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Nitrogen (N) is essential for crop growth; however, excessive N fertilizer 

applications are threatening water quality and the environment. Therefore, irrigation and 

N best management practices (BMPs) were evaluated as alternatives for corn 

production in sandy soils in Live Oak, Florida during 2015-17. The experimental design 

was a randomized complete block arranged in a split plot (four replicates). Five irrigation 

treatments (GROW, mimics grower’s irrigation practices, SWB, uses the ‘checkbook’ 

method; SMS, uses soil moisture sensors to activate irrigation; Reduced, applied 60% 

of GROW treatment; and NON, non-irrigated) and three N fertility rates (low, medium 

and high = 157, 247 and 336 kg N/ha) were evaluated. Significant differences in final 

biomass and N uptake were found only versus the NON treatment. Water and N 

balances were developed using crop simulation models. Soil N after corn and peanut 

residues ranged from 18 – 32 and from 62 – 70 kg N/ha, respectively; representing N 

potentially taken up by the following crop or leached. Simulated N leaching was 88 and 

69 kg N/ha during 2015-16 and 2016-17 fallow periods. In 2015 corn season, the SMS – 

low, medium and high rates resulted in 48%, 51% and 84% less leaching versus the 
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GROW on the same rates. Differences in corn yield were found only versus the NON 

treatment; except in 2015. Water savings achieved by SWB, SMS and Reduced ranged 

from 34% to 53% compared to the GROW during 2015-17. No differences in yield were 

found between the medium and the high N rates, while reducing N fertilizer in 26%. The 

SWB, SMS and Reduced strategies along with the medium N rate, constitute BMPs 

which can help reduce irrigation and N fertilizer without impacts in yield compared to 

conventional practices. A sensitivity analysis was performed to explore crop responses 

to future warming temperatures and increase in rainfall. Long-term simulations indicated 

negative impacts in growth and yield; however, reductions in N fertilizer, irrigation, and 

in N leaching resulted when following BMPs versus conventional practices. Thus, BMPs 

may contribute to reduce N leaving the rootzone, improve N uptake without impacts in 

yield while improving grower’s profits. 
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CHAPTER 1 
LITERATURE REVIEW 

Water is one of the most important resources in the state of Florida. This state is 

comprised of 700 springs, more than 1,700 streams and rivers and about 7,800 

freshwater lakes. Also, there are approximately 405,000 hectares of wetlands and 

several aquifers which provide water for human and environmental needs (Fernald and 

Patton 1984). 

Increasing population, tourism and agriculture represent the greatest water 

demand of these renewable but limited water resources of the state. Population in 

Florida increased 25% since 2000; reaching a total of 19.8 million people in 2015. 

Furthermore, population projections estimate 26.3 million residents by 2040, a 65% 

increase since 2000 which is expected to intensify the demand for water supply 

significantly (University of Florida, Bureau of Economic and Business Research 2015). 

Likewise, a substantial groundwater demand is attributed to agriculture due to its 

significant contribution to the Florida’s economy. Total sales revenues of Florida 

agriculture, natural resources and food industries accounted for $148.5 billion (Hodges 

et al. 2015). 

The total water withdrawals in Florida were assessed to be 53.8 million m3/d in 

2012 (USGS 2012). Saline surface water withdrawals accounted for 55% of the total, 

whereas 45% corresponded to fresh water withdrawals (29% groundwater and 16% 

surface withdrawals, respectively) (Marella 2015). Almost all the saline withdrawals are 

destined for power generation cooling water; however, those withdrawals are returned 

to the source (Marella 2014). Fresh water is primarily used for irrigation, power 

generation and public supply. 
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Florida, being one of the largest groundwater users in the U.S. (Maupin et al. 

2014), provides drinking water to over 18 million residents (93% of the state population) 

using groundwater extraction for public water supply systems or private domestic wells. 

Nearly 8.7 million m3/d was extracted for public supply in 2012; however, agriculture 

was the largest freshwater user with withdrawals up to 9.5 million m3/d in that year. 

From the estimated harvested cropland (890,308 ha), nearly half of it is irrigated land 

(USDA, NASS 2014). 

Background 

Nitrate Issues at the Suwanee River Basin (SRB) 

The Suwannee River Basin (SRB) is located within the Coastal Plain region of 

the southeastern U.S. (Figure 1-1). This basin covers an area of approximately 28,500 

km2 containing a mixture of springs, wetlands, subtropical forests, rivers and estuarine 

habitats. The SRB is characterized by a highly variable hydrogeological system drained 

by four main rivers: Suwannee, Alapaha, Withlacoochee and Santa Fe Rivers. The 

upper two thirds of the basin are characterized by surface drainage (e.g. streams, lakes, 

wetlands); while the southern third is a thin layer of highly porous sands that overlies 

limestone karst and the Floridian Aquifer system (Katz and Raabe 2005). 

The Floridian Aquifer is the main water supply source and it is directly recharged 

by rainfall in the southern region. However, there is a transition from highlands to 

lowlands characterized by stream-to-sink sub-basins area, thus, stream flow is abruptly 

caught by sinkholes and diverted into the aquifer (Katz and Raabe 2005). The presence 

of springs, conduit systems and sinkholes along the river are interconnection points 

between surface and ground water, allowing a rapid movement of contaminants from 
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the surface to the groundwater with very little attenuation or degradation (Katz et al. 

2009). 

The SRB is one of the largest and most ecologically exceptional systems of the 

southeastern U.S., which also supports an expanded economy based on agriculture, 

fisheries and ecotourism (Katz and Raabe 2005). However, natural resources have 

been threatened in the basin due to the increased use of pesticides and fertilizers, 

runoff from poultry and dairy farms. Point and non-point sources of contamination have 

impacted the surface and groundwater quality in recent decades resulting in concern of 

human health and ecological effects. 

Nitrogen (N) is an essential element for crop growth. Inorganic fertilizers (e.g. N 

sources) are applied in agricultural lands, lawns, turfgrass and nursery plants. The U.S. 

was ranked fourth top nutrient consumer in the world during the period of 2006 -2009 

(FAOSTAT 2015a). Furthermore, since 2009 the consumption of nutrients, especially 

nitrogen (N) has steadily increased reaching nearly 13.2 Mt in 2012 (FAOSTAT 2015a). 

A total of 2.1 Mt (~16%) of fertilizer were reported to be consumed in the state of 

Florida; while Suwannee County had a total of 43,620 t of fertilizer applied in the same 

year (FDACS 2012).  

Nitrate is the most common and soluble form of N; thus, it can easily leach from 

the soil profile by irrigation or rainfall into the groundwater, tile drains and streams 

(DeSimone 2009). Background concentrations (i.e. natural concentrations without 

human activity intervention) of nitrate in rainwater, surface and groundwater is typically 

below laboratory detection limits (i.e. 0.05 mg/L NO3
-, as N). However, nitrogen in 

groundwater may originate from natural sources (e.g. precipitation, aquifer materials 
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and leaching from organic debris), as well as, from anthropogenic activities (e.g. 

fertilizer applications, wastewater, animal production) (DeSimone 2009). Natural and 

anthropogenic nitrate is possibly the most widespread pollutant in groundwater and it 

can persist for decades (Hallberg and Keeney 1993). 

