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 Irrigation is utilized to ensure productive yields in cropping systems. Water for irrigation 

is typically supplied by extracting groundwater through wells or surface water withdrawals from 

lakes, reservoirs, or rivers. Technological developments for extracting groundwater have led to 

an increase in groundwater withdrawals for irrigation. However, excessive pumping of 

groundwater for irrigation has caused reductions in river and spring flows in the Suwannee River 

Basin.  Therefore, irrigation best management practices (BMPs) were developed and assessed to 

reduce groundwater usage for irrigation of field corn in Live Oak, Florida and Camilla, Georgia.  

The objectives of this study were to develop, calibrate, and assess a smartphone 

application for evapotranspiration-based (ET) irrigation scheduling for field corn. To quantify 

this, four irrigation treatments (calendar-based, corn app, soil moisture sensor (SMS), and non-

irrigated) at Live Oak, and three irrigation treatments (corn app, smart sensor array (SSA), and 

checkbook) at Camilla were compared for their effects on marketable grain yield across different 

nitrogen fertilization regimes. The corn app treatment utilizes ET-based irrigation scheduling to 

fulfill exact crop water requirements. The calendar-based and checkbook methods are traditional 

irrigation scheduling methods that do not account for changes in soil moisture conditions in real 

time. 
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The corn app achieved water savings of 43% and 56% with no significant differences in 

marketable grain yield compared to the calendar-based and checkbook irrigation scheduling 

methods, respectively, demonstrating implementation of irrigation BMPs can help reduce 

irrigation volumes without negatively impacting yields.  
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CHAPTER 1 

LITERATURE REVIEW 

Field corn accounts for more than 95% of total feed grain production in the United States. 

(USDA, 2018b). While corn production is concentrated in the Midwest, corn is also grown in 

Florida and southern Georgia for grain and silage (USDA, 2018b; Wright, 2004). Although field 

corn acreage in Florida decreased from the 1970s - 2000, yields per acre more than doubled 

across the same time frame (Wright, 2004). Advances in corn yields can be attributed to 

improvements in irrigation technology, increased irrigated acreage, and improved hybrids 

(Pioneer, 2018; Wright, 2004).  

Groundwater withdrawals from the Floridan Aquifer have increased from 2,384,550 

m3/day in 1950 to 15,215,700 m3/day in 2000 (Marella and Berndt, 2005). Agricultural 

withdrawals account for half of that increase and irrigated acreage in the Suwannee River Water 

Management District (SRWMD) is expected to increase by 40% from 2015 to 2040 (Berndt, 

2014; The Balmoral Group, 2018). Field corn and peanuts are typically grown in rotation with 

each other in northern Florida and southern Georgia to reduce pressure from pests, weeds, and 

disease (Wright et al., 2013). Field corn and peanuts accounted for 54% of sprinkler irrigated 

crops in the SRWMD in 2015 (Marella et al., 2016). Irrigation is essential to ensure productive 

corn yields by reducing the stress of dry conditions and counteracting variability from variable 

weather patterns and low soil water holding capacity (Porter, 2017). However, increased 

competition among freshwater users and environmental regulations are negatively impacting 

agricultural water security in the region (Marella and Berndt, 2005). 

The Upper Floridan Aquifer is a critical source for agricultural and municipal irrigation 

in Northern Florida and Southern Georgia (Marella and Berndt, 2005). The Upper Floridan 
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Aquifer supplies drinking water for 10 million people and supports agricultural activities worth 

more than $7.5 billion dollars (Berndt, 2014; Hodges et al., 2017). Increased municipal and 

agricultural pumping from the Upper Floridan Aquifer has led to large regional drawdowns 

reducing the area that contributes water to the Suwannee River Management District and 

reducing flows to the Suwannee River (Grubbs and Crandall, 2007). The Suwannee River has 

experienced a 60% decline in base flow since 1940 and more than 5180 km2 of groundwater 

contribution area to the Suwannee River Basin has been reduced since predevelopment (Grubbs 

and Crandall, 2007). Increased groundwater withdrawals beyond the rate of recharge threaten 

water resources globally by contributing to issues such as subsidence, ecosystem loss, saltwater 

intrusion, economic damage to downstream communities, and changes in natural river flows 

(Mitra et al., 2016). The Ogallala Aquifer, which underlies the Great Plains region, accounts for 

30% of the total irrigated acreage in the U.S. and has experienced substantial groundwater 

depletion due to over-pumping for corn and cattle production (David et al., 2013). An estimated 

30% of the high plains aquifer has been depleted and an additional 39% will be over-withdrawn 

over the next fifty years given existing trends (David et al., 2013). 

To avoid similar circumstances that have occurred from over-pumping in the Midwest, 

best management practices (BMPs) are being developed and assessed in the Suwannee River 

Basin (SRB) to reduce agricultural water usage and nutrient loading in the Floridan Aquifer. 

Reduced pumping in the Floridan Aquifer can be accomplished through efficient water use 

strategies such as irrigation scheduling.  

Evapotranspiration Concepts 

 

The combination of water lost through evaporation from the Earth’s surface as well as 

plant transpiration can be defined as evapotranspiration (ET) (Allen et al., 1998). Weather 
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parameters that affect ET include solar radiation, air temperature, relative humidity, and wind 

speed (Allen et al., 1998). Crop factors that affect ET are crop variety, phenological growth 

stage, and planting density (Allen et al., 1998). Evapotranspiration can also be impacted by 

environmental conditions such as soil salinity, fertility, type and grower practices such as pest 

and soil management (Allen et al., 1998).  Evapotranspiration based estimation methods vary in 

their complexity from the use of ET controllers to hand calculations. Evapotranspiration can be 

measured directly by determining a soil water balance using lysimeters or an energy balance with 

eddy covariance systems (Allen et al., 1998). However, direct measurement of ET can be very 

expensive and difficult to implement (Allen et al., 1998). Evapotranspiration can also be 

estimated using meteorological data and a variety of models. 

Potential Evapotranspiration 

 

Potential evapotranspiration is a concept that was first introduced by Penman in the 

1940’s and is defined as the quantity of water transpired by a short green crop, with uniform 

height, complete ground cover, and sufficient water within the soil profile (Jensen and Allen, 

2016). However, this definition has caused confusion due to the lack of specification of which 

green crop to use in the calculation. Utilizing the Bowen ratio to cancel out terms related to 

calculations at the evaporative surface, Penman combined the aerodynamic and energy balance 

equations to develop a combination equation to estimate ET (Jensen and Allen, 2016). This 

combination equation only requires meteorological measurements of air temperature, humidity, 

wind speed, and solar radiation (Jensen and Allen, 2016). 

Reference Evapotranspiration 

 

Reference evapotranspiration (ETo) was introduced in the late 1970s to provide a more 

accurate estimation of ET by adopting a reference crop which has allowed for more consistent 
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selection of crop coefficients across various locations and climates (Jensen and Allen, 2016). In 

addition, Monteith added a surface resistance term into the original Penman equation and 

inserted an aerodynamic resistance criteria in place of the linear wind function term (Jensen and 

Allen, 2016). Reference evapotranspiration can be defined as evaporation from a grass reference 

crop with a fixed height of 0.12 m, an assumed surface resistance of 70 s m-1, and an albedo of 

0.23 (Allen et al., 1998). Reference evapotranspiration is determined independently of crop type, 

crop growth, and management practices, and provides an estimation of the evaporative demand 

of the atmosphere (Allen et al., 1998). 

Estimation of Reference Evapotranspiration 

 

Though reference evapotranspiration can be determined by using a variety of equations, 

the Penman-Monteith equation has become widely accepted to calculate reference ETo for 

irrigation management (Jensen and Allen, 2016). The Penman-Monteith equation is a 

combination-based equation which incorporates both temperature and radiation-based reference 

evapotranspiration equations. This calculation requires temperature, relative humidity, solar 

radiation, and wind speed measurements taken in an open area with low-lying, well-watered 

vegetation (Jensen and Allen, 2016).  For this study, ETo was calculated using the ASCE 

Penman-Monteith Food and Agricultural Organization (FAO-56) equation (Equation 1-1)  and 

real time weather data from the Florida Automated Weather Network (FAWN) and University of 

Georgia’s Automated Environmental Monitoring Network (GAEMN) (Allen et al., 1998). 

Reference evapotranspiration provides a guideline for comparing ETo in various regions or 

different parts of the year as well as determining evapotranspiration of different crops (Allen et 

al., 1998). 
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𝑬𝑻𝒐 =  
0.408∆(𝑅𝑛−𝐺)+𝛾

900

𝑇+273
 𝑢2(𝑒𝑠−𝑒𝑎)

∆+𝛾(1+0.34𝑢2)
                                                                                      (1-1) 

 

 ETo represents the evapotranspiration from a reference surface [mm d-1]  

 Δ is the slope of the vapor pressure curve [kPa °C-1] 

 Rn is the net radiation at the crop surface [MJ m-2 day-1] 

 G is the soil heat flux density [MJ m-2 day-1] 

 T is the mean daily air temperature at 2 m height [°C] 

 u2 is the wind speed at 2 m height [m s-1] 

 es is the saturation vapor pressure [kPa] 

 ea is the actual vapor pressure [kPa] 

 es-ea is the saturation vapor pressure deficit [kPa] 

 and γ is the psychrometric constant [kPA °C-1]. 

Actual Crop Evapotranspiration 

 

Actual crop evapotranspiration (ETc) can be defined as the evapotranspiration from 

healthy, well fertilized crops, grown in extensive fields, with sufficient soil water conditions and 

achieving full production growth (Allen et al., 1998).  Calculating a functional estimation for 

actual evapotranspiration typically involves multiplying a reference crop evapotranspiration by 

the desired crop coefficient (Allen et al., 1998). A crop coefficient or Kc is a combined factor 

that takes into account a crop’s physiological characteristics, irrigation type, soil and climatic 

surroundings, and management applications (Allen et al., 1998). The Kc also combines the 

characteristics of a crop that differentiates it from the reference crop that is used to approximate 

reference ET (Allen et al., 1998). The crop coefficient varies during the growth cycle of the crop 
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depending on its developmental stages (Allen et al., 1998). With so much variability in 

determining the Kc, there are not a lot of locally adapted Kc values for most crops in Florida 

(Dukes et al., 1995). One way to determine a crop coefficient is to take the ratio of crop 

evapotranspiration (ETc) to reference evapotranspiration (ETo) (Piccinni et al., 2009). Many 

studies have utilized this ratio to determine locally adapted crop coefficients for corn (Djaman 

and Irmak, 2013; Howell et al., 2006; Kang et al., 2003; Piccinni et al., 2009). A study by 

(Piccinni et al., 2009) was conducted at the Texas AgriLife Research Center in Ulvade, TX  and 

utilized lysimeters to determine daily corn ETc by subtracting lysimeter mass gains by lysimeter 

mass losses. Grass ETo was determined using direct measurements from the lysimeter and 

calculations using the ASCE Penman-Monteith Equation (Piccinni et al., 2009). A growth stage 

specific crop coefficient for corn was developed by using the ratio of lysimeter corn crop ETc to 

the grass lysimter ETo  (Piccinni et al., 2009). The following growth stage specific crop 

coefficients were developed for corn: Kc at emergence = 0.35, Kc at tasseling = 1.00 and Kc at 

black layer = 0.90 (Piccinni et al., 2009). These values were compared to growth stage specific 

Kc values developed in Bushland, Texas by Howell et al. (2006), Kc values reported from FAO-

56, and, Kc values developed by the Kansas state mobile irrigation lab (2014) and Allen et al., 

(1998) (Table 1-1). The initial corn Kc value of 0.35 developed in Uvalde, Texas by Piccinni et 

al., (2009) was larger than the initial corn Kc value of 0.1 reported by Howell et. al (2006) in 

Bushland, Texas. Distinct Kc values developed between regions can be attributed to differences 

in methods in measurement, local weather conditions, and variety of the crop grown. Differences 

in Kc values demonstrate that crop coefficients should be developed regionally to promote 

accuracy in determining evapotranspiration and improve efficiency in irrigation management 

(Piccinni et al., 2009). 
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Irrigation Scheduling 

 

Irrigation scheduling decisions are made using a combination of three tools: estimating 

evapotranspiration to determine crop water requirements, in field observation, and soil moisture 

sensors (Buhrig and Shock, 2015). Traditional irrigation scheduling involves using the farmer’s 

prior knowledge and experience with the crop and historical weather patterns to develop a 

calendar-based schedule (Migliaccio et al., 2010). Today, numerous irrigation innovations have 

been developed to improve irrigation scheduling. These developments include evapotranspiration 

(ET) and soil moisture sensor (SMS) based irrigation which uses real-time weather data and soil 

water measurements, respectively, to determine exact crop water requirements (Bartlett et al., 

2015; González Perea et al., 2017; Mbabazi et al., 2017; Vellidis et al., 2016).  

Evapotranspiration-based Irrigation Scheduling 

 

Previous research has shown evapotranspiration-based irrigation scheduling provides 

water savings compared to traditional techniques. A study by Lamm and Rogers (2015) 

simulated ET-based irrigation scheduling for corn using 43 years of weather data in Colby, 

Kansas and found potential water savings of 212 mm for a 25.4mm/4 days irrigation capacity 

system compared to non-science-based irrigation scheduling. Utilizing the previous five days of 

estimated crop evapotranspiration (ETc) to schedule irrigation for avocado production in south 

Florida, Mbabazi et al., (2017) obtained 62-67% water savings compared to traditional time 

based methods.  

 Evapotranspiration-based irrigation scheduling methods often incorporate a soil water 

balance model to estimate crop water requirements (Allen et al., 1998; Kisekka et al., 2014; 

Vellidis et al., 2016; Zamora Re and Dukes, 2017).  A study conducted in Live Oak, FL achieved 
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42 and 39% water savings for field corn compared to a traditional calendar-based irrigation 

scheduling method by utilizing a soil water balance approach that calculates daily ETc to estimate 

soil moisture and schedule irrigation in 2015 and 2016, respectively (Zamora Re and Dukes, 

2016). Utilizing daily calculated ETc to predict crop water use and a soil water balance that 

accounts for measured precipitation and irrigation to estimate plant available soil water, a study 

by Vellidis et al., (2016) attained water savings of 76, 40, and 23% for cotton production 

compared to a checkbook method that does not account for environmental conditions in 2013, 

2014 and 2015, respectively. 

Water savings utilizing evapotranspiration-based irrigation scheduling can also be 

achieved through replacing a percentage of ETc demand. In a study by El-Wahed and Ali (2013), 

the effects of three ET-based irrigation scheduling methods (100%, 85%, and 70% replacement 

of ETc), two types of irrigation systems (drip and sprinkler), and five mulching treatments were 

compared and assessed for water use efficiency in corn. This study found the highest water use 

efficiency and yields for the treatment that replaced 100% of actual evapotranspiration under a 

drip irrigation system with 20 tons per hectare of manure incorporated within the surface layer of 

soil. However, the limited irrigation treatment that replaced 85% of ETc was found to produce 

comparable grain yield while saving 15% of water applied and thus improving net profit (El-

Wahed and Ali, 2013). A study conducted in the Texas High Plains found that irrigating at 75% 

of ETc demand resulted in similar corn yields and improved water use efficiency by 

approximately 10% for two drought tolerant AQUAmax corn hybrids compared to an irrigation 

treatment that replaced 100% of ETc demand (Hao et al., 2015). 
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Soil Moisture Sensor Based Irrigation 

 

  Soil water sensors are inserted in the soil within the crop root zone and utilize soil water 

content as feedback to control irrigation (Grabow et al., 2012). A study by Zamora Re and Dukes 

(2017) achieved 53 and 43% water savings with no significant differences in corn yield among 

treatments using soil moisture sensor (SMS) based irrigation compared to a calendar-based 

irrigation scheduling method in 2015 and 2016, respectively (Zamora Re and Dukes, 2017).  

