% of corn, 7% of wheat, and 2% 
of alfalfa for the same year. Besides the agricultural lands, there 
were some deciduous trees and grasslands. Irrigation is not a 
common agricultural practice in the study area and it is not 
considered in the present study. 
 

 
Figure 1: Study site – Agricultural lands in the Western Lake Erie 
Basin (WLEB) 
 
 
2.2 ET Modeling 
 
BEPS is a process-based physical model that simulates Net Primary 
Production (NPP), Gross Primary Productivity (GPP) and 
Evapotranspiration (ET) (Liu et al., 1997; Simic at al., 2004). BEPS 
incorporates all known factors that affect ET processes (Zhang et 
al., 2012). The model has proved its performance in different 
studies using various ecosystems worldwide (Liu et al., 2002; 
Govind et al., 2009; Zhang et al., 2012). BEPS incorporates 
meteorological, soil, and remote sensing data to estimate ET. 
Precipitation, solar radiation, maximum temperature, minimum 
temperature, and average relative humidity are required for the 
daily model simulation. Land cover (LC) data are necessary to 
simulate ET because of specific plant physiological parameters for 
each LC or crop types. Leaf area index (LAI) is another important 
input parameter to BEPS, generated from satellite images (Liu et 
al., 2002; Govind et al., 2009). BEPS considers sunlit and shaded 

leaf areas in the photosynthesis related calculations, plant canopy 
structure, LAI, clumping index, plant physiological parameters, 
stomatal resistance/conductance, and plant type (Liu et al., 2002). 
BEPS facilitates analyses at different scales from local and regional 
to global levels (Liu et al., 2002). To run BEPS in this study, two 
land-use classes, one for C3 crops and another for C4 crops, were 
added and their parameters appropriately modified. Daily ET 
values, calculated in each run, were averaged and represented as 
monthly values.  
 
 
2.3 Data 
 
GridMET daily meteorological data sets were used in the present 
study (http://www.climatologylab.org/gridmet.html) with the 
resolution of ~4-km / 1/24th degree. The gridMET data sets are a 
combination of NLDAS-2 (National Land Data Assimilation 
System-2) data with hourly measurements and 1/8th-degree grid 
spacing, and PRISM (Parameter-elevation Regression on 
Independent Slope Model) data sets with the spatial resolution of 
800 m, and monthly temporal resolution (Abatzoglou, 2011). 
 
Available Water Holding Capacity (AWHC) data sets were 
collected from the Soil Survey Geographic (SSURGO) database 
(USDA, 2017). 
 
Sentinel-2 satellite data were used to produce LAI and LC, as input 
data to BEPS. Sentinel-2 images were obtained from the European 
Space Agency (ESA) Copernicus data hub 
(https://scihub.copernicus.eu/). Atmospheric corrections were 
performed using the Fast Line of Sight Atmospheric Analysis of 
Spectral Hypercubes (FLAASH), an advanced atmospheric 
correction model embedded in the ENVI 5.4 software (Harris 
Geospatial, 2017). The Sentinel-2 data were resampled to 10 m. 
 
LAI images were generated in accordance with the temporal 
resolution of Sentinel-2 data, for 10-day intervals. An empirical 
algorithm was used to calculate LAI, as given by Boegh et al. 
(2002). The algorithm is a widely used in-built spectral function of 
ENVI 5.4 (Boegh et al., 2002):  

 
                            LAI = (3.618 x EVI – 0.118)                            (1) 
 
where EVI = Enhanced Vegetation Index 
 
According to Boegh et al. (2002), the performance of this algorithm 
was successful when tested over the agricultural land covers, 
especially over corn, winter wheat, and grassland covers.  
 
EVI is developed by Huete et al. (2002):   

 
     EVI = 2.5 x (NIR- Red)/ (NIR+6 x Red - 7.5 x Blue + 1)      (2) 
 
EVI is commonly used to improve separation of vegetation signal 
from background signal. It also performs well in non-vegetation 
areas as well as in areas with high biomass. The EVI algorithm uses 
the blue spectral band, which is sensitive to the atmosphere (Huete 
et al., 2002). Sentinel 2 images were classified using the maximum 
likelihood image classifier, a widely used parametric classification 
method.  
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3. RESULTS AND DISCUSSION 
 
Land cover classification images have high overall accuracy 
(OA=95%, Kappa coefficient=0.92) when compared with the 
USDA cropland classification reference map (USDA, 2016). The 
accuracy for soybean and corn are 97% and 98%, respectively 
(Figure 2). The accuracy is also high for deciduous trees and 
grassland as well as for other crops, which include winter wheat in 
June, cover crop to replace winter wheat from July - October, and 
perennial alfalfa.  
 