The main water quality issues linked with agricultural production are the excess 

nutrients (i.e. nitrogen) entering surface waters or leaching through soils into 

groundwater; which results in excess algal growth in aquatic systems. Excess growth 

blocks sunlight to aquatic vegetation. Further, the decay of this algae decreases the 

available dissolved oxygen which also can cause death to other organisms (FDACS 

2015a).  

The Florida Department of Environmental Protection (FDEP) established 

thresholds based on previous research developed on the relationship of nutrients to 

algal growth in springs. Therefore, in clear water streams (including spring vents), the 

nutrient criterion is 0.35 mg/L of nitrate-nitrite (NO3 + NO2) as an annual geometric 

mean, not to be exceeded more than once in any three calendar year period (62-

302.530(47)(b), F.A.C., (FDEP 2013). 

“Background” nitrate concentrations is a term used to the concentration resulted 

from natural processes; while “relative background” has been defined as the 

background concentration plus an extraneous component from low-level influence of 

human activities (Nolan and Hitt 2003). In order to define the latter term, data from 

shallow groundwater of relatively underdeveloped areas compiled for the USGS and 

National Water Quality Assessment (NAWQA) was analyzed. Findings showed that all 

groundwater sampled was likely influenced by humans, therefore the value of 1.1 mg/L 
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was established as an upper bound estimate of relative background concentration of 

nitrate in shallow groundwater in the U.S. Hence, nitrate concentration greater than 1 

mg/L suggests greater anthropogenic influence and therefore, greater need for 

additional monitoring to protect water resources (Nolan and Hitt 2003). 

Excess of nitrogen is one of the main causes of water quality impairment and 

ecology stressor of the SRB springs in Florida (FDACS 2015a; Harrington et al. 2010). 

Annual crops or multi-cropping are common in the SRB, which demand for larger 

amounts of nitrogen fertilizers applied on an annual basis through drip or overhead 

irrigation. During the last 50 years, the combination of these practices plus the changes 

in agricultural land use in Alachua, Columbia, Gilchrist, Lafayette, and Suwannee 

Counties have contributed to variable amounts of N impacting the quality in the SRB 

groundwater system (FDACS 2015a; Katz et al. 1999).  

The increasing nitrate concentrations in the SRB during the last decades 

constitutes one of the major concerns to be solved. The implicit characteristics of the 

SRB (i.e. karstic region with conduits and sinkholes) makes this region more susceptible 

to elevated NO3 concentrations resulting in human health and environmental issues. 

The Springs Initiative Monitoring Program reported that 21 of the 49 springs in Florida 

(~43%) resulted in NO3-N median concentrations greater than 1 mg/L from 2001 to 

2006; thus greatly influenced by anthropogenic activities. In the SRB, fourteen main 

springs were evaluated and a 93% of the springs showed a median nitrate + nitrite N 

concentrations above the nutrient criterion of 0.35 mg/L [NO3-N + NO2-N]. Fanning, 

Troy, Lafayette Blue, Manatee, and Devils Ear presented the highest nitrate 

concentrations of the SRB Group. Fanning spring median nitrate concentration was 5.2 
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mg/L NO3-N representing the highest concentration of the group (Figure 1-2). In 

general, the springs with higher concentrations are located in areas that include 

agriculture or former agricultural areas undergoing urbanization (Harrington et al. 2010). 

Impacts of Nitrogen on Human Health and Environment 

Large fertilizer inputs are contributing to excessive nutrients to groundwater 

recharge impacting the quality of spring waters (Katz 2004). Increasing nitrogen loads to 

waterbodies has become a major concern around the world, especially in areas where 

sandy soils and shallow groundwater are predominant (Andraski et al. 2000; Ferguson 

et al. 1991; Gehl et al. 2005; Strebel et al. 1989; Zhang et al. 1996). Studies conducted 

in Western Europe have shown high NO3-N concentrations exceeding 2- 4 times the 

European drinking water limit of 50 mg/L NO3 (equivalent to 11 mg/L NO3-N). These 

concentrations were found mainly in sandy soils with arable crops, intensively managed 

grazed grassland and field cropping of vegetables (Strebel et al. 1989). Likewise, the 

large consumption of N fertilizers has potentially increased the N groundwater 

contamination in China. Researchers evaluated 14 cities and counties for a total of 69 

locations in NE China. The results showed that NO3 in ground and drinking water 

exceeded the 50 mg NO3/L limit (11 mg/L NO3-N). Concentrations reached up to 300 

mg/L NO3 (66 mg/L NO3-N) in areas of vegetable production where N applications 

ranged from 500 to 1900 kg N/ha and only 40% plant uptake was achieved (Zhang et al. 

1996). 

In the United States, about 86% of the population acquires drinking water from 

groundwater sources; public supply being the second largest groundwater user in the 

nation (Maupin et al. 2014). However, the increase of contaminants over the last 50 

years had decreased the groundwater quality causing ecosystems degradation and high 
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risk of health effects. Thus, contaminated shallow and deep groundwater are of major 

public concerns when used for drinking, since pollutants may migrate into deeper 

layers, reaching groundwater supplies (Nolan et al. 2002). 

Usually, privately owned domestic wells are shallower than public supply wells. 

This makes them more susceptible to nitrate contamination; however, they are not 

typically monitored for water quality. Therefore, a national study performed by the 

USGS, evaluated water quality conditions for 2,167 domestic wells in the principal 

aquifers in the U.S. An 80% of the wells showed nitrate concentrations within the range 

of 0.05 to 5.79 mg/L as N with a median value of 0.55 mg/L as N. A 41% of the wells 

showed concentrations greater than 1 mg/L, which is considered a level resulted from 

anthropogenic activities (Nolan and Hitt 2003). Areas with predominant agricultural land 

use resulted in nitrate concentrations greater than the MCL 10 mg/L as N in 7.1%; while 

underdeveloped land uses only showed 0.7% above the MCL. However, in wells that 

targeted agriculture land use exceeded the MCL in 23.4%, showing higher nitrate-N 

concentrations in areas of agricultural land use versus other land uses. Positive nitrate 

correlations were found with the amount of N fertilizer applied in areas surrounding the 

wells (and even higher correlations in well drained soils), with concentrations of 

dissolved oxygen, and with the percentage of agricultural land use (exceeding the 10 

mg/L NO3-N limit) (DeSimone 2009).  