 A study conducted at University of Nebraska-Lincoln at experiment stations found water 

savings of 34 and 32% with little to no reduction in corn yield using a soil moisture sensor-based 

irrigation regime in comparison to traditional farmer irrigation management in 2005 and 2006, 

respectively (Irmak et al., 2012). Farmer managed fields relied on traditional visual observations, 

calendars, and personal experience, whereas the soil moisture sensor based fields utilized pre-

determined soil water depletion thresholds checked with soil moisture sensors and crop 

phenology  predicted by crop simulation models using real-time and historical weather data 

(Irmak et al., 2012).  

Smartphone and Web-based Tools for Irrigation Scheduling 

 

The increased use of internet enabled smart devices has allowed for the development of a 

suite of Smartirrigation applications which provide easy to use tools to improve irrigation 

scheduling (https://smartirrigationapps.org) (Migliaccio et al., 2016). The corn app generates a 

root zone water deficit using daily estimated crop evapotranspiration (ETc), root depth, and soil 

water holding capacity. Reference evapotranspiration is calculated using the ASCE Penman-

Monteith FAO-56 equation (Allen et al., 1998) and real time weather data from the Florida 

https://smartirrigationapps.org/
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Automated Weather Network (FAWN) and University of Georgia’s Automated Environmental 

Monitoring Network (GAEMN). Numerous apps and web-based tools have been developed 

throughout the world to improve irrigation scheduling for a variety of crops. (Table 1-2) 

While ET-based irrigation scheduling has been shown to provide water savings and 

improve water use efficiency for a variety of agronomic crops in comparison to non-science 

based irrigation scheduling methods, the question of how well the Smartirrigation corn app 

performs in this regard remains.  To address this question, this thesis presents a series of 

objectives below that focus on quantifying the corn app’s performance in predicting root zone 

soil moisture deficits and ability to improve irrigation scheduling compared to traditional 

techniques.  

 A smartphone application for ET-based irrigation scheduling for field corn was 

developed. 

 A comparison between daily corn app root zone soil moisture deficit predictions 

and measured soil moisture sensor data was performed. 

 ET-based irrigation scheduling for field corn was conducted to determine if water 

savings were possible without negatively impacting marketable grain yields.  

 Application depths, yields and water use efficiencies for different irrigation 

scheduling methods (app, SMS, calendar-based, and no irrigation) and (app, SSA, 

checkbook) were compared.   
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Table 1-1. Various field corn crop coefficients. Field corn crop coefficients developed by (A) 

Piccinni et. al., (2009) in Uvalde, Texas, (B) Allen et al., (1998) for FAO-56, (C) 

Howell et al., (2006) in Bushland, Texas (D) K-State Research & Extension Mobile 

Irrigation Lab 2014 for humid and moderate 

Growth Stage  Kc 

(A)  

Kc ini 0.35 

Kc mid 1.00-1.20 

Kc end 0.90 

(B)   

Kc ini 0.30 

Kc mid 1.20 

Kc end 0.35 

(C)   

Kc ini 0.1 

Kc mid 1.10 

(D)   

Kc ini 0.25 

Kc mid 1.05 

Kc end 0.55 
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Table 1-2. Applications and web-based tools for improved irrigation scheduling 

App Name and Developer Scheduling Tool Utilized Water Savings 

“NetMaize Mobile App” by 

Netafim (2017) 

Combines inputs such as crop 

growth stage, soil type, and 
germination duration with 

weather data to develop a drip 

irrigation schedule for corn.  

Has not been assessed for 

potential water savings yet. 

“CornSoyWater” by University 

of Nebraska (Yang et al., 2017) 

 

Online app for corn and soybean 

that predicts irrigation needs 

based on available soil water for 

the crop, phenological growth 
stage, and potential for crop 

water stress at present and for 

the future. 

Currently being assessed at 

research plots and growers fields 

for potential water savings.  

“IrriFresa” by  (González Perea 

et al., 2017) 

Takes in climate data, soil type, 

and information related to 

irrigation system to produce 

daily/weekly required irrigation 
times for strawberry production. 

Achieved water savings from 

11-33% compared to growers 

traditional methods in several 

commercial farms 

“ Smartirrigation Cotton App” 

by (Vellidis et al., 2016)  

Pulls meteorological data from 

closest weather station in 
FAWN or GAEMN networks to 

calculate ETo. ETc is then 

calculated using a crop 
coefficient as a function of 

phenological growth stage. The 

app produces a root zone water 

deficit (RZWD) percent based 
on a daily soil water deficit 

divided by plant available soil 

water. The user decides when to 
irrigate but a 40% RZWD is 

recommended to trigger 

irrigation.  

Improved water use efficiency 

and applied less water compared 
to traditional checkbook 

methods across three years in 

conventional and conservation 
tillage field trials.  

“Water Irrigation Scheduling 

for Efficient Application 

(WISE)” by (Bartlett et al., 

2015) 

Evapotranspiration-based 

irrigation tool that utilizes the 

soil water balance method and 

data from the Colorado 

Agricultural Meteorological 

Network and Northern Colorado 

Water Conservation District 

weather stations. Allows users 

to view soil moisture deficit, 

weather measurements and the 

ability to input applied irrigation 

amounts into the App. 

 

Has not been evaluated yet for 

potential water savings.  
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Table 1-2. Continued 

App Name and Developer Scheduling Tool Utilized Water Savings 

“Smartirrigation Avocado 

App” by (Mbabazi et al., 

2017)  

Utilizes average of previous 

five days of ETc to develop 

irrigation schedule for 

avocado. 

Sixty two to sixty seven 

percent water savings were 

achieved with the app 

irrigation scheduling methods 

compared to a traditional 

time-based irrigation model.  

“NDAWN” by University of 

North Dakota 

Web-based tool that generates 

irrigation recommendations 

based on soil type, weather 

data, phenological growth 

stage, and daily crop water 

use. 

Has not been assessed for 

potential water savings but 

has been used for irrigation 

scheduling in corn.  

“Irrigation Scheduler 

Mobile” by (Peters et al., 

2013) 

Daily weather data is 

automatically pulled from 

networks in 11 different 

states to calculate and utilize 

ETo.  Incorporates a soil 

water balance model to 

perform check-book style 

irrigation scheduling.  

Produces a one week forecast 

of crop water us and soil 

water content for irrigation 

scheduling. Works for a wide 

variety of crops such as hops, 

sweet and grain corn, and 

broccoli.  

Has not been assessed for 

potential water savings. 

“Kansched” by Kansas State 

University (K-State Research 

& Extension Mobile 

Irrigation Lab, 2014) 

 

 

ET-based irrigation 

scheduling tool that uses real-

time crop and weather data to 

calculate daily crop water rate 

use. Daily crop water use is 

combined with soil root zone 

data to determine an 

irrigation schedule that 

maintains adequate soil 

moisture levels.  

Has not been assessed for 

potential water savings.  
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CHAPTER 2 

DEVELOPMENT AND CALIBRATION OF A SMARTPHONE APP FOR 

EVAPOTRANSPIRATION BASED IRRIGATION SCHEDULING OF FIELD CORN 

Introduction 

 

The Floridan Aquifer is an expansive groundwater system that stretches over 160,000 

km2 and encompasses most of Florida and parts of Alabama, Georgia, and South Carolina 

(Bellino et al., 2018). The Floridan Aquifer system consists of the Upper Floridan Aquifer and 

Lower Floridan Aquifer (Bellino et al., 2018). Groundwater withdrawals from the Floridan 

Aquifer have increased from 2,384,550 m3/day in 1950 to 15,215,700 m3/day in 2000 and 

approximately 90% of the withdrawals in 2000 came from the Upper Floridan Aquifer (Bellino 

et al., 2018; Berndt, 2014). The Upper Floridan Aquifer supplies drinking water for 10 million 

people and supports agricultural activities worth more than $7.5 billion dollars (Berndt, 2014; 

Hodges et al., 2017).  Increased municipal and agricultural pumping from the Upper Floridan 

Aquifer has led to large regional drawdowns reducing the groundwater contribution area and 

flows to the Suwannee River (Grubbs and Crandall, 2007). The Suwannee River has experienced 

a 60% decline in base flow since 1940 and more than 13,416 km2 of groundwater contribution 

area to the Suwannee River Basin has been reduced since predevelopment (Grubbs and Crandall, 

2007). 

Field corn and peanuts are typically grown in rotation with each other in northern Florida 

and southern Georgia to reduce pressure from pests, weeds, and disease (Wright et al., 2013). 

Field corn and peanuts accounted for 54% of sprinkler irrigated crops in the Suwannee River 

Management District (SRWMD) in 2015 (Marella et al., 2016). In 2015, irrigation for agriculture 

accounted for 54% of groundwater withdrawals in the SRWMD (Marella and Dixon, 2018). The 
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Suwannee groundwater basin contains numerous freshwater springs that discharge into the lower 

Suwannee and Santa Fe Rivers (Bellino et al., 2018). A well located at the center of the 

Suwannee groundwater basin recorded  an annual decline of approximately 3 mm per year from 

1980-2010 (Bellino et al., 2018). Increased groundwater withdrawals beyond the rate of recharge 

threaten water resources globally by contributing to issues such as subsidence, ecosystem loss, 

saltwater intrusion, economic damage to downstream communities, and changes in natural river 

flows (Mitra et al., 2016).  

Irrigation scheduling decisions are made using a combination of three tools: in-field 

observation, utilizing evapotranspiration calculations to estimate crop water requirements and 

soil moisture sensors (Buhrig and Shock, 2015). Irrigation scheduling can increase irrigation 

efficiency by decreasing runoff, deep percolation, and soil evaporation losses as well as 

managing soil water content to reduce ET during less water demanding crop growth stages 

(Howell, 1996).  Traditional irrigation scheduling involves using the farmer’s prior knowledge 

and experience with the crop and historical weather patterns to develop a calendar-based 

schedule (Migliaccio et al., 2010).  Evapotranspiration (ET) and soil moisture sensor (SMS) 

based irrigation utilize real-time weather data and soil water measurements, respectively, to 

determine exact crop water requirements (Bartlett et al., 2015; González Perea et al., 2017; 

Vellidis et al., 2016). 

The increased use of internet enabled smart devices has allowed for the development of a 

suite of Smartirrigation applications which provide easy to use tools to improve irrigation 

scheduling (https://smartirrigationapps.org) (Migliaccio et al., 2016). Evapotranspiration-based 

irrigation scheduling has been shown to reduce water usage and improve water use efficiency for 

corn production (Lamm and Rogers, 2015; Xue et al., 2017; Zamora Re and Dukes, 2017). A 

https://smartirrigationapps.org/
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model for a smartphone application that utilizes ET-based irrigation scheduling for field corn 

was developed and tested in this study. The Smartirrigation corn app generates a root zone water 

deficit using daily estimated actual evapotranspiration (ETc), root depth, and available water 

holding capacity. Reference Evapotranspiration (ETo) is calculated using the ASCE Penman-

Monteith FAO-56 equation (Allen et al., 1998) and real time weather data from the Florida 

Automated Weather Network (FAWN) and University of Georgia’s Automated Environmental 

Monitoring Network (GAEMN). 

Objectives and Hypothesis 

 

The objectives in this study were to (1) Develop a model for a smartphone application for 

irrigation scheduling in field corn (2) compare daily outputs from the corn app model with 

measured soil moisture sensor data and (3) calibrate corn app parameters to improve the 

accuracy of the model in predicting root zone soil moisture deficits. It is hypothesized that the 

corn app model produces a Nash-Sutcliffe efficiency value greater than zero when compared 

with measured soil moisture sensor data.  

Materials and Methods 

 

Experimental site 

 

 This study was conducted in Live Oak, FL, USA, at the University of Florida’s Institute 

of Food and Agricultural Sciences (UF IFAS) Suwanee Valley North Florida Research and 

Extension Center (NFREC-SV) (Figure 2-9). The soils at this site are characterized as sandy 

(95.9% sand, 2.3% silt and 1.8% clay) (USDA, 2018). The experimental design for the NFREC 

field site was a randomized complete block organized in a split plot. This design included four 
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replicates or blocks. Each plot was approximately 12 m long x 6 m wide separated by 6 m alleys. 

An alley of 12 m is included between the blocks (Figure 2-5). There were four irrigation (app, 

SMS, calendar-based, and no irrigation) and three fertilization treatments (N1 – 112 kg N/ha; N2 

– 224 kg N/ha; N3 – 336 kg N/ha) replicated four times across two fields. An additional three 

fertilization treatments (N0– 0 kg N/ha, N4 – 448 kg N/ha, N5 – 560 kg N/ha) were tested on 

SMS plots and replicated four times across two fields.   

Prior to planting field corn on March 5, 2018, all plots were strip tilled with a Orthman 

1tRIPr row unit to create 12 rows per plot (Orthman, 2018). The Pioneer 1870 YHR/BT field 

corn variety was planted with 76 cm row spacing, 17 cm seed spacing, and a desired plant 

population of 81250 plants/ha on March 8, 2018. Each irrigation treatment received two initial 

nitrogen granular applications at the beginning of the growing season followed by four liquid 

side dress applications leading up to tasseling.  

Smartirrigation Corn App Model Description 

 

Initial input 

 

The Smartirrigation corn app generates a daily root zone water deficit using a soil water 

balance model. The Smartirrigation corn app is available to download through the app store for 

Apple and most Android mobile devices. Once downloaded, the corn app requires some initial 

input from the user (Table 2-1). This initial input is used in the model to calculate plant available 

water, which is translated into a root zone water deficit.  The following steps describe initial user 

input for the corn app: 

1. Tap or drag the pin on the map to the desired field location (Figure 2-1) 

2. Name the field (Figure 2-2) 
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3. Specify planting date (Figure 2-2) 

4. Select weather data source. Users can choose between land-based weather station data 

from a land-based Florida Automated Weather Network (FAWN) or Georgia Automated 

Environmental Weather Network (GAEMN) weather station or gridded weather data 

from the Dark Sky application and Forecasted Reference Evapotranspiration (FRET) 

(NWS, 2018)  (Figure 2-2) 

5. Choose primary soil texture for the field (Figure 2-3) 

6. Modify available soil water holding capacity if it differs from default values associated 

with selected soil texture. (Figure 2-3) 

7. Specify irrigation system type. Users can choose between high and low pressure 

overhead sprinklers (Figure 2-4). 

8. Specify irrigation system efficiency. A default value is set to 85% (Figure 2-4) 

9. Choose the desired irrigation application rate (in/event) (Figure 2-4) 

10. Select a target root zone water deficit notification threshold. This threshold changes 

based on the estimated crop growth stage. A default threshold of 50% is used from 

emergence to V12 vegetative stage and then switches to 33% from tasseling to R3 

reproductive stage. The user will receive a notification on their mobile device when the 

root zone water deficit exceeds 40% for the 50% target and 20% for the 33% target 

(Figure 2-4).  