The LAI images derived using EVI closely follow the pattern of 
EVI (Figure 2). Zonal statistics was used to examine LAI for 
different land covers. LAI increases gradually for corn and more 
rapidly for soybean before the peak growing season in August.  
 

 
 
Figure 2. Input data to BEPS: a) Land cover; b) AWHC c) EVI  
d) LAI  
 
 
The BEPS outputs (daily ET) averaged for each month reach their 
peaks in August for C4 and all C3 crops (Figures 3 and 4).  
 
In June, the highest ET rate is observed for corn (ET=121 mm 
month-1). Soybean exhibits lower ET for the same month (ET=105 
mm month-1). While the ET rate for corn is higher in the early 
growing season, the ET rate for soybean becomes higher in July 
and stays that way until the end of the season. The ET rate for 
soybean increases by 47% from July to August, while the rate for 
corn increases 24% between the two months (Figures 3 and 4). The 
cover crop on the winter wheat plots has the lowest ET rates for all 
months. Alfalfa is the perennial crop and has the highest ET rate in 
June. The lowest ET rate is observed in October for all crops, as 
expected. 
 
It can be expected that corn grown as monoculture may increase 
the ET rate but only in the early growing season. Overall, it would 
decrease the ET rate under given conditions. In this preliminary 
study, the BEPS parameters such as stomata resistance were kept 
equal for soybean and corn.  

 
 
Figure 3. Spatial monthly average ET rate for: a) June; b) July; c) 
August; d) October 2016.  
 

 
Figure 4. Monthly average ET rate for: a) June; b) July; c) 
August; d) October 2016. 
 
 
Corn monoculture may affect the overall ET rate but most likely 
not considerably. The ET trend can be related to the properties of 
C4 vs. C3 plants as it is in accordance with the photosynthetic 
activities of corn being C4 and soybean being C3 plants. As C4 
plants have photosynthetic mechanisms developed to reduce 
photorespiration and save water, it is expected that they have lower 
ET rate. The possible impact of the agricultural treatments on ET 
has not been explicitly considered in the study, but it is indirectly 
captured in the remote sensing derived data. It is surmised that the 
higher ET rate for corn in the early growing season is due to 
nitrogen-based fertilizer commonly applied to corn parcels at that 
time, whereas soybean growth is based on biological nitrogen 
fixation. This is in accordance with the study of Simic Milas and 
Vincent, 2016.  
 

 
4. CONCLUSION 

 
Corn has much higher yield than any other crop and it grows as a 
monoculture in many parts of America, especially in the Midwest. 
Corn is a versatile crop and it can be used for food for humans and 
animals, and converted into ethanol among other products. This 
preliminary study explored the possible impact of corn 
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monoculture on evapotranspiration in an agricultural area situated 
within the Western Lake Erie Basin. Given that corn is the C4 crop 
and that other crops in the areas, such as soybean, winter wheat, 
and alfalfa, are C3 crops, it was hypothesized that corn 
monoculture might affect local evapotranspiration, which is an 
important hydrological parameter.  

Management, and Water Resources. Water. Resour. Res. 53 
(4), 2618-2626. 

Fu, G., Charles, S.P., Yu, J., 2009. A Critical Overview of Pan            
Evaporation Trends over the Last 50 Years. Clim. Change. 
97, 193-214.

Soil properties and meteorological data, together with leaf area 
index and C3/C4 land-use spatial data, derived using remote  
sensing Sentinel-2 data, were utilized in the BEPS model modified 
for C3 and C4 crops. It was observed that the monthly average ET 
rate for corn was higher in the early growing season, while the ET 
rate for soybean became higher in July and stayed that way until 
the end of the season. It is anticipated that the findings of this study 
could also be considered for different agricultural settings where 
irrigation is included in the farming practices. Global warming may 
restrict irrigation water resources for farmlands in the future and 
farmers may rely more on C4 crops such as corn considering its 
better WUE and high yield. Fu et al. (2009) and Hobbins et al. 
(2004) suggested the importance of soybean and corn in food 
production, but they also emphasized the possible ‘ecohydro’ 
impacts of these major crops, including the impact on ET. 
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