The Mississippi River Basin is another susceptible area for nitrate pollution in the 

U.S. It’s believed to be responsible for the large seasonal hypoxic (oxygen-depleted) 

water zone in the Gulf of Mexico, as well as, for the degradation of the water quality and 

aquatic ecosystems (Donner et al. 2004; Goolsby et al. 2000; Rabalais et al. 1996). 
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Almost 90% of the nitrate leached into the river system comes from fertilized crops 

(Donner et al. 2004). Nitrate exports by the Mississippi River to the Gulf of Mexico has 

increased almost three fold since 1950, causing a significant increase hypoxia (Turner, 

R. E. and Rabalais 1991). Regression models were used to estimate the annual N flux 

to the Gulf of Mexico and determine the origin of the N sources. The mean annual total 

flux was estimated as 1.5 Mt per year during the period 1980-1996, where 63% was 

nitrate as N (which tripled in 30 years), 37% organic N and 2% ammonium as N. This 

flux increased nearly 50% in wet years and especially from agricultural lands, since 

greater nitrate leaching occurred from the soils and unsaturated zones in the basin 

(Goolsby et al. 2000). 

Excess nitrate in surface waters may cause an overall degradation to the 

waterbody’s ecosystem. Excess algae growth occurs due to the nutrient enrichment 

environment causing a high risk of damage and changes to the inhabitant species living 

in the waterbody. As a consequence of the algal decay, depletion of oxygen and 

reduction in the water clarity occurs (Upchurch et al. 2007). Besides the environmental 

issues, elevated nitrate concentrations in drinking water (limit 10 mg/L NO3-N) causes 

infant methemoglobinemia or “blue baby syndrome”. This human health risk occurs 

when the hemoglobin (Fe2
+) in an infant's red blood cells is oxidized to methemoglobin 

(Fe3
+). Cyanosis occurs because methemoglobin is unable to carry oxygen in the blood, 

turning the skin into a bluish tint, causing potential illness or fatality. This syndrome is 

more predominant in infants who are very susceptible to low oxygen levels in the blood 

(Knobeloch et al. 2000).  
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Nitrate Concentrations in Florida Springs 

Likewise, several studies have shown evidence of Florida’s groundwater 

degradation and a decline in its water quality during the last decades (FDEP 2013; Katz 

and DeHan 1996; Katz et al. 1999; Katz 2004; Katz and Raabe 2005; Katz et al. 2009; 

Suwannee River Water Management District 2004).  

The Upper Florida aquifer (UFA) underlays about 300,000 km2 among Florida, 

southern Georgia, south Alabama and small areas of Mississippi and South Carolina. 

Due to its high quality water, large yield and shallow depth, is a great source of water 

supply and it is one of the most productive karst aquifers in the world. Most of the north-

central Florida regions underneath the aquifer are unconfined, and also are estimated 

as the most vulnerable regions by the Floridian Aquifer Vulnerability Assessment 

(FAVA) (Arthur et al. 2007). These areas are characterized by high porosity and 

transmissibility allowing contaminants to travel long distances in short periods of time. 

Groundwater dynamics causes greater complexity to model mixing, solute transport, 

water yields and contaminant attenuation in the UFA. 

The Suwannee River is of great interest to the State of Florida and has been 

nominated as an “Outstanding Florida Water” due to its historical and recreational 

importance. However, the increase of nitrogen in this valued river is of concern and 

interest to water-resources agencies. In the north-central Florida, the Suwannee River 

flows through groundwater areas of high nitrate concentrations and ultimately drains in 

the Gulf of Mexico, where nitrate loadings can cause ecological damage. These 

elevated concentrations come from a mix of organic (manure and wastewater) and 

inorganic sources (fertilizers) (Katz et al. 1999). 
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N loading in Florida’s environment is characterized by an abundance of wetlands 

that act as N sinks, as well as, the high vulnerability to N pollution intrinsic in karstic 

areas. Previous studies have shown the increase of nitrate-N in springs from 

background concentrations (≤0.1 mg/L NO3-N) to above 5 mg/L NO3-N during the last 

40 years (Katz et al. 1999; Katz 2004). Steady increments of nitrate-N have been found 

in several spring waters within the Suwannee River basin in Florida (e.g. Convict spring 

with 8 mg/L NO3-N) (Upchurch et al. 2007). Continued studies in the SRB area during 

the period 1940-1998 reported evidence that the greatest nitrate-N pollution found in the 

lower basin comes from fertilizer sources (Katz et al. 2009). 

A 20-year study performed from 1971 to 1991 between Georgia and Florida 

(including the Suwannee River Basin) showed evaluated nutrient concentrations 

collected at surface-water sites. The study used environmental characteristics of land 

(i.e. Southern Piedmont, Southern Coastal Plain, Coastal Flatwoods, and Central 

Florida Ridge), land use, and non-point and point-source discharges within the study 

area. The authors investigated long-term trends to determine the temporal distribution of 

nutrient concentrations. The U.S. Environmental Protection Agency (USEPA) guidelines 

were used: the maximum contaminant level in drinking water (10 mg/L) was used for 

nitrate concentrations, the chronic exposure of aquatic organisms to un-ionized 

ammonia (2.1 mg/L) was used for ammonia concentrations, the concentration in flowing 

water to discourage excessive growth of aquatic plants (0.1 mg/L) was used for total 

phosphorus concentrations, and no guidelines for Kjeldahl concentrations. Nutrient 

concentrations within the study area were low; though, long term increasing nutrient 

trends were found. Their results showed increasing nitrate-N concentration at a rate of 
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0.02 mg/L per year reaching a median NO3-N concentration of 0.5 mg/L. It was 

hypothesized that the main NO3 contributing sources were synthetic fertilizers, septic 

tanks and animal waste (Ham and Hatzell 1996). 

In 1995, a study was conducted in the Lower and Upper Suwannee River (from 

Dowling Park to Branford, FL) in order to determine the effect of springs and other 

groundwater inflow on the Suwannee River’s water quantity and quality. Nitrate 

concentrations (dissolved NO2 + NO3-N) were evaluated on 11 springs and three river 

sites during a three day period during baseflow in the river. The results showed higher 

concentrations in springs than in the river sites. Along the study reach, nitrate loads 

increased from 2,300 to 6,000 kg/d (160% increase), 46% was contributed by the 

springs and 54% from ground-water inflow. Nitrate-N concentrations ranged from 1.3 to 

8.2 mg/L measured in the springs. Convict Spring, a low discharge spring, resulted in 

the highest concentration. This elevated concentration might be derived from septic 

tanks leaching at developed areas surrounding the spring or from close cropland 

fertilized areas (Andrews 1994). Mainly agricultural land use was related to the increase 

of NO3-N load on groundwater, since any NO3-N from fertilizers, animal wastes, septic 

tanks or any other sources could readily infiltrate into the groundwater (Pittman et al. 

1997).  

In 2003, the Aucilla, Econfina, Fenholloway, Steinhatchee, Suwannee, and 

Waccasassa Rivers transported nearly 4,165 t of nitrate-N to the Gulf of Mexico 

(Suwannee River Water Management District 2004). Due to the concern of steady 

increase in nitrate concentrations in first magnitude springs located in Florida, a multiple 

isotopic study was conducted in order to evaluate sources and timescales of nitrate 
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pollution. Nitrate-N concentrations in the springs ranged from 0.5 to 4.2 mg/L and the 

isotopes indicated that the dominant source of nitrate contamination was coming from 

inorganic N fertilizers (Katz 2004). In terms of land use, Jackson Blue Spring and 

Fanning Spring contained 49% and 55% of agricultural land use (based on 1993 land 

cover data) resulting in high nitrate-N concentrations of 3.1 and 4.2 mg/L, respectively. 