App functionality 

 

After the user has specified the necessary initial inputs, a field is created using the initial 

input information and is available to view from the main menu. Users can create as many fields 

as they like (Figure 2-5). When the desired field is selected from the main menu, a field menu is 
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displayed which contains a variety of information and functions. Information displayed on the 

selected field menu includes a ten-day summary of the root zone water deficit, accumulated 

growing degree days, and crop growth stage (Figure 2-5). In addition, field information such as 

the sprinkler type, planting date, soil type, and irrigation rate are displayed (Figure 2-5). 

Functions available from the field menu include options to edit the initial input for the selected 

field and the ability to add applied irrigation or observed rain for the current or past nine days 

(Figure 2-6). A summary of current conditions, hourly forecast for temperature and rain, and 

projected weekly forecast for temperature, relative humidity, rain and wind using weather data 

from the Dark Sky application is available to view by selecting the forecast icon in the top right 

corner of the selected field menu (Figure 2-7). The Dark Sky application is described in detail 

below. A summary of the maintained daily soil water balance is available to download at any 

time by selecting the download icon in the top right corner of the selected field menu (Figure 2-

8). The report is sent as a CSV file to the users email address. The Smartirrigation corn app 

model parameters are described below. 

Growing degree day calculation 

 

Based on user location specifications within Georgia or Florida, daily weather data are 

obtained from a land-based Florida Automated Weather Network (FAWN) or Georgia 

Automated Environmental Weather Network (GAEMN) weather station or gridded Dark Sky 

weather data. Dark Sky is a web-based and smartphone application that converts data from 

National Weather Service (NWS) Doppler radar stations into images where algorithms are able 

to predict rainfall based on the characteristics of those images (Markowitz, 2013). The Dark Sky 

application also provides past daily weather data through a global application programming 

interface (API) (Dark Sky, 2018). The Dark Sky API is supported by an aggregate of various 
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weather sources such as the National Oceanic and Atmospheric Association’s (NOAA) Global 

Forecast System, NOAA’s High Resolution Rapid Refresh Model, NOAA’s North American 

Mesocale Model, and Dark Sky’s own precipitation forecasting system which is backed by 

NOAA’s Net Generation Weather Radar system (NEXRAD) (Dark Sky, 2018). Daily weather 

data include: 

1. altitude (m) 

2. latitude (radians) 

3. average temperature (°C) 

4. max temperature (°C) 

5. minimum temperature (°C) 

6. average relative humidity (%) 

7. total solar radiation (MJ/m2) 

8. average wind speed (m/s)  

9. average dew point temperature (°C)  

Weather data are used to calculate daily heat units (DHUs) and reference evapotranspiration 

(ETo).  

Daily Heat Units (DHUs) are calculated using Eq. 2-1 with a base temperature (Tbase) of 

10 °C (Neild et al., 1987). Two temperature constraints are used in the DHU calculation for corn. 

Daily maximum temperatures (Tmax) greater than or equal to 30 °C are set to 30 °C  (Neild et al., 

1987).  Daily minimum temperatures below Tbase are set to Tbase (Neild et al., 1987). If daily 

mean temperatures are less than Tbase, DHU is equal to zero (Neild et al., 1987).  

𝐷𝐻𝑈 =
𝑇𝑚𝑖𝑛+𝑇𝑚𝑎𝑥

2
− 𝑇𝑏𝑎𝑠𝑒          (2-1) 
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Growing degree days (GDDs) are the accumulated DHUs after planting. DHUs are 

calculated and cumulated until harvest.  GDDs can be used to predict the phenological stage of a 

plant. Theoretical values of accumulated GDDs as a function of phenological growth stage were 

used to develop the relationships in Table 2-2 (Neild and Newman, 1990). The GDDs 

determined in Tables 2-2 and 2-3 were calculated using daily maximum and minimum 

temperature. 

 

Initial and maximum Kc values were determined  using KanSched for humid moderate 

wind areas (K-State Research & Extension Mobile Irrigation Lab, 2014). Based on an analysis of 

2015 to 2017 data from the Live Oak FAWN weather station and observations taken at the 

NFREC-SV during corn production, relationships between GDD and Kc were developed (Table 

2-3) (Zamora Re, 2019). Table 2-4 is used in the corn app to select the Kc for the crop ET 

calculation.  

Crop evapotranspiration calculation 

 

The amount of water lost to transpiration and evaporation, or evapotranspiration (ET), 

can be estimated using the crop coefficient (Kc) method with ETo. Thus, crop evapotranspiration 

(ETc) can be estimated using the following equation: 

 

𝐸𝑇𝑐 = 𝐸𝑇𝑜 × 𝐾𝑐                             (2-2) 

 

where ETc and ETo are in units of mm/day. Reference evapotranspiration is determined using 

daily weather data from the selected FAWN or GAEMN station or gridded data from the Dark 



36 

 

Sky weather application and the Penman-Monteith FAO-56 equation (Allen et al., 1998). When 

FAWN/GAEMN weather data is unavailable due to station or network failures, Forecast 

Reference Evapotranspiration (FRET) data from NOAA are used, and ETo (mm) is already 

calculated. Forecast Reference Evapotranspiration values are determined using National Weather 

Service forecasted temperature, relative humidity, wind, and cloud cover as well as the Penman-

Monteith reference evapotranspiration equations to estimate the depth of water in mm that would 

transpire from a short canopy reference grass (NWS, 2018). 

Irrigation and rain input calculations 

 

Effective irrigation (I, mm) is calculated by multiplying the irrigation applied by the 

irrigation effectiveness factor. An irrigation effectiveness factor is set at a default of 85% but is 

user adjustable (Figure 2-3) (Irmak et al., 2011; Vellidis et al., 2016). This factor accounts for 

sprinkler irrigation losses such as drift and droplet evaporation, plant interception, net canopy 

evaporation, and soil evaporation (Irmak et al., 2011). An irrigation effectiveness factor of 85% 

corresponds to a low pressure sprinkler and an irrigation effectiveness factor of 75% corresponds 

to a high pressure sprinkler to account of for water droplet evaporation and drift (Vellidis et al., 

2016). 

If daily rainfall is greater than 4.0 mm, effective rainfall (R) is calculated by multiplying 

daily total rain by an effectiveness percentage of 90%. Canopy interception, canopy evaporation, 

runoff, and rainfall measurement variability are accounted for in the 10% loss of total daily 

rainfall (Vellidis et al., 2016).  If daily rainfall is less than 4.0 mm, effective rain (R) equals zero. 

Daily rainfall events less than 4.0 mm are unlikely to have a noticeable effect on soil moisture 

(Vellidis et al., 2016). Thus, water inputs to the system are calculated as I plus R in units of mm. 
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Root depth calculation 

 

The first step in the soil water balance is to determine the root depth since it increases as 

plants grow. At planting, root depth or initial root depth (Rzinitial) is set to 8 cm. A maximum root 

depth (Rzmax) was defined as 61 cm. Daily root depth increase (RDI) is calculated using Eq. 2-3 

(Allen et al., 1998). Eighty percent crop cover is theoretically achieved 43 days after the initial 

planting date (Allen et al., 1998).  Thus, the daily increase in root depth is the same until 61 cm 

is reached. Considering that 80% cover is achieved in 43 days, the relationship for daily root 

depth increase (RDI, cm) is: 

 

𝑅𝐷𝐼 =
𝑅𝑧𝑚𝑎𝑥 −𝑅𝑧𝑚𝑖𝑛

43 𝑑
                             (2-3) 

𝑅𝐷𝐼 =
53 𝑐𝑚

43 𝑑𝑎𝑦𝑠
= 1.24 𝑐𝑚/𝑑𝑎𝑦  (2-4) 

 

Each day root depth (RDi where ‘i’ is the current day) is assessed such that if the previous day’s 

root depth (cm) is less than Rzmax then, 

 

𝑅𝐷𝑖 (𝑐𝑚) =  𝑅𝐷𝑖−1 (𝑐𝑚) + 𝑅𝐷𝐼 (𝑐𝑚)    (2-5) 

 

Otherwise, RDi equals Rzmax. Any value for RDi greater than Rzmax, is assigned Rzmax. 

Plant available soil water calculation 

 

The plant available water (PAW) is equal to the available soil water holding capacity 

(Table 4) multiplied by root depth on the current day (Eq. 2-6). Available soil water holding 
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capacity (AWHC) is defined as difference between field capacity and permanent wilting point 

(USDA-NRCS, 2008). 

 

𝑃𝐴𝑊𝑖  (𝑖𝑛) =  𝑅𝐷𝑖  × 𝐴𝑊𝐻𝐶  (2-6) 

 

For each day after planting, when new soil depth (or a greater root depth) is added in the 

balance, the soil water holding capacity is multiplied by that day’s new root depth. The addition 

of root depth is described in Eqs. 2-3-2-5. When RD is greater than or equal to Rzmax, PAW is set 

to AWHC multiplied by Rzmax.   

The user provides the soil texture as an input (Table 2-4). The soil texture is associated 

with available soil water holding capacity (Table 2-4).  The user can input a specific available 

soil water holding capacity if it differs from the value assigned from Table 2-4 (Figure 2-4) 

(USDA-NRCS, 2005).  

Root zone water deficit calculation 

 

The soil water balance in this model is determined by calculating a root zone water 

deficit (RZWD). The initial root zone water deficit (mm) is set to zero (DAP, RZWD=0). For 

each timestep (or day), a root zone soil water deficit (RZWD) is determined by subtracting 

effective irrigation plus rain (I+R) from the actual evapotranspiration (ETc). If the RZWD is less 

than zero, RZWD is set to zero. Each day, the root zone water deficit is determined by adding the 

previous day’s root zone water deficit to the previous day’s soil water content. All units in Eq. 2-

7 are in mm. 
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𝑅𝑍𝑊𝐷𝑖  =  𝑅𝑍𝑊𝐷𝑖−1 + 𝐸𝑇𝑐𝑖−1 − (𝐼 + 𝑅𝑖−1)                                                                        (2-7) 

𝐼𝐹(𝑅𝑍𝑊𝐷𝑖 < 0, 𝑅𝑍𝑊𝐷𝑖 = 0)    

            

The Root Zone Water Deficit (RZWD, %) is determined using Eq. 2-8. 

 

%𝑅𝑍𝑊𝐷𝑖 =
𝑅𝑍𝑊𝐷𝑖

𝑃𝐴𝑊𝑖
                                                                  (2-8)                                     

 

The app sends the user a notification when the 50% RZWD threshold is close to or has 

been met. A 50% water deficit is used to schedule irrigation because it corresponds to depletion 

of 50% of PAW which is a threshold commonly used to avoid plant stress and schedule irrigation 

for corn (USDA-NRCS, 2005). The app also sends users a notification when a 33% RZWD 

threshold is met during the reproductive growth stages. Crop water demand is highest during the 

reproductive growth stages so a sufficient amount of water should be applied during this time to 

ensure productive yields (Porter, 2017). 

Calculation steps for corn app model 

 

Step 1. Determine phenological stage based on GDD as described in Tables 2 and 3. 

Step 2. Determine Kc as described in Table 3. 

Step 3. Determine ETo for the day using selected weather data and Penman Monteith FAO-56 

equation. 

Step 4. Calculate ETc for the day using Kc from Step 2 and ETo from Step 3. 
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Step 5. Determine rooting depth for the day. Initial rooting depth or Rzinitial is 3 inches. 

Maximum root depth (Rzmax) is defined at 24 inches. The first day is assigned the initial rooting 

depth. Days that follow are calculated using Eqs. 2-4 and 2-5 until Rzmax is reached. 

Step 6. Calculate plant available soil water content (PAW) for the day using Eq. 2-6. 

Step 7. Calculate soil water deficit (RZWD) for the day using Eq. 8. If RZWD > PAW, RZWD = 

PAW. 

Step 8. Calculate root zone water deficit as a percent (RZWD %) for the day using Eq. 2-8. 

Step 9. The user is notified when the RZWD (%) threshold approaches 50% for vegetative 

growth stages and 33% for reproductive stages.  

Soil Moisture Sensor Data Collection 

 

SENTEK Drill and Drop MTS probes were installed within the center of the 4th planting 

row in six corn app treatment plots at NFREC-SV (Figure 2-5) (Sentek Pty Ltd., 2016). Each 

probe consists of nine sensors that estimate volumetric water content in 10 cm increments 

beginning at 5 to 85 cm every thirty minutes. Volumetric soil moisture readings from April 4 to 

August 16, 2018 were downloaded remotely from a website 

(http://myfarm.highyieldag.com/home).  

Daily estimated volumetric soil moisture content from all six probes were averaged 

together and used for comparison against the corn app model root zone water deficit output. The 

sum of averaged daily volumetric soil moisture readings from sensors located at 5 to 65 cm were 

divided by an effective root depth of 650 mm to estimate the percentage of water within the root 

zone (Eq. 2-9). A field capacity of 12.5% was determined using guidelines proposed by Zotarelli 

http://myfarm.highyieldag.com/home
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et al., (2010). A root zone water deficit using the ratio of the percentage of water within the root 

zone determined from SMS data to field capacity is described in Eq. 2-10.  

𝐾 =
𝑋

650 𝑚𝑚
                                                                                                                                (2-9) 

 K (%) = Percentage of water within root zone  

 X = Sum of averaged volumetric water content from 5 cm to 65 cm 

𝑆𝑀𝑆 𝑅𝑜𝑜𝑡 𝑍𝑜𝑛𝑒 𝑊𝑎𝑡𝑒𝑟 𝐷𝑒𝑓𝑖𝑐𝑖𝑡 (% ) = 1 − (
𝐾

0.125
)                                                             (2-10) 

Data Analysis 

  

The Nash-Sutcliffe efficiency (NSE) test Eq. 2-11 was used to compare the corn app 

model’s soil moisture deficit predictions in comparison to SMS measurements (Nash and 

Sutcliffe, 1970). The NSE test determines the relative magnitude of the residual variance 

compared to measured data variance (Nash and Sutcliffe, 1970). In this case, the soil moisture 

sensors are the observed data and the corn app is the predicted data. Values for the Nash Sutcliffe 

efficiency test range from negative infinity to one and an NSE value of 1 indicates the model 

perfectly matches the observed data (Nash and Sutcliffe, 1970). An NSE value of 0 indicates the 

corn app model predictions are as accurate as the mean of the observed data and a negative NSE 

value implies the observed mean of the soil moisture sensor data is a better predictor than the 

corn app model.  

𝑁𝑆𝐸 (%) = 1 −
(∑((𝑆𝑀𝑆−𝐴𝑝𝑝)2)

(∑((𝑆𝑀𝑆−𝑚𝑒𝑎𝑛(𝑆𝑀𝑆))
2

)
                 (2-11) 

Figure 2-10 shows the uncalibrated app overestimates daily root zone water deficits in 

comparison to soil moisture data. This can be attributed to overestimating evapotranspiration or 
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underestimating rainfall and irrigation contributions.  In addition, Figure 2-10 suggests that the 

uncalibrated corn app model may over predict evapotranspiration during early crop development. 

The Kc initial period has been shown to extend from 0 DAP to 20 DAP (Allen et al., 1998; L. 