Also, this study showed that nitrate could remain in the aquifer for several decades due 

to a slow transport of solutes through the aquifer matrix. It was estimated that the age of 

water emerging from spring vents is about 20 to 40 years old, thus the nitrate-N in the 

groundwater is likely associated with a prolonged input of N to the aquifer (Cohen et al. 

2007; Katz 2004). 

The estimation of the actual quantity of NO3-N is more complex due to the mixed 

chemistry of groundwater influenced by past and current land use activities. Therefore, 

tracing and age dating evidence becomes more important and required for a better 

assessment and management. However, only a few studies have investigated temporal 

trends in Floridian aquifer water quality. Strong (2004) evaluated 69 springs and 

compare them with baseline data (pre-1977). In most of the cases, a significant 

enrichment was observed (higher present concentrations versus early measurements); 

however, a few springs showed a reduction in concentrations over time. It was also 

found that a strong correlation existed between pre and post data showing a natural 

control in the quality of groundwater that persists although anthropogenic contributions. 

Therefore, a great understanding of the springshed and conduits, as well as, the 

temporal water and nitrate dynamics due the changes in land use are critical for 

management purposes due to the spring’s specificity (Strong 2004). 
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Large variations on NO3-N concentrations have been found in Florida springs. 

Values ranging from 1.3 to 8.2 mg/L at Royal and Convict Springs, respectively, 

possibly caused by septic tanks or from fertilized cropland nearby (Hornsby and 

Mattson 1997). Nitrate-N concentrations have substantially increased from <0.1 mg/L 

(near background concentrations) to greater than 5 mg/L during the last five-six 

decades (Katz et al. 2009).  

 In Silver springs, urban and residential areas increased from 98.4 km2 to 424.8 

km2 from 1977 to 1995 causing a decline in water quality in the springs. This 

springshed has been mostly an agricultural area. Studies performed in 1950s showed 

concentrations of NO3-N near 0.2 mg/L (Odum 1957). In 2000-2001 another study 

evaluated 56 groundwater wells and the collected samples were compared with 

samples taken in 1989-1990. Results showed concentrations of NO3-N from 1.04 mg/L 

(1989-1990) to 1.2 mg/L (2000-2001) reaching a maximum concentration from 3.6 mg/L 

to 12 mg/L (Phelps 2004).  

The Suwannee River Water Management District established a surface water (76 

sites including 22 springs) and groundwater (147 wells randomly selected and changed 

every 5 years) monitoring network collectively known as Water Assessment Regional 

Network (WARN). The main purpose was to monitor changes in groundwater quality 

through time (trend detection), as well as, identify problems and develop water quality 

management strategies. A positive trend indicates that nitrate-N concentrations are 

increasing, whereas a negative trend designates a decreasing nitrate-N concentrations. 

WARN was implemented in 2000, but where data is available, it includes data from 

1989 to early 2007. The results of the monitored rivers and streams showed that 12% of 
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the 81 sampling stations had increased nitrate concentrations and 28% decreased over 

ten years (1997 to 2007). The evaluated springs located in the middle and lower 

Suwannee River showed an increasing nitrate trend; however, springs of second 

magnitude (smaller, 0.28-2.8 m3/s) showed a decrease in nitrate concentrations. This 

response is due to the direct relationship between the spring discharge and drainage 

basin. Thus, in the short term greater response to land-use practices can be seen in 

smaller magnitude springs and springsheds due to the shorter groundwater flow paths. 

From the wells evaluated, 19% showed a positive trend; while 23% had a negative trend 

through time (Upchurch et al. 2007). This analysis was initiated when nitrogen loading 

reduction efforts started to be implemented by the District. Thus, trends of nitrate 

concentration reduction were not expected to be observed in 2000. Thus, further 

reductions in nitrate contamination may require several decades to reflect the changes 

in land use management. 

Therefore, a need to focus on source reduction rather than sink enhancement 

has been reported in previous studies (Cohen et al. 2007). In order to reduce the nitrate 

flux to ground and surface waterbodies, a reduction or better management of the 

application of N fertilizers or N bearing materials is required (Upchurch et al. 2007). 

Hence, developing or optimizing N and irrigation best management practices (BMPs) 

could be a management strategy to target load reductions for water quality 

improvements. 

Regulations 

As a response to the increasing water demand and the excess of nutrient loading 

to waterbodies, and with the aim of protecting Florida’s groundwater resources several 

regulations have been developed through time. In 1972, the Clean Water Act (CWA) 
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was established by the Congress; which establishes the basic structure for regulating 

discharges of pollutants into waters of the U.S. (EPA, US Environmental Protection 

Agency 2015a). As part of the Clean Water Act section 303(d), the Total Maximum Daily 

Loads (TMDLs) were established to set the maximum amount of pollutant in a 

waterbody allocating the required reductions to the pollutant sources (EPA, US 

Environmental Protection Agency 2016a).  

In 1974, Congress enacted the Safe Drinking Water Act (SDWA), which 

determines the level of contaminants in drinking water at which no adverse health 

effects are likely to occur ensuring drinking water quality for the U.S. population. This 

act, authorizes EPA to set standards to public water systems for drinking water with the 

purpose of protecting population health against possible natural or anthropogenic 

contaminants (EPA, US Environmental Protection Agency 2015b). For groundwater and 

drinking water sources, the EPA established maximum contaminant levels goals 

(MCLG), these are “non-enforceable health goals, based only on possible health risks 

and exposure over a lifetime with an adequate margin of safety”. The MCLG for nitrate 

and nitrite are 10 mg/L and 1 mg/L, respectively (EPA, US Environmental Protection 

Agency 2016b) . 

In 1995, the Office of Agricultural Water Policy (OAWP) within the Florida 

Department of Agriculture and Consumer Services (FDACS) was established by the 

Florida Legislature. The OAWP is directly involved with statewide programs to 

implement the Federal Clean Water Act's Total Maximum Daily Load (TMDL) 

requirements for agriculture. Afterwards, the Florida Watershed Restoration Act (FWRA) 

was passed in 1999 as a response to the TMDLs. Consequently, this act determined 
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the Florida Department of Environmental Protection (FDEP) as the organization 

responsible of the implementation of TMDLs through water quality protection programs. 

The OAWP enables communications among federal, state and local agencies and the 

agricultural industry on water quantity and water quality issues associated with 

agriculture. Thus, the OAWP is actively involved in the development of Best 

Management Practices (BMPs) addressing both water quality and water conservation 

on a site-specific, regional and watershed basis. Producers, industry groups, the FDEP, 

the University of Florida Institute of Food and Agricultural Sciences, the Water 

Management Districts, and other parties collaborate in the development and 

implementation of economically and technically feasible BMP programs (FDACS 2013). 