Hatfield and Dold, 2018). Adjusting the Kc curve to extend the initial Kc period corresponded 

better with infield observations and model predictions for where the corn crop developed from 

emergence and initial growth stages and transitioned into rapid vegetative development (Figure 

2-11).Therefore, the period for Kc initial was extended ten days from ending after 8 DAP to 

ending after 19 DAP.  

Calibration 

 

The resulting corn app model after extending the initial Kc  period was then calibrated by 

adjusting three parameters to increase rainfall and irrigation contributions to soil moisture 

conditions. The corn app model parameters selected for adjustment were the threshold for 

counting rainfall as well as irrigation and rainfall effectiveness factors. These three parameters 

were selected as they contained uncertainty in accurately determining the portion of rainfall and 

irrigation contributing to soil moisture conditions. This uncertainty is due to the corn app 

model’s simplified estimation of rainfall and irrigation losses such as runoff, deep percolation, 

canopy evaporation, and droplet drift and evaporation accounted for in the irrigation and rainfall 

effectiveness factors.   

A total of forty-seven possible combinations of adjusted parameters (irrigation 

effectiveness, rainfall effectiveness, and threshold for counting rainfall) were assessed in this 

study. Irrigation effectiveness was increased 5% at a time, from 85 to 100%, rainfall 

effectiveness parameter was increased 5% at a time, from 90 to 100%, and the rainfall threshold 
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was decreased by approximately 1 mm at a time, from 4 to 0 mm. Each combination of adjusted 

parameters was simulated using the corn app model spreadsheet with 2018 growing season data. 

Three months: April, June, and August, (71 days total) during the 2018 growing season were 

used for calibration of the corn app model to better match measured soil moisture sensor data. 

Since the soil moisture sensors were installed in early April 2018, measured SMS data from 

April 4 – April 31, 2018 was used for comparison against the corn app model root zone moisture 

deficit outputs. In addition, measured SMS data from August 1 – 14 2018, was used because the 

soil moisture sensors were removed on August 14, 2018. The root zone water deficit output from 

every adjusted model was compared to measured soil moisture data using the Nash-Sutcliffe 

efficiency test until the optimum combination of parameters was found (Table 2-6) (Nash and 

Sutcliffe, 1970). In addition, a root mean square error (RMSE) test was used to determine the 

adjusted model that minimized the error between predicted root zone water deficits and 

measured SMS data (Table 2-6) (Equation 2-12).  

𝑅𝑀𝑆𝐸 =  √
∑(𝑆𝑀𝑆𝑜𝑏𝑠−𝐴𝑝𝑝𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)

2

# 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠
                                                                                   (2-12) 

 

The calibrated app model that produced the highest NSE and lowest RMSE values when 

compared with measured SMS data was validated for the months of May and July (61 days total) 

during the 2018 growing season. In addition, the calibrated and validated corn app model was 

simulated through the entire 2018 growing season to determine if water savings were achieved in 

comparison to the uncalibrated corn app model. Using the same weather data and methods for 

irrigation scheduling as the corn app treatment for the 2018 growing season, the calibrated model 

was simulated in a spreadsheet for the 2018 growing season. Irrigation was not scheduled for 
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weekends and major holidays and the first three initial irrigation applications for watering in 

fertilizer and pesticide were included. 

Results 

 

Model Adjustment and Calibration Results 

 

A Nash-Sutcliffe efficiency and RMSE of -1.69 and 0.14, respectively, were determined 

for the comparison between the uncalibrated corn app model and SMS data, which indicated the 

mean of the observed SMS data was a better predictor of soil moisture conditions in comparison 

to measured SMS data than the corn app model. Extending the Kc initial period produced a 

model that achieved an NSE and RMSE value of -0.67 and 0.14, respectively, which are 

improved values in comparison to uncalibrated app model when compared with measured SMS 

data for the calibration data set.  

The results of comparisons between root zone water deficits predicted by each calibrated 

corn app model and measured SMS data are summarized in Table 2-6. Thirty-three rainfall and 

nine irrigation events totaling 265 and 91 mm, respectively, occurred on the corn app treatment 

plots at NFREC-SV during the three months chosen for calibration. The two models that resulted 

in the highest NSE of 0.38 and lowest RMSE value of 0.09 when compared with measured SMS 

data shared the adjusted parameters of irrigation effectiveness set at 95% and threshold for 

counting rainfall set at 0 mm but differed in that one model had rainfall effectiveness set at 90% 

and the other at 100% (Table 2-6). Both of the highest performing calibrated models were 

selected for validation because they minimized the error between daily root zone water deficits 

predicted by the app and measured SMS data. An NSE value of 0.38 indicates the calibrated 
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models predict daily root zone water deficits better than the average of measured SMS data 

would when compared with measured SMS data (Figure 2-12).  

Validation 

  

The months of May and July (61 days total) during the 2018 growing season were used 

for validation of the calibrated corn app models developed in this study. Thirty-four rainfall and 

twelve irrigation events totaling 342 mm and 122 mm, respectively, occurred on the corn app 

plots at the NFREC-SV for the months of May and July during the 2018 growing season. When 

compared with measured SMS data, the selected calibrated corn app model with the rainfall 

effectiveness set at 90% produced a higher NSE value and lower RMSE than the calibrated 

model with rainfall effectiveness set at 100% (Table 2-6). The calibrated corn app model with 

rainfall effectiveness set at 90% produced a NSE value of 0.72 and RMSE value of 0.06 when 

compared with measured SMS data (Figure 2-13). Values for the Nash Sutcliffe efficiency test 

range from negative infinity to one and a Nash Sutcliffe efficiency of 0.65 or greater indicates an 

acceptable model (Ritter and Muñoz-Carpena, 2013).  

The uncalibrated corn app model applied 283 mm of irrigation for the 2018 growing 

season. Both calibrated models applied 40% less water than the uncalibrated corn app model 

with approximately 171 mm total when simulated through the 2018 growing season using the 

same methods for irrigation scheduling (Table 2-6).  

 Discussion  

 

Effect of Corn App Model Parameter Adjustments 

  

Overall, this study found that increasing the rainfall and irrigation effectiveness 

percentage and decreasing the threshold for counting rainfall resulted in a calibrated model that 
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more closely matched measured SMS data in comparison to the uncalibrated corn app model. 

These results suggest that irrigation and rainfall may have a more appreciable effect on soil 

moisture conditions than previously assumed by the uncalibrated corn app model. The soils at 

NFREC-SV are primarily sand, which generally have high infiltration rates with little to no 

runoff. Runoff was one loss that was accounted for in the rainfall effectiveness percent. The 

uncalibrated corn app model assumed that rainfall less than 4 mm did not contribute to soil 

moisture conditions. However, for every iteration of calibration where the threshold for counting 

rainfall was set to 0 mm, the resulting model produced high NSE and low RMSE values relative 

to the other iterations where it was set higher than 0 mm, demonstrating that rainfall events as 

small as 1 mm may contribute to soil moisture conditions. Evapotranspiration losses are 

generally lower on days when rainfall occurs. This is due to cloud cover, lower average 

temperatures, and higher relative humidity. Cloud cover and lowered temperatures reduce 

evaporation from the soil and higher humidity reduces transpiration from plants. Reduced 

evapotranspiration on days when rainfall occurs is another factor that may contribute to 

improved models when the rainfall threshold is set 0 mm and rainfall effectiveness is set to 

100%. 

 One loss that was accounted for in all three parameters was canopy interception. Rainfall 

and irrigation are partitioned in the corn canopy into throughfall and stemflow (Marco et al., 

2015). Throughfall is the portion of water that makes it directly to the ground, while stemflow is 

the portion of water captured by the corn canopy and transferred down to the soil via the stem 

(Marco et al., 2015). A study by Marco et al., (2015) measured throughfall and stemflow with 

inter-row buckets and stemflow collectors and estimated net evaporation loss from the corn 

canopy to be less than 10%. Considering that net canopy evaporation may be less than 10%, the 
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irrigation and rainfall effectiveness and threshold for counting rainfall parameters may have been 

over accounting for this loss.  

 Other studies have considered an irrigation effectiveness factor of 85% for low pressure 

sprinkler and an irrigation effectiveness factor of 75% corresponds for high pressure sprinkler to 

account of for water droplet evaporation and drift (Vellidis et al., 2016). The plots at NFREC-SV 

were irrigated with a Valley two span linear end feed 8000 system equipped with low pressure 

sprinkler nozzles and a variable rate irrigation package. Increasing the irrigation effectiveness 

from 85 to 95% generally produced calibrated models that corresponded better with measured 

SMS data, suggesting that drift and droplet evaporation may have not been as substantial of a 

loss as previously assumed. When compared with measured SMS data, the calibrated models 

where irrigation effectiveness was set at 100% and the threshold for counting rainfall was set at 0 

mm produced lower NSE values compared to the calibrated models with irrigation effectiveness 

set at 95% and the threshold for counting rainfall at 0 mm. The lowered NSE values from 

increasing the irrigation effectiveness to 100% suggest that irrigation application losses such as 

drift and droplet evaporation and net canopy evaporation may be accounted for when setting the 

irrigation effectiveness to 95%. 

Both models chosen for validation produced an NSE value of greater than 0.65 when 

compared with measured SMS data (Table 2-6). The high NSE values produced from the 

validation results suggest that the calibrated models outputs correspond closely to measured SMS 

data. However, approximately 108 mm more of cumulative rainfall and irrigation occurred 

during the period chosen for validation in comparison to the calibration period. Improved NSE 

and RMSE values for the validation data set suggest the app may perform better under wetter 

conditions.  
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On average, the SMS treatments applied 141 mm of water for the 2018 growing season. 

When simulated through the 2018 growing season, the calibrated corn app models chosen for 

validation applied approximately 171 mm of water, which was 40% less water applied than the 

283 mm total applied for the corn app treatment for the 2018 growing season. On average, the 

SMS treatments applied 141 mm of water for the 2018 growing season. When simulated through 

the 2018 growing season, the calibrated corn app model applied a similar amount and frequency 

of irrigation water with 171 mm total compared to the SMS irrigation treatment for the 2018 

growing season. There were no significant differences in marketable grain yield between the 

corn app and SMS treatments for the 224 kg/ha and 336 kg/ha nitrogen regimes, suggesting that 

the calibrated corn app model could achieve similar yields by applying less water (Figure 3-9). 

Corn App Limitations 

 

One limitation to the Corn app model’s effectiveness in predicting daily soil moisture 

conditions that correspond to measured SMS data is that it calculates daily root zone water 

deficits using the previous day’s rainfall, irrigation applied, and evapotranspiration. Utilizing the 

previous days soil water balance causes a lag in the apps predictions for the current day.So why 

is this a limitation? This causes a lag between…The corn app will not register new rainfall and 

irrigation events or daily evapotranspiration until the following day, whereas soil moisture 

sensors are able to record fluctuations in soil moisture conditions in real time. This is evident 

from the staggered peaks and valleys in root zone soil moisture deficits when comparing the 

app’s predictions vs SMS data (Figure 2-11). In addition, the app tends to over predict root zone 

soil moisture deficits on the days when large rainfall events occur (Figure 2-11). The app’s over 

predictions of root zone soil moisture deficits on days when large rainfall events occur could be 

due to the fact the SMS register the rainfall event in real time, whereas the app does not register 
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the event until the following day.  Soil moisture sensors show a more gradual shift in soil 

moisture conditions with peaks and valleys frequently occurring the day prior to the app’s 

corresponding peaks and valleys (Figure 2-11). Peaks and valleys in Figure 2-11 demonstrate 

high and low root zone water deficits, respectively.  

The Corn App is also limited in that it estimates daily evapotranspiration, root depth, and 

utilizes theoretical crop coefficients that have not been locally adapted. While the FAO-56 

Penman-Monteith equation is a widely accepted method for calculating reference 

evapotranspiration, it is inherently limited in that it provides an estimation of evapotranspiration 

that may not completely reflect actual conditions. Furthermore, the corn app does not use locally 

adapted crop coefficient for field corn. Locally adapted crop coefficients are often needed to 

provide an accurate estimation of crop evapotranspiration. Extending the Kc initial period 

resulted in a higher NSE and lower RMSE value than the uncalibrated corn app model when 

compared with measured SMS data. The Corn App also estimates effective root depth which is 

used to calculate plant available water. The effective root depth is the depth at which roots 

extract water from the soil. While corn root depth can extend beyond 60 cm, the maximum 

effective root depth used in the Corn App is 60 cm. This depth corresponds to effective corn root 

depths reported in other studies with similar site conditions (Evans et al., 1996; USDA-NRCS, 

2006). In addition, the Corn App estimates a root zone water deficit for an entire field where 

there is often variability in soil type and topography.  

One of the most critical limitations to the corn app is that it uses weather information 

from a FAWN or GAEMN station or gridded dark sky weather data to obtain rainfall data. 

Rainfall is particularly variable in the southeastern U.S. and users located far away from a 

FAWN or GAEMN station may receive different amounts of rainfall than what was recorded 
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(Zhang et al., 2018).  Ideally, farmers who use the app will have a rain gauge and record rainfall 

depths to be input into the app.  

Soil Moisture Sensor Limitations 

 

 While there were twenty-four corn app treatment plots total, only six soil moisture 

sensors underlying corn app treatment plots were used for comparison against the model’s 

predictions (Figure 2-5). In addition, the sensors were only inserted in blocks 2, 3 and 4 further 

reducing the sample size of measured SMS data to draw from. One limitation to using measured 

soil moisture sensor data as values to calibrate the corn app model is that they estimate 

volumetric water content only in the area where they are inserted. This reduces the ability of the 

sensors to provide complete range of measurements over larger areas. Soil moisture measured by 

sensors may not reflect soil moisture conditions across the whole field. The soil moisture sensors 

were also not calibrated for the 2018 growing season reducing their accuracy in providing 

volumetric moisture content. Soil moisture sensors also require technical expertise to implement 

and use correctly.   

Conclusion 

 

 In this study, a smartphone application for ET-based irrigation scheduling in field corn 

was developed and calibrated to improve its accuracy in predicting root zone water deficits. The 

corn app model was calibrated and validated by comparing daily root zone water deficit values 

from measured SMS data within the same plots for the 2018 growing season. The uncalibrated 

corn app model produced a NSE value of -1.45, indicating the corn app model outputs 

corresponded poorly to measured SMS data. In comparison to the uncalibrated corn app model, 

adjusting the Kc curve to reflect measured and predicted growing conditions produced a model 
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with higher and lower NSE and RMSE values of -0.67 and 0.14, respectively, when compared 

with measured SMS data.  Increasing the amounts of irrigation and rainfall accounted for in the 

corn app model by setting the irrigation effectiveness to 95%, rainfall effectiveness to 90%, and 

threshold for counting rainfall to 0 mm, produced a calibrated and validated model that achieved 

NSE values of 0.38 and 0.73, respectively, when compared with measured SMS data.  Only 61 

days of the 2018 growing season were used for validation of the calibrated corn app model. The 

calibrated corn app model should be validated in different fields across multiple years for entire 

growing seasons to improve its accuracy. In addition, locally adapted crop coefficients should be 

used in the corn app model to improve its accuracy in predicting crop evapotranspiration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 

 

 

Figure 2-1. User selection of field location 
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Figure 2-2. User input of field name, planting date and choice of weather data source 
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Figure 2-3. User selection of available soil water holding capacity 
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Figure 2-4. User input of irrigation type, irrigation system efficiency, irrigation application rate, 

and root zone water notification threshold  
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Figure 2-5. Field selection from corn app main menu 
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Figure 2-6. Field menu that displays sprinkler type, planting date, soil type, and irrigation rate 

information. A summary of a 10 day water balance, growth stage and accumulated 

growing degree days is also displayed  
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Figure 2-7. Forecast menu provided in the corn app 
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Figure 2-8. User option to send report of maintained soil water balance 
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Figure 2-9. Aerial field layout and location of SMS sensors beneath app treatment plots at 

NFREC-SV. The gold stars represent the soil moisture sensors inserted within the 

corn app plots. (I1 = Calendar-based, I2 = Corn App, I3 = SMS, and I5 = Non-

irrigated) Photo courtesy of author. 
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Figure 2-10. Residual plots of SMS data vs. corn app model. A) Residuals plot of observed root 

zone water deficit from soil moisture sensor data vs. predicted root zone water 

deficit from uncalibrated corn app model. B) Residuals plot of observed root zone 

water deficit from soil moisture sensor data vs. predicted root zone water deficit 

from calibrated corn app model 
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Figure 2-11. The photo on the left was taken on March 21, 2018 (13 DAP) and shows the corn 

crop emerging and developing the first leaf collar. The photo on the right was taken 

April 4, 2018 (27 DAP) and shows the corn crop with three leaf collars with the 

fourth leaf beginning to emerge from the whorl. Photos courtesy of author. 
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Figure 2-12. Comparisons of the corn app and SMS treatments for the calibration period. A) 

Comparison of predicted RZWD (%) from uncalibrated corn app model and 

measured SMS data for the months of April, June, and August. B) Comparison of 

predicted RZWD (%) by calibrated corn app model and measured SMS data for the 

months of April, June, and August 
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Figure 2-13. Comparison of the calibrated corn app and SMS for the validation period. A) 

Residual plot of predicted RZWD (%) from validated corn app model and measured 

SMS data for the months of May and July. B) Comparison of predicted RZWD (%) 

from validated corn app model and measured SMS data for the months of May and 

July. 
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Figure 2-14. Comparison of irrigation applications by SMS (I3 N and I3 S) irrigation treatments 

and calibrated corn app model simulated for the 2018 growing season 
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Table 2-1. User inputs provided for each location where the corn app will simulate soil water 

conditions 

 

Input Description 

Location User selects location of farm 

Name Provide a specific name for the field 

Planting date Date crops are planted and after which heat 

units are accumulated as a measure of plant 

growth 

Select weather data source 

 

User will have the option of using weather 

station data from FAWN/GAEMN or using 

Dark Sky/FRET data 

Soil texture Soil texture will include sand, clay, silt. Each 

soil texture is associated with a particular 

available water holding capacity (cm/cm) 

(Additional textures found in Table 4.) 

Available water holding capacity The available water holding capacity can be 

adjusted if it differs from the default value 

associated with the chosen soil texture 

Planting date Date crops are planted and after which heat 

units are accumulated as a measure of plant 

growth 

Irrigation system efficiency User can select efficiency of their specific 

irrigation system; a default will be set to 85%   

Irrigation rate (in/event) User can input the amount they irrigate per 

event 

Root zone water deficit target 

 

A default will be set to 50% from emergence 

to V12 and reduced to 33% from tasseling to 

R3. Both of these values are user adjustable. 
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Table 2-2. Phenological growth stage as a function of accumulated GDD  

Accumulated GDD (GDU, 

°C) 

Phenological Growth Stage 

< 134 Emergence 

≥ 134 & ≤ 312 V1-V2 

≥ 313 & ≤ 586 V3-V5 

≥ 587 & ≤ 772 V6-V8 

  ≥ 773 & ≤ 1257 V9-V12 

≥ 1258 & ≤ 1329 Tasseling 

≥ 1330 & ≤ 1599 R1 

≥ 1600 & ≤ 1800 R2 

≥ 1801 & ≤ 1950 R3 

≥ 1951 & ≤ 2185 R4 

≥ 2186 & ≤ 2599 R5 

≥ 2600 & ≤ 2699 R6 

≥ 2700 ≤ 3,172  Maturity 

> 3,172 Harvest 

 

 

‘ 
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Table 2-3. Crop coefficient (Kc) as a function of accumulated GDD 

Accumulated GDD (GDU, °C) Kc 

≤ 137 0.25 

> 137 & < 552 −.049 + (0.002 ∗ 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝐺𝐷𝐷(𝐺𝐷𝑈)) 

  ≥ 552 & < 2,465 1.05 

≥ 2,465 & < 3,138 2.76 + (−.0007 ∗ 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝐺𝐷𝐷(𝐺𝐷𝑈)) 

≥ 3,138 & < 3,172 0.55 

> 3,172 0 
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Table 2-4. Soil textures and corresponding soil water holding capacity represented as a fraction 

by soil volume 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Soil Texture Soil Water Holding 

Capacity (mm/mm) 

Sand 0.06 

Fine Sand 0.07 

Loamy Sand 0.13 

Sandy Loam 0.1 

Loam 0.18 

Silt Loam 0.21 

Clay Loam 0.2 
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Table 2-5. Corn app model calibration results  

 

Irrigation 

effectiveness (%) 

Rainfall 

effectiveness (%) 

Rainfall threshold  

(mm) 
Nash-Sutcliffe 

Efficiency Value RMSE 
85 95 3.8 -0.58 0.14 

85 100 3.8 -0.49 0.14 

85 90 2.5 -0.21 0.12 

85 95 2.5 -0.12 0.12 

85 100 2.5 -0.04 0.11 

85 90 1.3 0.01 0.11 

85 95 1.3 0.09 0.11 

85 100 1.3 0.16 0.10 

85 90 0 0.16 0.10 

85 95 0 0.23 0.10 

85 100 0 0.29 0.09 

90 90 3.8 -0.50 0.14 

90 95 3.8 -0.42 0.13 

90 100 3.8 -0.35 0.13 

90 90 2.5 -0.07 0.12 

90 95 2.5 0.00 0.11 

90 100 2.5 0.07 0.11 

90 90 1.3 0.13 0.10 

90 95 1.3 0.19 0.10 

90 100 1.3 0.25 0.10 

90 90 0 0.26 0.10 

90 95 0 0.31 0.09 

90 100 0 0.35 0.09 

95 90 0.15 -0.36 0.13 

95 95 0.15 -0.30 0.13 
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Table 2-5. Continued 

 
Irrigation 

effectiveness 

(%) 

Rainfall 

effectiveness 

(%) 

Rainfall threshold  

(mm) 

Nash-Sutcliffe 

Efficiency Value RMSE 
95 100 0.15 -0.25 0.12 

95 90 0.1 0.03 0.11 

95 95 0.1 0.09 0.11 

95 100 0.1 0.14 0.10 

95 90 0.05 0.21 0.10 

95 95 0.05 0.26 0.10 

95 100 0.05 0.30 0.09 

95 90 0 0.38 0.09 

95 95 0 0.36 0.09 

95 100 0 0.38 0.09 

100 90 0.15 -0.27 0.13 

100 95 0.15 -0.22 0.12 

100 100 0.15 -0.18 0.12 

100 90 0.1 0.10 0.11 

100 95 0.1 0.14 0.10 

100 100 0.1 0.18 0.10 

100 90 0.05 0.26 0.10 

100 95 0.05 0.29 0.09 

100 100 0.05 0.31 0.09 

100 90 0 0.35 0.09 

100 95 0 0.36 0.09 

100 100 0 0.37 0.09 
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Table 2-6. Calibrated corn app model validation results. Water applied is the result of simulating 

the calibrated corn app model through the 2018 growing season. Calibrated app #1 has 

parameter factors of an irrigation effectiveness set to 95%, rainfall effectiveness set to 

90%, and threshold for counting rainfall set to 0.00 mm. Calibrated app #2 has 

parameter factors of an irrigation effectiveness set to 95%, rainfall effectiveness set to 

100%, and threshold for counting rainfall set to 0.00 mm. 

 

 
Water 

Applied (mm) 

Water Savings 

(%) 
NSE RMSE 

Uncalibrated App 283 -  -1.69  

Calibrated App #1 171 40 % 0.72 0.06 

Calibrated App #2 171 40 % 0.68 0.07 
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CHAPTER 3 

EVALUATION OF IRRIGATION APPLIED, YIELD, AND WATER USE EFFICIENCIES 

FOR DIFFERENT IRRIGATION SCHEDULING METHODS ON CORN 

Introduction 

 

 Agriculture accounts for 80% of the United States consumptive water use (USDA, 

2018a). Irrigation for agriculture is the application of water to soil in order to supply sufficient 

moisture for plant growth, provide crop risk reduction in case of drought, soil temperature 

cooling, dilution of salts in the soil, and softening tillage pans (Israelsen, 1950). In 2012, corn 

accounted for approximately 25% of total harvested U.S. irrigated acreage (USDA, 2018a) 

While corn is typically grown in the Midwest, it is also grown in the Southeast for grain and 

silage production (Wright, 2004).  

While the climate in the eastern United States is mostly humid, irrigation is often needed 

for crops (Jamison and Beale, 1958).  The widespread availability, easy access, and minimal 

system requirements to extract groundwater has led to an increase in groundwater used for 

irrigation (Scanlon et al., 2012). Groundwater withdrawals from the Floridan Aquifer have 

increased from 2,384,550 m3/day in 1950 to 15,215,700 m3/day in 2000 (Berndt, 2014). 

Agricultural withdrawals account for half of that increase and irrigated acreage in the Suwannee 

River Water Management District (SRWMD) is expected to increase by 40% from 2015 to 2040 

(Berndt, 2014; The Balmoral Group, 2018). Field corn and peanuts are typically grown in 

rotation with each other in Northern Florida and Southern Georgia. Field corn and peanuts 

accounted for 54% of sprinkler irrigated crops in the Suwannee River Management District 

(SRWMD) in 2015 (Marella et al., 2016). 
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The Suwannee groundwater basin is host to numerous freshwater springs that are present 

along the lower Suwannee and Santa Fe Rivers (Bellino et al., 2018). A distinct hydraulic 

connection exists between the Floridan aquifer and Suwannee groundwater basin (Grubbs and 

Crandall, 2007). Increased freshwater withdrawals in the Suwannee groundwater basin has 

affected spring and river flows to a point that they are not meeting established minimum flows or 

temporary flow constraints (SRWMD, 2010). In addition, climate projections have indicated 

increased temperatures and seasonal droughts may increase freshwater demand, particularly for 

agriculture where droughts could likely occur during the growing season (Bellino et al., 2018). 

To reduce further alterations in natural spring flows and mitigate the potential impacts of climate 

change, best management practices (BMPs) are being developed and assessed in the Suwannee 

River Basin (SRB) to reduce agricultural water usage and nutrient loading in the Floridan 

Aquifer. Reduced pumping in the Floridan Aquifer can be accomplished through efficient water 

use strategies such as irrigation scheduling. 

Previous research has shown evapotranspiration and soil moisture sensor (SMS) based 

irrigation scheduling provides water savings compared to traditional techniques. A study 

conducted in Live Oak, FL achieved 42 and 39% water savings for field corn compared to a 

traditional calendar-based irrigation scheduling method by utilizing a soil water balance 

approach that calculated daily ETc to estimate soil moisture and schedule irrigation in 2015 and 

2016, respectively (Zamora Re and Dukes, 2016). A study conducted at the University of 

Nebraska-Lincoln achieved water savings of 34% and 32% with little to no reduction in corn 

yield using a soil moisture sensor-based irrigation regime in comparison to traditional farmer 

irrigation management in 2005 and 2006, respectively (Irmak et al., 2012). 
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Objectives and Hypotheses 

 

 The objectives in this study were to compare application depths, yields, and water use 

efficiencies for four irrigation scheduling methods (app, SMS, calendar-based, and no irrigation) 

across three nitrogen fertilization regimes (N1-112 kg/ha, N2 – 224 kg/ha, and N3 (336 kg/ha). 

The same objectives were applied in a separate study with three irrigation scheduling methods 

(app, SSA, checkbook) across three nitrogen fertilization regimes (Low-277 kg/ha, Traditional-

333 kg/ha, and High-336 kg/ha). It is hypothesized that the app, SMS, and non-irrigated 

treatments will have greater water use efficiencies than the calendar-based treatment. It is also 

hypothesized that the app and soil water potential sensors (SSA) will have greater water use 

efficiencies than the checkbook method.  

 In addition, each irrigation treatment at NFREC-SV (app, SMS, calendar-based, non-

irrigated) was compared using measured soil moisture sensor data. It is hypothesized that the app 

and SMS treatments will have lower average soil moisture in comparison to the calendar-based 

treatment throughout the growing season.  

Materials and Methods 

 

Experimental Site and Agronomic Practices 

 

This study was conducted in Live Oak, FL, USA, at the University of Florida’s Institute 

of Food and Agricultural Sciences (UF IFAS) Suwanee Valley North Florida Research and 

Extension Center (NFREC-SV). The soils at this site were primarily sand (95.9% sand, 2.3% silt 

and 1.8% clay) and consisted of the following soil types: Blanton-Foxworth-Alpin complex 

(48.7%), Chepley-Foxworth-Albany (31.6%) and Hurricane, Albany and Chipley soils (19.6%) 
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(USDA, 2018). The experimental design for the NFREC field site was a randomized complete 

block organized in a split plot (Figure 3-1). This design includes four replicates or blocks. Each 

plot is approximately 12 m long x 6 m wide separated by 6 m alleys. An alley of 12 m is 

included between the blocks (Figure 3-1). There were four irrigation (app, SMS, calendar-based, 

and no irrigation) and three fertilization treatments (N1 – 112 kg N/ha; N2 – 224 kg N/ha; N3 – 

336 kg N/ha) replicated four times across two fields.  

Prior to planting field corn on March 5, 2018, the plots in both fields were strip tilled 

with a Orthman 1tRIPr row unit creating 30 cm strips (Orthman, 2018). Pioneer 1870 YHR/BT 

field corn variety was planted with 76 cm row spacing, 17 cm seed spacing, and a desired plant 

population of 81250 plants/ha on March 8, 2018. Each irrigation treatment received two initial 

nitrogen granular applications at the beginning of the growing season followed by four liquid 

side dress applications leading up to tasseling. An initial nitrogen granular application of 31, 39, 

and 50 kg/ha were applied on April 5, 2018  to the N1, N2, and N3 plots, respectively. A second 

nitrogen granular application of 31 and 50 kg/ha were applied on April 18, 2018  to the N2 and 

N3 treatments, respectively. For the N1 treatment, one nitrogen liquid side dress applications of 

39 kg/ha was applied on April 30, 2018. For the N2 treatment, four nitrogen liquid side dress 

applications of 31 kg/ha were applied on April 30, 2018, May 4. 2018, May 10, 2018, and May 

15, 2018. For the N3 treatment, four nitrogen liquid side dress applications of 50  kg/ha were 

applied on April 30, 2018, May 4. 2018, May 10, 2018, and May 15, 2018.   Growth stages were 

determined in both fields at NFREC-SV biweekly when 50% or more of the field exhibited a 

particular growth stage (Figure 3-2). Tasseling was observed on May 20-21, 2018.  