Agricultural Best Management Practices (BMPs) are practices based on 

research, field testing and expert review developed to maintain or improve surface and 

groundwater water quality. In addition, BMPs must be technically and economically 

feasible, and designed to prevent, reduce or treat pollutant discharges entering water 

resources, and to conserve water supply (FDACS 2015a). Water in the U.S. is being 

threatened mainly by non-point sources (urban and agriculture). Runoff draining into 

waterbodies (i.e. lake, rivers, and groundwater) is possibly the greatest contributor to 

water pollution in the U.S. Thus, producers can prevent and potentially minimize the 

impacts to the environment by implementing BMPs while maintaining agricultural 

production (FDACS 2015a).  

Agriculture: Importance, Inputs and Consequences 

Agriculture plays an important role in the economy of Florida and Georgia, which 

accounted $16,956 million total sales of agricultural products in 2012 (USDA, NASS 

2012). Maize or field corn (Zea mays L.) for grain production is one important crop for 
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the state of Florida. From the total cropland in Florida, around 40,500 ha were planted 

with field corn in 2015 (USDA, NASS 2016a). Among Florida and Georgia, a sum of 

$381.6 million were sold in this commodity (USDA, NASS 2012). In 2012, field corn 

accounted for $6.2 million of the economy of Suwannee County (USDA, NASS 2012).  

Maize production is the second largest commodity in the United States. In 2013, 

around 1,121 Mt were produced accounting for $67 billion in the U.S. economy 

(FAOSTAT 2015b). In 2016, corn planted area was estimated as 37.9 million ha; 6% 

greater than 2015 and the third highest planted area since 1944 (USDA, NASS 2016b). 

Remarkably, in 2007 growers planted near 36.4 million ha of corn in the U.S for the first 

time in 60 years due to the high corn prices and the large ethanol demand (USDA, 

NASS 2007).  

Similarly, prices and planted area increased in Florida in 2008, as well as, in 

2012. During the last 15 years, Florida’s planted corn area averaged 30,350 ha 

equivalent to $4.2 million cash receipts. However, it increased 3 fold up to $17.3 million 

cash receipts in 2008. Furthermore, in 2013 Florida’s planted corn area increased to 

46,500 ha producing 2.62 Mt (8.4 t/ha on average) and accounting for $46.8 million 

cash receipts as maximum peak. Corn prices averaged $130/t ($/t=dollars per metric 

ton) produced since 2000; however, in 2012 prices increased up to $295/t causing an 

increase in the production trend. Since 2014, corn planted area and total production 

have decreased following the reduction in corn prices (i.e. $150/t in 2015) (USDA, 

NASS 2016a). Due to the ethanol boom along with the high corn prices, new irrigation 

wells and pivots have been established for corn and peanut in Florida (Wright et al. 

2003). After a field verification performed in 2015, a total of 1466 center pivots were 
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observed accounting for a total of 37,675 irrigated hectares in the Suwannee River 

Water Management District (Marella et al. 2016). 

Corn Physiology and Corn Production in Florida 

In Florida, corn production is important for grain and silage. It is common to grow 

corn in rotation with peanuts resulting in yield benefits for both crops. Implementing a 

good soil management can prevent soil erosion from water and wind, as well as, 

improve organic matter when incorporating crop residue left on the soil surface. 

Irrigation and fertilization are two essential components to assure profitable yields 

(Wright et al. 2003).  

Field operations timing can be optimized when knowing the corn growth stages 

and the nutrient requirements at each stage. Hence, irrigation, fertilization, disease 

control and harvest can be properly managed to achieve high yields (McWilliams et al. 

1999). Hanway (1963) established a growth stage system as a basis for research 

sampling. The stages consist of ten stages explained as following: 

 Stage 0: plant emergence. It commonly occurs between 4-5 days after planting 
under warm and moist conditions; while it can take 2 weeks under cool and dry 
conditions. 

 Stage 1: collar of 4th leaf visible. Period of tassel initiation and end of differentiation 
of leaf initials (all corn leaves are differentiated). The stem growing point will be very 
close to the soil surface. Before this stage, the radicle (i.e. primary root) provide a 
temporal root system of the plant. Then, nodal roots (i.e. come from stem) turn into 
the permanent root system of the plants. 

 Stage 2: collar of 8th leaf visible. This stage consists of a rapid leaf growth (stem 
elongation, tip of the stem grows over the surface) increasing the nutrient rate 
uptake. 

 Stage 3: collar of 12th leaf visible. Rapid dry matter accumulation (i.e. linear function 
until near maturity). All leaves have reached their maximum area, increasing weight 
and green color. Tassel is developed but enclosed within the whorl of leaves. 
Accelerated root growth. 
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 Stage 4: collar of 16th leaf visible. The husks of the uppermost ear (at the nodes of 
the 12th or 14th leaf) start developing fast. Each node can have an ear shoot; 
however, most do not develop enough to be pollinated.  

 Stage 5: 75% of plants have visible silks and pollen shedding. Full development of 
tassel, stem and leaves. Tassel will fully develop about 2 or 3 days before silk 
appearance. At this stage, vegetative growth ceases and subsequent growth occurs 
in the ear. Rapid growth of the cob and ear shank. Elongation of the silks continues 
until pollen fertilization. 

 Stage 6: 12 days after 75% silking. Cob and ear almost reach full development. The 
kernels reach the “blister” stage by enlarging and accumulating starch. This period is 
critical for biomass accumulation in a daily rate until maturity. Remobilization from 
vegetative to reproductive structures occurs in order to develop the grain. 

 Stage 7: 24 days after 75% silking. Kernel growth occurs rapidly and slow rate of 
growth of the embryo is slow. Cell division in the epidermal layer of the endosperm 
ends and starts a size increase of the embryonic plant. 

 Stage 8: 36 days after 75% silking. Accelerated growth of the embryo, and the 
radicle and embryonic leaves become fully differentiated. Seminal roots are initiated, 
enlargement of the endosperm is due to an increase in cell size. Kernels with “dents” 
covers about 25% of the plants.  

 Stage 9: 48 days after 75% silking. The rate of dry matter accumulation starts 
declining. All the kernels are fully “dented”. The embryo is mature. 

 Stage 10: 60 days after 75% silking. Plants reach physiological maturity and dry 
matter accumulation ceased.Senescence occurs in husks and leaves. The ear (cob 
and grain) will continue to lose moisture after this time based on climatic conditions 
and hybrid characteristics (Hanway 1963). 

However, in general and in the industry, corn growth stages can be classified as 

vegetative and reproductive in which the presence of silks differentiates these groups 

(Ritchie et al. 1993) 

By selecting the adequate hybrid, growers can determine the yield potential, 

maturity, disease and insect resistance, grain quality and adaptability for each region. 

Growers can select among early, medium or late maturity hybrids. In general, the early 

maturity hybrids (115 days after emergence) are the best adapted in Florida, because in 

these maturity occurs 1-2 weeks earlier, are shorter (less subject to lodging), might 
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require less irrigation, and are more suitable for double cropping (Wright et al. 2003). 

Pioneer 1498 YHR/Bt is considered appropriate for Florida’s conditions. This hybrid has 

a high drought tolerance capacity, making it very suitable under limited or dryland 

conditions in Florida (DuPont 2016).  