A similar study was also conducted in Camila, GA, USA, at the University of Georgia’s 

(UGA) Stripling Irrigation Research Park (SIRP). The soil at SIRP is classified as Lucy loamy 
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sand with 0 to 5 percent slopes. The experimental design at SIRP is a randomized complete 

block organized in a split plot (Figure 3-3). This design contains three blocks or replicates. Field 

corn was grown on one field containing twenty-seven plots with three irrigation (app, 

checkbook, and SSA) and three fertilization treatments, which are a combination of application 

rate and method (low- 277 kg/ha, traditional – 333 kg/ha, and high – 336 kg/ha) replicated three 

times (Table 3-2). Each plot is approximately 15 m long and consists of eight rows. Eight row 

buffers separate each plot within a row and 18 m alleys are located between plots. While the 

traditional and high fertilizer treatments have similar application rates, they differed by 

application techniques. The traditional fertilizer treatment utilized a preplant granular of 56 kg/ha 

on March 7, 2018, pop-up application of 50 kg/ha at planting on March 29, 2018, and a granular 

application of 224 kg/ha on May 7, 2018. The high fertilizer treatment consisted of a preplant 

granular application of 56 kg/ha on March 7,2018, pop-up application of 50 kg/ha on March 

29,2018 , and four in-season fertigation applications of 57 kg/ha. A preplant granular of 56 

kg/ha, pop-up of 50 kg/ha at planting, and four in-season 35 kg/ha fertigation applications were 

conducted for the low fertilization treatment. The four in-season applications for the low and 

high fertilization treatments were applied on May 9, May 16, May 23, and May 30 during the 

2018 growing season. Field properties for both testing sites are described in Table 3-3. The corn 

field was strip tilled using a Kelley strip till rig with 36 cm wide strips and 91 cm spacing from 

center to center (KMC, 2018). The same Pioneer 1970 hybrid variety used at NFREC-SV was 

planted at SIRP on March 29, 2018 with a desired seed population of 80,450 plants/ha.  

Irrigation Treatments at NFREC-SV 

 

Four irrigation treatments (app, SMS, calendar-based, and no irrigation) were assessed at 

NFREC-SV in this experiment (Table 3-4). Irrigation scheduling for each treatment began 30 
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days after planting (DAP). Prior to 30 DAP, every treatment received three 10 mm irrigation 

applications to water in fertilizer and herbicide. Rainfall was monitored using the Live Oak 

FAWN weather station. A default irrigation application of 10 mm was applied to each treatment 

that required irrigation. In addition to written records maintained by the staff at NFREC-SV, 

irrigation application depths for each treatment were recorded in a spreadsheet.  

Corn app treatment 

 

Irrigation for the corn app was scheduled using a daily estimated root zone water deficit. 

This is calculated daily by subtracting effective irrigation plus rain (I+R) from the actual 

evapotranspiration (ETc). Crop evapotranspiration was determined by multiplying ETo by a crop 

coefficient based on growing degree days (GDD). Reference evapotranspiration was calculated 

by utilizing the ASCE Penman-Monteith FAO-56 equation with daily weather data from the Live 

Oak FAWN weather station. At the beginning of each week, an irrigation schedule was produced 

based on forecasted ETo for the next five days and projected rainfall. Irrigation events of 10 mm 

were scheduled for the days when the root zone water deficit approached the 50% theshold. The 

schedule was adjusted depending on large forecasted rainfall events or a sufficient rainfall event 

lowered the deficit below the threshold. The corn app model was run in a spreadsheet for the 

2018 growing season while the mobile app was under development. In addition to irrigation and 

reference evapotranspiration, rainfall and temperature data from the Live Oak FAWN weather 

station were input into the spreadsheet model daily.   

Soil moisture sensor treatment 

 

SENTEK Drill and Drop MTS probes were installed within the center of the 4th planting 

row in each I3 (SMS) plot (48 total) (Sentek Pty Ltd., 2016). Each probe consists of nine sensors 
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that estimate volumetric water content in 10 cm increments beginning at 5 cm to 85 cm every 

thirty minutes. Using the SENTEK probes, moisture content of the soil was monitored and 

irrigation was determined using the maximum allowable depletion (MAD) and field capacity 

(FC) points to refill the soil profile with irrigation. Soil moisture readings were downloaded 

remotely from a website (http://myfarm.highyieldag.com/home).  

 A field capacity of 12.5 % was determined for the NFREC-SV field site according to 

guidelines proposed by Zotarelli et al., (2013). The I3 (SMS) irrigation treatment was managed 

independently in the North and South fields in this experiment. For each probe, the sum of 

volumetric water content measured by each sensor from 5 cm to 65 cm was divided by the total 

effective root depth of 650 mm to determine the percentage of water within the root zone. An 

effective root depth of 650 mm was chosen because it corresponded to the lowest depth where 

evapotranspiration fluctuations were occurring in the majority of the sensors.  

The lowest quartile, of probes underlying SMS plots, of percentages of soil moisture 

content within the root zone determined for each field was used to determine whether irrigation 

was needed. When the lowest quartile of probes showed the percentage of water within the 

effective root zone was approaching or had met the MAD of 6.25 %, an irrigation application of 

10 cm was scheduled for the following day.  

Calendar-based treatment 

 

This irrigation scheduling approach simulates grower’s irrigation practices. Beginning on 

31 days after planting (DAP), a target amount of 30 mm/week was established and was made up 

of rain or irrigation with the exception that rain events had to be 6 mm or larger. For 40-59 DAP 

a 40 mm/week target was established and irrigation applications were skipped if 13-19 mm/week 

http://myfarm.highyieldag.com/home
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of rainfall occurred. Two irrigation applications were skipped if >19 mm of rain occurred. For 

60-105 DAP a 50-60 mm/week irrigation target was used unless 13-25 mm of rain occurred the 

day prior to a scheduled irrigation. Two irrigations were skipped if >25 mm of rain occurred the 

day prior to a scheduled irrigation. Finally, around 105 DAP at full dent stage, weekly irrigation 

targets were reduced to 40 mm/week for one week and 20 mm/week for two weeks until 

irrigation was terminated when the corn was observed to be physiologically mature and the 

kernels had formed a black layer at 134 DAP.  

Non-irrigated treatment 

 

Besides the initial three irrigation applications to water in fertilizer and herbicide, no 

irrigation was applied to this treatment.  

Irrigation Treatments at SIRP 

 

Three irrigation treatments (app, checkbook, and SSA) were assessed at SIRP in this 

experiment (Table 3-5). Rainfall was monitored using the Camila GAEMN weather station. A 

default irrigation application of 12.7 mm was applied to each treatment that required irrigation. 

The app treatment conducted at SIRP was the same as the treatment described for NFREC-SV 

above. However, weather data for the app treatment conducted at SIRP was obtained from the 

Camilla GAEMN weather station.   

Checkbook method 

 

The checkbook method uses a theoretical moisture balance and keeps a record of water 

inputs and outputs to maintain a balanced quantity of water for crop growth. Information needed 

for the checkbook method include soil type, soil available water holding capacity, daily water 
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use of corn, and a rain gauge in close proximity to the growing field. The checkbook treatment 

differs from the corn app treatment described in chapter 2 in that is uses historical averages of 

evapotranspiration rather than a daily estimation, which may result in under or over irrigation 

during drier or wetter years. Weekly crop water use is a function of days after planting (Table 3-

6)  (Migliaccio et al., 2016). The following steps describe scheduling irrigation for corn at 70 

DAP at SIRP using the checkbook method: 

Step 1.  Determine the plant available water by multiplying the available water holding capacity 

by the effective root depth. Assuming the effective root depth is 61 cm and available water 

holding capacity of 0.08 cm/cm for the Lucy loam sand at SIRP, plant available water is equal to 

49 mm. 

Step 2. From Table 3-6, corn crop water use is 8.1 mm per day at 70 DAP.  

Step 3. Using a 50% MAD, 25 mm of irrigation is needed to replace the water lost if no 

precipitation occurs. 

Step 4. Assuming an irrigation efficiency of 85% for the linear high pressure sprinkler system 

used at SIRP, the total irrigation required is 
49 𝑚𝑚

0.85
= 58 𝑚𝑚.  

Step 5. The frequency of irrigation was determined by dividing the amount of replacement water 

by the daily water use. For example: 
25 𝑚𝑚

8.1 𝑚𝑚/𝑑𝑎𝑦
≈ 3 𝑑𝑎𝑦𝑠  

Step 6. As a result, 25 mm of water needs to be applied every 3 days in order to maintain soil 

moisture within the 50% available water threshold for corn that is 70 days old.  
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Soil water potential sensors 

 

The soil water potential sensors implemented at SIRP were components of the University 

of Georgia Smart Sensor Array (Vellidis, 2011) (UGA SSA). The UGA SSA consists of a 

network of “smart sensor nodes” (Vellidis, 2011) . Each node includes a circuit board, radio 

transmitter, three Watermark soil moisture potential sensors, and temperature sensors (Vellidis, 

2011). The soil moisture potential sensors are a wireless system that measures soil water tension 

(kPa) at twenty, forty, and sixty centimeters. A weighted average of soil water tension in all nine 

SSA plots was calculated daily. When the weighted average approached 25-30 kPa, irrigation 

was scheduled for the following day. A 25-30 kPa weighted average threshold for irrigation was 

determined as the maximum allowable depletion for field corn in field experiments conducted at 

SIRP. 

Effect of Irrigation Depth on Corn Yield 

 

Daily irrigation applications were recorded in a spreadsheet for each treatment at both 

sites. Irrigation applied was measured as a depth in mm. Harvest at NFREC-SV was conducted 

on August 16 and 17, 2018 when the corn was observed to be physiologically mature (black 

layer). Corn yield measurement was conducted on the 6 and 7 planting rows beginning three 

meters inside each plot to counter border effects. An overall length of 6 meters within each 

harvest row was selected for data analysis. Within the specified 6 meters in both harvest rows, 

plants were counted and corn ears were hand harvested and placed in sacks. The ears were then 

recorded for total wet weight after removing the husk. Using an electric sheller, the total ears per 

plot were shelled, placed in sacks, and weighed. Finally, average grain moisture content was 

determined by measuring the moisture content percentage of three shelled grain samples from 
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each bag with a John Deere Moisture Check Plus.  Final corn marketable grain yield (kg/ha) at 

15.5% moisture content was calculated for each treatment using the method for hand harvested 

shelled corn (Lauer, 2002).  

Harvest at SIRP was conducted on August 28th, 2018 when the corn was observed to be 

physiologically mature. A total of 15 m in the fourth and fifth planting rows were selected for 

data analysis. Yield and moisture for each plot were determined for the two selected harvest rows 

using the UGA variety trial combine. Dry matter was calculated for each plot by multiplying the 

weight of harvested corn by the percentage of dry matter in each sample. The dry matter weight 

was then divided by 0.855 to obtain the grain yield at a marketable moisture weight of 15.5%. 

Finally, dry matter weight was divided by the plot area to obtain the yield per plot.  

Data Analysis 

 

 The effects of fertilization and irrigation treatments on grain marketable yield (kg/ha) and 

irrigation water use efficiency (IWUE) (kg/m3) were determined using the GLIMMIX procedure 

in the Statistical Analysis Software (SAS) application. This procedure provides estimation and 

statistical interpretation of general linear mixed effect models. The general linear mixed model 

assumes random effects are normally distributed. The random effects assessed in this study were 

the replication and field, while the fixed variables were fertilization and irrigation treatments. A 

Tukey honest significant difference test was used to determine significant difference in mean 

grain market yield in response to irrigation and fertilization treatments. Assumptions of the linear 

mixed effect model were assessed using the GLIMMIX procedure for marketable grain yield 

data collected at both NFREC-SV and SIRP (Figure 3-3; Figure 3-4). The errors in both 

experiments were found to be independent, normally distributed, and have constant variance. 
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The random dispersion in the residual plots showed that a linear model was appropriate to assess 

fertilization and irrigation effects on market grain yield. 

Water Use Efficiency 

 

Irrigation water use efficiency (IWUE) for each treatment at NFREC-SV and SIRP was 

determined as the ratio of irrigated crop yield to irrigation water applied (Mandal, 2001) 

(Equation 3-1).  

𝐼𝑊𝑈𝐸 =
𝑌𝑖

𝐼𝑅𝑖
                                                                                                                    (3-1)  

 

 IWUE = irrigation water use efficiency (kg/m3) 

 Yi = economic yield of irrigated crop (kg/ha) 

 IRi = depth of irrigation water applied (m3/ha)  

In addition, rain-fed irrigation water use efficiency (IWUERF) for each treatment at 

NFREC-SV was determined as the ratio of irrigated crop yield minus rain-fed crop yield to 

irrigation water applied (Irmak et al., 2011) (Equation 3-2). Since there was no rain-fed treatment 

at SIRP, this calculation was only applied to the treatments at NFREC-SV.  

  IWUE𝑅𝐹 =
(𝑌𝑖−𝑌𝑟)

𝐼𝑅𝑖
                                                                                                                     (3-2)                                

  IWUERF = irrigation water use efficiency (kg/m3) 

 Yi = marketable grain yield of irrigated crop (kg/ha) 

 Yr = marketable grain yield of rainfed crop (kg/ha) 

 IRi = depth of irrigation water applied (m3/ha)  
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Crop Water Use Efficiency 

  

 Crop water use efficiency (CWUE) for each irrigation treatment at both sites was 

calculated as the ratio of marketable grain yield to crop evapotranspiration (Equation 3-3). Crop 

evapotranspiration was estimated in this study using the Penman-Monteith FAO 56 equation and 

theoretical crop coefficients (Irmak, 2015).   

𝐶𝑊𝑈𝐸 =
𝑌𝑖

𝐸𝑇𝑐
                                                                                                                              (3-3) 

 CWUE = irrigation water use efficiency (kg/m3) 

 Yi = marketable grain yield for each irrigation treatment (kg/ha) 

 ETc = crop evapotranspiration (m3/ha) 

Measured Soil Moisture for each Irrigation Treatment 

  

 Daily volumetric moisture content readings measured by soil moisture probes underlying 

each irrigation treatment at NFREC-SV from April 4th, 2018 through August 16th, 2018 were 

downloaded remotely from a website. A total of six soil moisture probes installed within the corn 

app and non-irrigated treatment plots, eighteen probes installed within the calendar-based 

treatment plots, and twenty four soil moisture sensors installed within the SMS treatment plots 

were used for comparison.  Each probe consists of nine sensors that estimate volumetric water 

content in 10 cm increments from 5 cm to 85 cm. Volumetric water content estimated by each 

sensor is reported in mm of water per cm of soil.  The volumetric water content estimated by 

each sensor located from 5 cm to 65 cm was multiplied by a 10 cm depth to determine a total 

moisture content (mm) within each sensor measuring zone. The sum of moisture content 

measured from each sensor from 5 cm to 65 cm was used to estimate total moisture content 

within the root zone (RZMC) (Equation 3-4). An average moisture content for each treatment 
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was determined by taking an average of total moisture content determined for each soil moisture 

probe.  

𝑅𝑍𝑀𝐶 (
𝑚𝑚

70 𝑐𝑚
) = ∑(𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑎𝑡 𝑒𝑎𝑐ℎ 𝑠𝑒𝑛𝑠𝑜𝑟 (𝑚𝑚/10 𝑐𝑚))                                

(3-4) 

 In addition, the number of days each irrigation treatment exceeded the 50% maximum 

allowable depletion threshold from April 4, 2018 to August 14, 2018 was estimated in this study. 