Temperature plays an important role in corn growth and development. 

Temperature of 12.7 °C at the top soil 5 cm during at least three consecutive days is 

required for germination (i.e. from February to mid-March). If freezes occur, the 

aboveground tissue can be damaged; however, the corn plant can survive since its 

growing point is below the surface until it grows to about 30 cm tall. Planting early (i.e. 

early-mid March, after the last freeze) is suggested because soil moisture is usually 

grater at this time, lower temperatures and longer days occur during subsequent 

pollination, hence a higher yield potential could be achieved. In general, greater plant 

population is required for irrigated versus non-irrigated corn. Thus, a plant population of 

59,300 -79,100 plants/ha is recommended for early and medium maturity hybrids with 

irrigation (Wright et al. 2003). 

Soil tests and realistic yield goal are required to determine the fertilization 

(Waskom and Bauder 1994). Adequate pH for corn production ranges from 5.6 to 6.2. 

Below 5.2 can cause nutrient fixation and a decline in soil bacterial activity reducing the 

availability of nutrients to the crop. In Florida, careful management of N fertilizations are 

recommended due to its mobility and potential leaching in sandy soils (Wright et al. 

2003). In order to increase the N recovery efficiency throughout the season, split 

applications (i.e. multiple applications with small amounts) are recommended to improve 

plant nutrient uptake and reduce N leaching. In general, these applications consist of: 
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20-25% of the crop N demand is applied at planting using a starter fertilizer near the 

row. Then, the 75% of the N requirement can be applied side-dress and/or through 

fertigation (i.e. injected through the center pivot) at the plant needs (Wright et al. 2003). 

The UF/IFAS fertilization recommendations for non-irrigated corn with a target pH 

of 6.5 are: 168 kg N/ha/yr, 56 kg P2O5/ha/yr and 67 K2O kg/ha/yr (based on 

interpretation of a Mehlich-3 soil test categorized as ‘medium’ for phosphorus and 

potassium rates) (Mylavarapu et al. 2015). On the other hand, recommendations for 

irrigated corn are: 235 kg N/ha/yr, 78 kg P2O5/ha/yr and 78 K2O kg/ha/yr (under medium 

P and K conditions) (Mylavarapu et al. 2015). Furthermore, it’s recommended to apply 

at planting all P2O5, 30% of the K2O and 34 kg N/ha. Then, the remaining 70% of K20 

should be applied side-dress; while the remaining 135 kg N/ha should be applied in two 

or more side-dressings (one of which should be at 4 weeks after planting). It’s also 

recommended to use a fertilizer containing between 17 and 22 kg of sulfur per hectare 

required for the crop (Mylavarapu et al. 2015).  

Generally, no effects in yield (only in grain N content) are seen from N 

applications after the silk-tassel period. If N is applied through fertigation, applications 

should be done at planting (33-45 kg/ha) and (45-56 kg/ha) side-dress when corn is 

about 30-40 cm tall. The remainder N applications should be completed on a biweekly 

basis before tassel emergence. If a rain event greater than 50 mm occurs after the N 

application, an additional 33 kg N/ha can be applied as a recovery application (Wright et 

al. 2003). 

Research has shown that irrigation significantly increases corn yield in the S.E. 

averaging 10.1-14.8 ton/ha; while non-irrigated corn can result in 5% to 75% of irrigated 
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corn grain yield, based on rainfall variability within the growing season. Irrigation 

demand for corn ranges from 508 to 588 mm during the crop season; however, it varies 

based on weather conditions, plant density, fertility, days to maturity and soil type 

(Wright et al. 2003). Research has shown grain yield reductions of 25%, 50% and 21% 

when water stress occurred at vegetative, silking and ear stages, respectively. Stress 

during vegetative stages caused an indirect effect on yield by reducing the size of the 

assimilatory surface at the ear development stage; whereas, stress occurring after the 

ear emergence causes a more direct effect due to the reduction of assimilation in that 

critical stage (Denmead and Shaw 1960). Reproductive stages from silking to grain 

filling are the most susceptible growth stages for water stress (Denmead and Shaw 

1960; Shanahan and Nielsen 1987). 

Water and Nitrogen Use 

In 2010, thermoelectric power and irrigation were the largest uses of water in the 

U.S. (total water use by all uses = 1344 million m3/d). Total irrigation withdrawals 

accounted for 38% (435.2 million m3/d) of the total freshwater withdrawals. Surface 

water and groundwater withdrawals represented a 57% and 43% or total irrigation 

withdrawals. Irrigation accounted for 65% of the total fresh groundwater withdrawals 

mainly in California, Arkansas, Texas and Nebraska. These states accounted for 42% 

cumulative fresh water irrigation withdrawals from the national total. This amount is 

three times greater than withdrawals for public supply; the second largest user of 

groundwater in the U.S. (Maupin et al. 2014).  

The Florida Department of Agriculture and Consumer Services (FDACS) OAWP 

developed the Florida Statewide Agricultural Irrigation Demand (FSAID) geodatabase, 

which is a central data repository for water use projections in agriculture (FDACS 
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2015b) . Based on the FSAID, the annual average state irrigation water demand for 

crop irrigation during 2015 was estimated as 8.07 million m3/d. The future irrigation 

projections were developed using historical trends in the ratio of water applied vs. 

irrigated area. From 1978 to 2013 this historical trend showed an annual conservation 

estimate about 41.2 m3/ha less irrigation applied per year. Therefore, using this 

historical trends, by 2035 the projected irrigation demand is 7.6 million m3/d statewide. 

This assumes about 1.3 million m3/d of water conservation through 2035 by using any 

possible irrigation advance (e.g. improved irrigation scheduling and efficiency, sensor-

based automation, irrigation systems changes, among others). Nevertheless, when 

analyzing data by county, a total of 12,406 ha was estimated as irrigated area in 

Suwannee County in 2015 and it is projected to increase up to 31% reaching 16,224 ha 

by 2035. Irrigation projections are estimated to increase from 0.1 million m3/d to 0.14 

million m3/d; a 40.4% increment in Suwannee county by 2035 (The Balmoral Group 

2015). 

Alternative- Reduced Irrigation Studies 

In many regions of the world, as well as, regions of the U.S such as the Great 

Plains (i.e. Ogallala Aquifer), water sources are declining and limiting crop production 

(Klocke et al. 2007; Klocke et al. 2011; Payero et al. 2006; van Donk et al. 2013). Thus, 

a new irrigation management paradigm based on the maximum economic net return per 

unit of water, rather than the biological maximum yield should be adopted (English et al. 

2002). As an alternative, irrigators can decrease water use by reducing irrigation 

applications while incurring water deficit during part or all the growing season (e.g. 

during vegetative stages, except to the reproductive and grain filling stages in corn). As 

a beneficial factor, these studies have been performed in predominantly silt loam soils, 
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with high water holding capacities (~0.17-0.18 m3/ m3). Therefore, rainfall contributions 

plus low irrigation frequencies could serve as a potential water savings strategy due to 

greater soil water storage capacity. 