For each probe, this metric was determined by first adding the volumetric moisture content 

estimated by each sensor from 5 cm to 65 cm. The sum of volumetric moisture content from each 

sensor was then divided by the effective root depth of 650 mm to determine a percentage of 

water within the root zone. The percentage of available water for each probe was calculated by 

dividing the percentage of water within the root zone by the field capacity of 12.5 % determined 

using guidelines proposed by Zotarelli et al. (2013).  Daily average available moisture content 

for each treatment was determined by taking the average available moisture content determined 

for the probes corresponding to each irrigation treatment. Finally, the number of days where 

average available moisture content exceeded 50% MAD were counted and summed for each 

irrigation treatment. 

Results and Discussion 

 

Weather Conditions 

 

  Seventy-five precipitation events totaling 635 mm were recorded by the Live Oak 

FAWN station at the NFREC-SV during the 2018 growing season. Compared to a 30-year 

average from 1981-2010, above average rainfall was observed in April, May, and July. (Figure 

3-6) (U.S. Climate Data, 2018). Corn was planted on March 8, 2018 and received 31 mm of 
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rainfall throughout the rest of March. While rainfall occurred 23 days in March, it was a 

relatively low amount of rainfall compared to a 30-year average, from 1981-2010, of 133 mm for 

the month of March in Live Oak, Florida (U.S. Climate Data, 2018). Below average rainfall 

occurred in June with 64 mm less rainfall occurring than a 30-year average from 1981-2010 

(Figure 3-6). Compared to a 30-year average from 1981-2010, monthly temperatures were within 

approximately 1 °C throughout the growing season with the exception of higher temperatures 

observed in the month of March where average temperature were 2.5 °C greater (Figure 3-6) 

(U.S. Climate Data, 2018).  

 A total of 924 mm of rainfall was recorded by the Camilla GAEMN station located at 

SIRP for the 2018 growing season. In comparison to a 30-year average for Camilla, Georgia, 

above average rainfall was recorded by the Camilla GAEMN rain gauge in April with 128 mm 

total, May with 131 mm total, June with 228 mm total, and July with 218 mm total (Figure 3-7). 

Approximately 39 mm more rainfall was recorded in April by the Camilla GAEMN station with 

128 mm total in comparison to a 30-year average from 1981-2010. Approximately 93 mm and 

and 68 mm more rainfall was recorded by the Camilla GAEMN station for the months of June 

and July, respectively, in comparison to a 30-year average from 1981-2010.  Approximately 191 

mm of rainfall was recorded at SIRP from August 1st, 2018 until harvest on August, 28th 2018, 

which was approximately 62 mm higher than a 30 year average for the month of August in 

Camilla, Georgia (U.S. Climate Data, 2018). In comparison to a 30-year average from 1981-

2010, monthly temperatures recorded by the Camilla GAEMN station were within 1 °C for 

March, April, July, and August and between 1 to 2 °C higher in May and June (Figure 3-7). 
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Effect of Irrigation and Fertilization on Marketable Grain Yield and IWUE at NFREC-SV 

 

Irrigation scheduling for corn at the NFREC-SV site began April 8, 2018 (31 DAP) and 

was terminated on July 20, 2018 (134 DAP). The calendar-based treatment applied the most 

irrigation water with 497 mm total (Table 3-7). The corn app treatment applied 43% less water 

than the calendar-based treatment with a total of 283 mm (Figure 3-8). On average, the SMS 

treatment applied 72% less water than the calendar-based treatment (Figure 3-8). The water 

savings achieved using improved irrigation scheduling techniques in this study agree with the 

ones reported in a similar study conducted in Live Oak, Fl, at the NFREC-SV in 2015. The study 

conducted at NFREC-SV in 2015 achieved water savings of 42% and 53% with no significant 

differences in marketable grain yield compared to a calendar-based treatment by utilizing ET-

based and SMS-based irrigation scheduling, respectively (Zamora Re, 2019).  

The type III test for fixed effects determined a significant interaction between irrigation 

and fertilization on marketable grain yield (Table 3-8).  There were no significant differences in 

marketable grain yield between the calendar-based, corn app, and SMS irrigation treatments 

across the N2 and N3 nitrogen regimes, demonstrating similar yields can be achieved by 

applying less water (Figure 3-9). However, marketable grain yields for the calendar-based and 

corn app irrigation treatments were statistically lower than the SMS irrigation treatment for the 

N1 nitrogen fertilization regime, which indicates that nitrogen may have been a limiting factor 

considering applying more water did not increase yields in this case. Marketable grain yields 

were significantly lower for the non-irrigated treatment in comparison to the calendar-based for 

the N3 nitrogen fertilization regime, which indicates water may have been a limiting factor 

considering applying more water improved yields for this interaction. 
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As expected, the Corn App and SMS irrigation treatments improved irrigation water use 

efficiency by 45% and 74% in comparison to the calendar-based treatment, respectively (Table 

3-7). A significant interaction between fertilization and irrigation on IWUE was determined in 

this study, which indicates that IWUE changes in response to fertilization and irrigation (Table 

3-9). Irrigation water use efficiency was statistically lower for the calendar-based treatment in 

comparison to the app and SMS treatments across all nitrogen fertilization regimes, 

demonstrating that applying more water significantly reduced the efficiency of the system 

(Figure 3-10). While the calendar-based treatment achieved the highest yields for the N3 (336 

kg/ha) treatment, IWUE was significantly lower in comparison to the app across the N2 and N3, 

and the SMS treatment across all three nitrogen fertilization regimes, demonstrating the app and 

SMS treatments are more efficient irrigation scheduling methods despite lower amounts of 

nitrogen applied (Figure 3-10).  In addition, the SMS treatment produced the highest average 

water use efficiency and crop water use efficiency of 8.2 and 2.2 kg m-3, respectively (Table 3-7). 

A study conducted in Nebraska utilized soil moisture sensor based irrigation scheduling for corn 

production and achieved an average water use efficiency and crop water use efficiency of 20  and 

2.75 kg m-3, respectively, (Irmak et al., 2012). Higher irrigation and crop water use efficiencies 

achieved with SMS-based irrigation scheduling by Irmak et al., (2012) could be explained by 

increased available water holding capacity at the fields tested in Nebraska due to larger 

percentages of silt, clay, and organic matter in comparison to the primarily sandy soil at our site. 

Corn grows optimally in a well-drained, medium textured soil with high water holding capacity, 

which fits the description of the predominantly silt loam and silty clay loam soils at the study 

sites in Nebraska (Irmak et al., 2012; McClure, 2009). However, it is important to note that the 

values for irrigation water use efficiency calculated for this study and the study conducted in 
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Nebraska are typically higher than other values reported in literature due to not accounting for a 

non-irrigated treatment. The IWUERF values calculated for the treatments at NFREC-SV are 

lower than the IWUE calculations that do not account for the non-irrigated treatment (Table 3-7).  

For example, the IWUERF value for the corn app treatment was 0.3 kg m-3, which is greater than 

the IWUE value for the corn app treatment of 3.8 kg m-3. The calendar-based treatment produced 

the lowest IWUE and CWUE of 2.1 and 1.9 kg m-3, respectively. The corn app produced an 

average IWUE and CWUE of 3.8  and 2.0 kg m-3, respectively. A similar study conducted by 

Djaman et al., (2018) reported similar average IWUE  and CWUE values of 1.74  and 1.53 kg m-

3, respectively, utilizing ET-based irrigation scheduling for field corn at the New Mexico State 

University Agricultural Science Center at Farmington.  

While irrigation often provides insurance for productive corn yields, no significant 

differences in market grain yield were observed between the non-irrigated and other irrigation 

treatments for the N2 (224 kg/ha) nitrogen regime (Figure 3-9). Above average rainfall for the 

majority of the 2018 growing season at NFREC-SV may have reduced the additional beneficial 

effects of irrigation on grain yield in comparison to a non-irrigated treatment. Rainfall 

distribution concentrated at, or near, the highest points of crop water requirements may reduce 

irrigation demand. Water demand in corn is highest during the tasseling stage and a sufficient 

amount of water should be applied around this time to help achieve yield goals (Table 3-6) 

(Porter, 2017). Tasseling was observed in both fields on May 21 and 22, 2018 (Figure 3-2).  

Thirteen rainfall events occurred the week prior, during, and after tasseling for a total of 150 

mm, which could explain the higher than expected yields for the non-irrigated treatment. In 

addition, total rainfall exceeded crop evapotranspiration estimated for the 2018 growing season, 

which may have reduced irrigation demand. Further research is needed to determine how the 
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corn app and SMS based irrigation methods perform during years that are generally drier or with 

sparsely distributed rainfall. 

In comparison to the SMS treatment, average marketable grain yields were significantly 

lower for the calendar-based and app treatments across the N1 (112 kg/ha) fertilization rate, 

respectively (Figure 3-9). Nutrient loss from over application of water at the beginning of the 

season for the lowest nitrogen application rate may have reduced yields for the corn app and 

calendar-based treatment, which applied water more frequently around fertilization events in 

comparison to the SMS treatment. The soils at NFREC-SV are primarily sand with a low water 

holding capacity of 0.07 cm/cm. Soils with low water holding capacity pose higher risk for 

nitrate leaching than finer textured soils, which could explain the significantly lower yields for 

the more frequently irrigated calendar-based and corn app treatments in comparison to the SMS 

treatment. 

Effect of Irrigation and Fertilization on Marketable Grain Yield and IWUE at SIRP 

 

For the experiment conducted at SIRP, the checkbook method applied the most irrigation 

water for a total of 325 mm (Table 3-10). The corn app and SSA treatments applied 57 and 59% 

less water with no significant differences in marketable grain yield compared to the checkbook 

method, respectively (Table 3-10; Figure 3-12). As expected, the corn app and soil water 

potential sensor irrigation scheduling methods improved water use efficiency by 56% and 58% 

with no significant differences in marketable grain yield, respectively (Table 3-10). A similar 

study conducted in 2014 and 2015 at the E.V. Smith Research and Extension Center (EVSREC) 

in Shorter, Alabama achieved similar water savings of 69 and 53% , respectively, by utilizing 

soil moisture sensor based  irrigation scheduling in comparison to a checkbook method without a 

significant reduction in yields (Filho, 2016)  
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The type III test for fixed effects indicated there were no significant differences in 

marketable grain yield between any of the irrigation and fertilization treatments (Table 3-11). 

Comparable grain yields produced for every treatment could be explained by testing similar 

nitrogen application rates as well as above average rainfall and no non-irrigated treatment.  The 

traditional (334 kg/ha) and high (336 kg/ha) nitrogen treatments applied similar amounts of 

nitrogen but differed in the methods of application. In addition, the low (277 kg/ha) nitrogen 

treatment was relatively high compared to the IFAS recommended rate for irrigated corn of 235 

kg/ha. Similar nitrogen application rates can reduce variability in grain yield between irrigation 

regimes.  

In comparison to the corn app and SMS treatments for the study conducted at NFREC-

SV during the 2018 growing season, IWUE and CWUE values were slightly higher for the corn 

app and UGA SSA treatments at SIRP. A significant interaction between irrigation and IWUE 

was determined in this study, which indicates IWUE changes in response to irrigation (Table 3-

12). In comparison to the app and SSA irrigation treatments, the checkbook treatment had 

significantly lower IWUE, indicating the app and SSA treatments applied water more efficiently 

Figure 3-13).  Higher IWUE values achieved at SIRP in comparison to the NFREC-SV were the 

result of higher average marketable grain yields and less water applied for the corn app and soil 

moisture treatments. The field tested at SIRP had a slightly higher available soil water holding 

capacity of 0.08 cm/cm in comparison to our field with an estimated available soil water holding 

capacity of 0.07 cm/cm. While the difference between available water holding capacities at both 

sites is small, the soils at SIRP may be able to hold more PAW, which can reduce irrigation 

demand and crop water stress.  An additional 289 mm of total rainfall for the 2018 growing 

season was recorded at SIRP in comparison to NFREC-SV. The corn app treatment conducted at 
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SIRP applied 143 mm less water in comparison to the corn app treatment for NFREC-SV. 

Additional rainfall at SIRP may have reduced irrigation demand, which could explain the higher 

irrigation water applied for the corn app treatment conducted in comparison to NFREC-SV.  The 

CWUE values achieved by the corn app at SIRP and NFREC-SV were 3.4 kg/m3 and 1.2 kg/m3, 

respectively (Table 3-10). Total crop evapotranspiration estimated at SIRP was approximately 88 

mm less than total crop evapotranspiration estimated at NFREC-SV for the 2018 growing 

season. This difference in estimated crop evapotranspiration helps explain the larger CWUE 

values achieved by the corn app at SIRP. Less total crop evapotranspiration estimated at SIRP 

can be attributed to greater amounts of rainfall and number of rainfall days in comparison to 

NFREC-SV for the 2018 growing season.  

Soil Moisture Comparison 

 

The calendar-based irrigation treatment had an estimated average soil moisture content 

within the effective root zone of 80 cm, which was 8 cm, 11 cm, and 19  cm greater than the 

average soil moisture content estimated for the corn app, average SMS, and non-irrigated 

treatments, respectively (Table 3-13; Figure 3-14).  As expected the corn app and SMS 

treatments had lower moisture content within the effective crop root zone than the calendar-

based treatment (Table 3-13; Figure 3-14). Despite lower average soil moisture content for the 

corn app and SMS treatments, there were no significant difference in marketable grain yield in 

comparison to the calendar-based treatment across all fertilization regimes.   

A 50% maximum allowable depletion was used to schedule irrigation to avoid plant 

water stress that may negatively impact yields. As expected, the non-irrigated treatment 

experienced the most days (12 total) where soil moisture within the effective root zone was 

estimated to exceed the 50% maximum allowable depletion threshold (Table 3-13). A significant 
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difference in marketable grain yield (P-value =0.00) was observed between the I1 (calendar-

based) and I5 (non-irrigated) treatments for the N3 (336 kg/ha) fertilization rate. (Table 3-9). The 

calendar-based treatment was estimated to experience 0 days of potential water stress from 

exceeding the 50% MAD threshold, demonstrating that applying irrigation water can alleviate 

plant stress and improve yields (Table 3-13). On average, the SMS treatment was estimated to 

experienced 2 days of potential water stress with no significant difference in marketable grain 

yield in comparison to the calendar-based treatment, demonstrating soil moisture sensor based 

irrigation scheduling can effectively manage crop water stress without negatively impacting 

marketable grain yield (Table 3-13; Figure 3-9).  

Conclusion 

 

 The objectives in this study were to compare irrigation application depths and IWUE for 

four irrigation treatments (calendar-based, corn app, SMS, and non-irrigated) at NFREC-SV and 

three irrigation treatments (corn app, SSA, and checkbook) at SIRP, and compare measured soil 

moisture using SMS data collected within plots at NFREC-SV. The corn app irrigation treatment 

applied a total depth of 283 mm and 141 mm of water at NFREC-SV and SIRP respectively, 

which was 43% and 57% lower than what the traditional calendar-based and checkbook 

treatments applied. No significant differences in marketable grain yield were determined for the 

corn app treatment in comparison to the traditional calendar-based and checkbook irrigation 

scheduling methods across all nitrogen fertilization regimes, demonstrating utilizing improved 

ET-based irrigation scheduling methods can help reduce irrigation applied volumes without 

reducing yields. The SMS treatment achieved water savings of 72% with a total of 141 mm of 

irrigation water applied in with no significant differences in yield in comparison to the calendar-
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based treatment, which applied 497 mm. of total water.   The UGA SSA treatment applied a total 

irrigation depth of 135 mm, resulting in water savings of 58% in comparison to the checkbook 

treatment, which applied 325 mm total. Water savings achieved by SMS and SSA treatments 

with no significant differences in marketable grain yield in comparison to the traditional 

calendar-based and checkbook treatments, respectively demonstrate irrigation BMPs such as 

SMS-based irrigation scheduling can reduce irrigation water while maintaining yields. The corn 

app and SMS treatments should be tested for multiple years at multiple sites to realize their full 

potential in improving irrigation scheduling.  