Due to the importance of irrigated corn in the U.S. Great Plains, 20 years of 

studies were performed across this region in order to determine crop production 

functions: yield versus irrigation. The predominate soil texture is Cozad silt loam 

(fluventic Haplustoll) with a plant‐available soil water holding capacity of 0.17 m3/ m3 

(VWC 32% for FC and 15% for PWP over 0 to 3 m soil depth). During this period, 

irrigated corn contributed to the depletion of groundwater. The studies showed that 

yields did not decrease with the same rate as the rate of irrigation was reduced (Klocke 

et al. 2011). One of these studies was conducted from 1986 to 1998. The deficit 

irrigation treatment, which used only 47% of full irrigation, resulted in 90% of full 

irrigated yields. The study started irrigation at the beginning of the reproductive stage, 

when water was most critical (Klocke et al. 2007). 

Similarly, the response of full and limited irrigation on maize yield was evaluated 

in South-Central Nebraska, where irrigation is essential to reach maximum productivity. 

Predominant soil is Hastings silt loam (fine, montmorillonitic, mesic Udic Argiustoll) with 

a FC of 0.34 m3/m3, PWP of 0.14 m3/m3, and a saturation point of 0.53 m3/m3. The 

effect of four irrigation regimes (fully irrigated treatment (FIT), 75% FIT, 60% FIT, and 

50% FIT) and a rainfed treatment were evaluated based on plant height, leaf area index 

(LAI), grain yield and biomass production, actual crop evapotranspiration (ETa), yield 

production functions, yield response factors (K-y), and harvest index (HI). All 

parameters were significantly affected by the irrigation regimes. A strong relationship 
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between yield and irrigation was established. However, variations resulted from the 

‘yield-irrigation’ vs. ‘yield-ETa’, among the years of evaluation due to weather variations. 

This main difference showed a strong weather impact over yields and the importance of 

considering variations in weather conditions for yield. Among the irrigated regimes, no 

significant differences in grain yield were found between the 75% FIT and 100% FIT. 

Furthermore, the 75% FIT and 60% FIT treatments were very similar to the 100% FIT in 

terms of crop response to water, providing an opportunity reduce water use while 

increasing crop water productivity (Djaman et al. 2013).  

Further, in order to determine the yield response to irrigation and 

evapotranspiration (ET) fully irrigated and deficit irrigated corn was evaluated from 

2005-2009 in southwest Kansas. Two crop rotations, sunflower-corn and corn-corn 

were evaluated. Irrigation frequency ranged from 5 to 17 days applying 25 mm of water 

per event. Irrigation treatments consisted of 100%, 80%, 70%, 50%, 40% and 25% of 

full irrigation (the reduction in irrigation was performed by reducing the frequency of 

application). Volumetric soil water content was measured biweekly to 2.4 m in 0.3 m 

increments using neutron attenuation techniques. Then, drainage was calculated 

(Wilcox-type equation) and crop evapotranspiration (ETc) was estimated using a soil 

water balance equation (with change in soil water, rainfall, net irrigation and estimated 

drainage). Grain yields varied across the irrigated treatments; however, no differences 

were found in dry matter accumulation among treatments. The deficit irrigation 

treatments utilized greater non-growing season rainfall since the previous crop 

extracted more water from deeper layers in the soil than the fully irrigated treatments. 

This allowed greater room to store the successive precipitation. Overall, as irrigation 
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decreased yield variability increased, causing a greater income risk for producers. Yield 

response to irrigation was a key piece of information to develop economic studies to 

determine alternative crops, evaluate deficit irrigation, as well as, income risk (Klocke et 

al. 2011).  

Nitrogen Rate and Irrigation Rate Studies 

Corn yield response to nitrogen rate and irrigation rate has been evaluated in 

several regions in the U.S., especially in areas vulnerable to nitrate leaching (Al-Kaisi 

and Yin 2003; Derby et al. 2005; Ferguson et al. 1991; Gehl et al. 2005; He 2008). Gehl 

et al. (2005) evaluated corn yield response to N rate and timing and to irrigation in 

sandy soils (i.e. fine sandy loam, silt loam and loam fine sand soils) along Kansas 

waterways. The fertilizer treatments consisted of 6 N treatments: (i) 300 kg N/ha applied 

at planting, (ii) 250 kg N/ha applied at planting, (iii) 250 kg N/ha split (50% applied at 

planting and 50% side-dress at V-6 crop stage), (iv) 185 kg N/ha split (33% applied at 

planting and 67% side-dress at V-6 crop stage), (v) 125 kg N/ha split (20% applied at 

planting, 40% side-dress at V-6 crop stage and 40% applied at V-10 crop stage), and 

(vi) 0 kg N/ha. Maximum grain yield was achieved using a split application of 185 kg 

N/ha; nevertheless, in most of the cases 125 kg N/ha was satisfactory to reach 

maximum yield. These results were on average, 40% lower of the recommended N 

rates in Kansas, even under the sandy soils of this region. The authors concluded that 

efficient use and timing of N fertilizer (e.g. split applications), along with an optimum 

irrigation management tied to the crop requirement must be implemented; especially in 

sandy soils and vulnerable regions to nitrate leaching (Gehl et al. 2005). 

In Hungary, an experiment evaluated six N fertilizer rates (0, 30, 60, 90, 120, and 

150 kg/ha; total amounts applied three weeks before sowing) under irrigated and non-
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irrigated conditions in order to compare the chlorophyll (Chl) concentration of maize 

leaves at different growth stages to the soil nitrate-N, the N fertilizer applied and grain 

yield. The experiment was conducted using the short season maize hybrid Mv 277 SC 

under silt loam soils (FC ranging from 0.27 and 0.34 cm3/cm3 soil water content). 

Irrigation resulted in a positive effect on N uptake; however, it resulted in a lower Chl 

content at three growth stages (V6, V12 and R1) due to the reduction of the chlorophyll 

meter readings (CMR) value per unit of dry matter. The experiment was conducted 

during two contrasting years: 2007 was dry and 2008 was very wet. In 2007, the 

shortage in rainfall reduced significantly the non-irrigated treatment yield across all N 

rates in comparison to 2008. The authors concluded that the increase in N doses does 

not always result in a yield increase if the crop water requirement is not supplied or it is 

limiting. A significant reduction in yield was observed due to lack and also excess of 

water during both years of evaluation. In 2008, due to the excess of rainfall plus 

irrigation combined with the high crop N uptake, the N available for the plant declined 

resulting in a yield reduction even in the highest N rate treatment (150 kg N/ha) (Széles 

et al. 2012) 

There are different methods to determine the optimum N rate for corn production. 