 The average estimated soil moisture content within the effective root zone for the corn 

app, SMS, and non-irrigated non-irrigated, corn app, and average SMS treatments was 72 cm, 69 

cm, and 61 cm, correspondingly, which were all lower than the calendar-based treatment with an 

estimated average soil moisture content of 80 cm for the 2018 growing season (Table 3-13). 

Despite lower average soil moisture content for the corn app and SMS treatments, no significant 

differences in marketable grain yield were determined in comparison to the calendar-based 

treatment. Comparing average moisture content from measured SMS data for each treatment was 

limited in that there was an uneven number of soil moisture probes used for each treatment and 

the sensors may not provide a completely accurate measurement considering they provide an 

estimate of volumetric moisture content. 
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Figure 3-1. Aerial view of 2018 field layout at NFREC-SV. Photo courtesy of author. 

Table 3-1. Irrigation treatments at NFREC-SV 

Irrigation treatment Corresponding plot label 

Calendar-Based I1 

Smartirrigation Corn App I2 

Soil Moisture Sensor (SMS) I3  

No irrigation I5 
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Figure 3-2. Various growth stages of corn crop observed at NFREC-SV. A) This picture was 

taken on April 12, 2018 (14 DAP) and shows the corn crop in the V3-V5 vegetative 

growth stage. B) This Picture was taken on May 1, 2018 (33 DAP) and shows the 

corn crop in the V8-V10 vegetative growth stage. C) This photo was taken on May 

22, 2018 ( 54 DAP) and shows the corn crop has begun tasseling. D) This picture was 

taken on July 10, 2018 (103 DAP) and shows a corn ear beginning to dent. Photos 

courtesy of author. 
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Figure 3-3. Aerial view of SIRP field layout. Numbers 1-9 on the left hand side represent 

variable rate irrigation zones for the Newton Lateral irrigation system. Plots are 

labelled by the plot number (111-139) followed by a dash and the irrigation and 

fertilization regime (1-9). Photo courtesy of author.  
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Table 3-2 . Irrigation by fertilization treatments and corresponding plot numbers 

 2018 Corn Treatments Number 

App x High N (336 kg/ha) 1 

App  x Traditional (333 kg/ha) 2 

App x Low N (277 kg/ha) 3 

Checkbook x High N (336 kg/ha) 4 

Checkbook  x Traditional (333 kg/ha) 5 

Checkbook x Low N (277 kg/ha) 6 

UGA SSA x High N (336 kg/ha) 7 

UGA SSA x Traditional (333 kg/ha) 8 

UGA SSA x Low N (277 kg/ha) 9 
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Table 3-3. Field properties for both testing sites.  

Field properties Site 1 (SVAEC) Site 2 (SIRP) 

Latitude  30.31353 N 31.28042° N 

Longitude -82.90122 W -84.30011° W 

Elevation (m) 44 48 

Varieties Pioneer 1870 Hybrid Pioneer 1870 Hybrid 

Planting date  March 8, 2018 March 29, 2018 

Plot length (m) 

Number of rows per plot 

12 

12 

15 

8 

Spacing between plots (m)  6 6 

Number of irrigation 

treatments 

4 

 

3 

Irrigation system Two span Valley Linear End 

feed 8000 

Newton-lateral 

Soil water holding capacity 

(cm/cm) 

0.07 0.08 
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Table 3-4. NFREC irrigation treatments and descriptions  

Treatment  Description 

I1 (Calendar-based) This irrigation scheduling approach simulates grower’s irrigation 

practices. Consists of zero irrigation for the first 30 days after planting 

(DAP) unless severe windy conditions caused blowing sand to damage 

the plants. Beginning on 31 DAP, a target amount of 30 mm/week was 

established and was made up of rain or irrigation with the exception that 

rain events had to be 6 mm or larger. For 40-59 DAP a 40 mm/week 

target was established. Irrigation applications were skipped if 13-25 

mm/week rainfall occurred and two irrigations were skipped if >25 mm 

of rain occurred. For 60-105 DAP a 50-60 mm/week irrigation target 

was used unless 13-25 mm of rain occurred the day prior to a scheduled 

irrigation. Two irrigations were skipped if >25 mm of rain occurred. 

Finally, around 105 DAP at full dent stage, weekly irrigation targets 

were reduced to 40 mm/week for one week and 20 mm/week for 

another week until final irrigation was terminated at 115 DAP. 

I2 (App)  Irrigation was determined using a theoretical root zone water deficit. 

This is calculated daily by subtracting effective irrigation plus rain 

(I+R) from the actual evapotranspiration (ETc). ETc is determined by 

multiplying ETo by a crop coefficient based on growing degree days 

(GDD). ETo is calculated by utilizing the ASCE Penman-Monteith 

FAO-56 equation with daily weather data from the Live Oak FAWN 

weather station.  

I3 (SMS) Using the SENTEK probes, volumetric moisture content of the soil was 

monitored and irrigation was determined using the maximum allowable 

depletion (MAD) and field capacity (FC) points to refill the soil profile 

with irrigation according to guidelines proposed by (Zotarelli et al. 

2013) 

I5 (NO): non-irrigated plots 
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Table 3-5. SIRP irrigation treatments and descriptions  

Treatment Description 

1,2,3 (App) Irrigation was determined using a theoretical root zone water 

deficit. This is calculated daily by subtracting effective irrigation 

plus rain (I+R) from the actual evapotranspiration (ETc). ETc is 

determined by multiplying ETo by a crop coefficient based on 

growing degree days (GDD). ETo is calculated by utilizing the 

ASCE Penman-Monteith FAO-56 equation with daily weather 

data from the Live Oak FAWN weather station. 

4,5,6 (Checkbook Method)  This method schedules irrigation by applying the maximum 

expected weekly crop water use minus recorded precipitation. 

Weekly crop water use is a function of weeks after planting. 

(Table 3-6) (Migliaccio et al., 2016).  

7,8,9 (SSA) The sensors implemented were the University of Georgia Smart 

Sensor Array (UGA SSA). This network of soil moisture 

potential sensors are a wireless system that measures soil water 

tension at twenty, forty, and sixty centimeters. A 25-30 kPa soil 

water tension was used as the irrigation-triggering threshold.  
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Table 3-6. Estimation of corn water use for checkbook irrigation scheduling at SIRP 

Growth stage Days after planting  Crop water use (cm/day) 

Emergence 0-7 

8-12 

0.07 

0.13 

Two leaves expanded (V2) 13-17 

18-22 

0.18 

0.23 

Four to six leaves expanded 

(V4-V6) 

23-27 

28-32 

33-36 

0.30 

0.36 

0.43 

Six to eight leaves (V6-V8) 47-41 

42-45 

0.48 

0.53 

Ten to twelve leaves (V10-

V12), ear shoots developing, 

bottom two leaves lost 

46-50 

51-54 

0.58 

0.64 

Twelve to sixteen leaves 

(V12-V16), rapid elongation 

of top two ear shoots 

55-59 

60-64 

0.69 

0.74 

Tasseling  65-69 0.79 

Pollination and silk 

emergence 

70-74 

75-79 

0.81 

0.84 

Blister stage 80-84 0.84 

Milk stage 85-89 0.86 

Early dough  90-94 0.86 
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Table 3-6. Continued 

Growth stage Days after planting  Crop water use (cm/day) 

Dough stage 95-99 0.84 

Early dent 100-104 0.76 

Dent 105-109 0.69 

Early black layer 110-114 0.61 

Black layer (maturity) 115-119 0.53 
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Figure 3-4. Conditional residual plots of market grain yield for data collected at NFREC-SV. A. 

Residual plot B. Residuals distribution C. QQ plot of residuals D. Box and whisker 

plot of residuals 

A. 

B. 

C. 
D. 



106 

 

 

Figure 3-5. Conditional residual plots of market grain yield for data collected at SIRP. A. 

Residual plot B. Residuals distribution C. QQ plot of residuals D. Box and whisker 

plot of residuals 
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Figure 3-6. Total monthly rainfall and temperatures recorded by the Live Oak FAWN station in 

comparison to a thirty year average from 1981-2010 
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Figure 3-7. Average monthly rainfall and temperature recorded by the Camilla GAEMN station 

in comparison to a thirty year average from 1981-2010 
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Figure 3-8. Precipitation events and application totals by irrigation treatment at NFREC-SV 
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Table 3-7. Comparison of marketable grain yield, irrigation applied, IWUERF, IWUE, and 

CWUE between irrigation treatments at NFREC-SV 

 

Irrigation 

Treatment 

Marketable 

Grain 

Yield 

 

Irrigation 

applied 

Water 

savings IWUERF IWUE 

Increase 

in 

IWUE CWUE 

 (kg/ha) (mm) (m3/ha

) 

(mm

) 

 

(%) (kg/m3) (kg/m3

) 

(%) (kg/m3) 

Calendar-

based 

(I1) 

10191 497 4970 0 0 0.1 2.1 0 1.9 

Corn app 

(I2) 

10662 283 2830 214 43% 0.3 3.8 45% 2.0 

SMS 

North 

Field 

(I3) 

11799 121 1210 376 76% 1.56 9.8 79% 2.2 

SMS 

South 

Field 

(I3) 

11280 161 1610 336 68% 0.85 7.0 70% 2.1 

SMS 

Average 

(I3) 

11540 141 1410 356 72% 1.15 8.2 74% 2.2 

Non-

irrigated 

(I5) 

9913 29 290 468 94% - - - 1.9 
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Table 3-8. Type III tests for significant interactions between fixed effects and marketable grain 

yield for the treatments at NFREC-SV 

Fixed Effect F Value Pr > F 

Irrigation 1.91 0.16 

Fertilization 117.61 <0.0001 

Irrigation*Fertilization 7.68 <0.0001 
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Figure 3-9. Boxplot comparison of marketable grain yield in response to irrigation and 

fertilization regimes at NFREC-SV (I1 = calendar-based, I2 = corn app, I3 = SMS, 

and I5 = non-irrigated) (N1= 112 kg/ha, N2 = 224 kg/ha, and N3 = 336 kg/ha). Box 

plots with the same letter represent treatments with marketable grain yields that are 

not significantly different from one another. The line in the middle of each box plot 

represents the median marketable grain yield for each irrigation and fertilization 

treatment. The box itself represents the interquartile range of marketable grain yield 

in response to each treatment and the space between the box and upper and lower 

whiskers represent the upper and lower quartiles, respectively.  

 

 

 

 

 

 

 

 



113 

 

Table 3-9. Type III tests for significant interactions between fixed effects and IWUE for the 

treatments at NFREC-SV 

Fixed Effect F Value Pr > F 

Irrigation 1.91 <0.0001 

Fertilization 117.61 <0.0001 

Irrigation*Fertilization 7.68 0.02 

 

 

Figure 3-10. Boxplot comparison of IWUE in response to irrigation and fertilization regimes at 

NFREC-SV (I1 = calendar-based, I2 = corn app, I3 = SMS) (N1= 112 kg/ha, N2 = 

224 kg/ha, and N3 = 336 kg/ha). Box plots with the same letter represent treatments 

with IWUE that are not significantly different from one another. The line in the 

middle of each box plot represents the median marketable grain yield for each 

irrigation and fertilization treatment. The box itself represents the interquartile range 

of marketable grain yield in response to each treatment and the space between the box 

and upper and lower whiskers represent the upper and lower quartiles, respectively.  
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Figure 3-11. Precipitation events and application totals by irrigation treatment at SIRP.  
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Table 3-10. Comparison of marketable grain yield, irrigation applied, IWUE, and for irrigation 

treatments at SIRP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3-11. Type III tests for significant interactions between fixed effects and marketable grain 

yield for the treatments at SIRP 

 

Fixed Effect F Value Pr > F 

Irrigation 0.08 0.92 

Fertilization 0.54 0.59 

Irrigation*Fertilization 0.38 0.82 

 

 

 

 

 

Irrigation 

Treatment 

Marketable 

Grain 

Yield 

 

Irrigation 

applied 

Water 

savings IWUE 

Increase 

in 

IWUE CWUE 

 (kg/ha) (mm) (m3/ha) (mm) 

 

(%) (kg/m3) (%) (kg/m3) 

Corn app 15251 140 1400 1850 57% 10.9 56% 3.4 

Checkbook 15484 325 3250 0 0 4.8 0% 3.5 

SWS 15404 135 1350 1900 59% 11.4 58% 3.4 
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Figure 3-12. Boxplot comparison of marketable grain yield in response to irrigation and 

fertilization regimes at SIRP (L = 277 kg/ha, T = 334 kg/ha, and H = 336 kg/ha). Box 

plots with the same letter represent treatments with marketable grain yields that are 

not significantly different from one another. The line in the middle of each box plot 

represents the median marketable grain yield for each irrigation and fertilization 

treatment. The box itself represents the interquartile range of IWUE in response to 

each treatment and the space between the box and upper and lower whiskers represent 

the upper and lower quartiles, respectively.  

 

Table 3-12. Type III tests for significant interactions between fixed effects and IWUE for the 

treatments at SIRP 

Fixed Effect F Value Pr > F 

Irrigation 1.91 <0.001 

Fertilization 117.61 0.55 

Irrigation*Fertilization 7.68 0.63 
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Figure 3-13. Boxplot comparison of IWUE in response to in response to irrigation and 

fertilization regimes at SIRP (L = 277 kg/ha, T = 334 kg/ha, and H = 336 kg/ha).. Box 

plots with the same letter represent treatments with IWUE that are not significantly 

different from one another. The line in the middle of each box plot represents the 

median marketable grain yield for each irrigation and fertilization treatment. The box 

itself represents the interquartile range of IWUE in response to each treatment and the 

space between the box and upper and lower whiskers represent the upper and lower 

quartiles, respectively.  
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Figure 3-14. Soil moisture comparisons for each irrigation treatment at NFREC-SV. A) Daily 

comparison of soil moisture within effective root zone estimated by soil moisture 

probes for each irrigation treatment at NFREC-SV from April 4, 2018 to August 14, 

2018. B) Comparison of average daily soil moisture content estimated within root 

zone for each irrigation treatment at NFREC-SV from April 4, 2018 to August 14, 

2018.  
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Table 3-13. Estimation of number of days each irrigation treatment exceeded a 50% allowable 

depletion threshold according to measured SMS data 

Irrigation treatment 

Average Soil Moisture 

within Effective Root Zone 

(cm) 

Number of days exceeded 50% 

allowable depletion 

I1 (Calendar-based) 80 0 

I2 (App) 72 0 

I3 N (SMS) 73 2 

I3 S (SMS) 64 2 

I5 Non-irrigated 61 12 
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