A study performed at 79 sites in Nebraska used a recommended N application rate 

derived using a yield goal, soil NO3-N levels and irrigation water NO3-N concentration as 

inputs. Then a realistic yield goal was determined (i.e. mean of yields from previous 5 

years plus 5%). Finally, an algorithm was used to determine final N rate. The algorithm 

increases the N requirement per bushel as the yield goal increases. Results showed 

little yield reductions when the application N rate was reduced by 56 kg/ha below the 



 

46 
 

recommended application rate (i.e. average rate for all sites 145 kg N/ha); suggesting 

that the algorithm overestimated the requirement to optimize yield. This could be 

possible because it was developed from N studies under dryland and irrigated 

conditions. Based on the results, the N rate could be reduced by 56 kg/ha without effect 

on yield but reducing the potential nitrate leaching while saving money on fertilizer 

reductions. Modifications to the algorithm could be applied using studies under irrigated 

conditions for a better N rate recommendation (Ferguson et al. 1991).  

In general, N rate recommendations based on yield response represent large 

geographic regions. For example, in Kansas a formula is used for the entire state 

(Leikam et al. 2003): 

𝑁𝑟𝑒𝑐 = 28.6𝑌𝑔𝑟𝑎𝑖𝑛 − 𝑁𝑂𝑀 − 𝑁𝑟 − 𝑁𝑚 − 𝑁𝑜 + 𝐶 (1-1) 

Where: 
Nrec= recommended N rate (kg/ha). 
Ygrain= expected attainable grain yield (Mg/ha).  

28.6=internal N requirement of corn per unit of grain yield. 
NOM= Net N produced by mineralization of soil organic matter (kg/ha) determined 
as 2.24 x soil OM content (g/kg). 
Nr= profile N: available pre-season inorganic soil N in the surface 60 cm (kg N/ha), 
determined as 0.12 x sampling depth (cm) x soil NO3-N (mg/kg). 
Nm= inorganic N available from manure application (kg N/ha). 
No= inorganic N from other sources (e.g. irrigation water) (kg N/ha). 
C= previous crop adjustments (kg N/ha). 

 
N recommendations in the Northern Great Plains excluded several factors that 

may affect corn yield. Therefore, N fertility, soil, weather and irrigation interactions were 

included in a linear model to predict corn yield using a field study performed in southern 

North Dakota during 6 years (Derby et al. 2005). The N fertilizer and irrigation 

management effects over groundwater quality were evaluated. Soils were generally 

sandy or sandy-loam. The field was divided into four quadrants and irrigation was 



 

47 
 

assigned to each of them. Irrigation scheduling methods (I) consisted of (i) tensiometer: 

when readings at 0.3 m were 40 ± 10 kPa or crop water stress index (CWSI) reached 

0.25 ± 0.05 irrigation was triggered; (ii) water balance algorithm (Stegman and Coe 

1984) before the first irrigation, it allowed 60-70% plant extractable water depletion, then 

full ET replacement from 1st irrigation to blister kernel stage (R2), irrigation was applied 

if soil moisture depletion was greater than 60-70% from R2 stage through maturity; (iii) 

water balance algorithm replacing 80% of estimated ETc; (iv) irrigation based on 

CERES-Maize crop growth model predictions of plant extractable water in the soil. The 

first, second and fourth irrigation scheduling methods applied 32 mm per irrigation 

event; while the third method applied only 25 mm per event. The average seasonal 

(1991-1995) amounts resulted in 136, 125, 106 and 122 mm for the first through the 

fourth irrigation methods, respectively. The fertilizer treatments (Nt) consisted of 

reference regime of zero N to a ‘non-limited’ regime; thus, six N rates were designated 

as 0, 45, 90, 135, 180 and 225 kg N/ha (without the starter N) all randomly arranged. 

Post emergence N applications were applied in three splits: at the V6, at V15 and R1 

(silking) stages. The ‘Nt x I’ interaction showed no significant yield increase for fertilizer 

rates greater than 135 kg N/ha, except for the fourth irrigation treatment (CERES) 

where maximum yield resulted at 180 kg N/ha. However, the highest yields were 

obtained using the water balance algorithm treatment across all N rates, suggesting that 

this treatment was able to deliver enough amounts of water during critical growth 

periods of highly increasing N uptake (Derby et al. 2005). 

Different methods are used to determine N recommendation rates. However, 

when soil inorganic N is not considered correctly, or when yield predictions are larger 
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than expected based on soil types and weather conditions, N applications may exceed 

crop requirements and be lost to the environment (Keeney 1986). Thus, effective N and 

irrigation management recommendations should include adjustments for low 

productivity soils, evaluation of growing conditions and must be implemented based on 

soil-climate conditions in order to reduce potential environmental risks (e.g. nitrate 

leaching) (Derby et al. 2005). 

Nitrogen Leaching Studies 

In the soil solution, nitrate (NO3
-) is the dominant form of nitrogen and it is taken 

up by plants. Most of the usable form of N is in the soil solution and readily moves as 

the water moves. As a result, nitrate can move rapidly to the roots, it can be taken up 

and be depleted by plants; however, it is also subject to rapid removal from the soil by 

leaching (Foth and Ellis 1996). In most of the soils, generally the concentration of 

ammonium (NH4
+) is low because it can be readily converted into NO3

-. In contrast, 

NO3
- is negatively charged and is not retained by the soils; therefore, it is the 

predominant form of N that leaches  

Nitrate-N leached from agricultural lands impacting groundwater quality is an 

environmental problem in Florida and worldwide. N leaching under different irrigation 

and N fertilizer management regimes has been evaluated extensively under different 

soils and climatic conditions (Andraski et al. 2000; Gheysari et al. 2009; Jia et al. 2014; 

Klocke et al. 1999; Moreno et al. 1996; Schneekloth et al. 1996; Zotarelli et al. 2007).  

Ideal N fertilizer and irrigation management is required in order to reduce N 

leaching from the rootzone. A corn-wheat crop rotation study evaluated the effect of 

irrigation and N fertility rates on NO3-N leaching using lysimeters in China. The study 

consisted of the evaluation of two irrigation rates (525 and 263 mm), two N fertilizer 
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levels (100 and 200 kg N/ha) using two fertilizer types (urea and manure) and two 

maize varieties (Zhongnong 99 [Z99] and Lainong 14 [L14]). From 2 m depth, the 

maximum N leaching resulted in 77.2 kg N/ha and 47.9 kg N/ha for Z99 and L14, 

respectively when the highest irrigation and N fertilizer were applied (525 mm and 200 

kg N/ha) (Jia et al. 2014). 

Another study in the Southwest of Spain evaluated furrow-irrigated maize and 

two N rates: 500 kg and 170 kg N/ha/yr. The former represents a rate that farmers apply 

in the region traditionally; whereas the latter is a third of that rate. The results showed 

that significant drainage occurred after rainfall and when soil was previously irrigated 

resulting in 150 and 43 kg N/ha in the high and low fertility treatments evaluated 

(Moreno et al. 1996). 

A nitrogen management study included four cropping manure management 

systems: (i) continuous corn (at least 5 years) without manure application (CCC), (ii) 

continuous corn with manure application (m-CCC), (iii) second year corn following 3-yr 

alfalfa with no manure applied for at least 5 yr (ACC), and (iv) second year corn 

following 3-yr alfalfa with manure applied to first year corn. All management systems 

were representative of common maize production practices in Wisconsin. Treatments 

tested seven N rates (0, 34, 68, 102, 136, 170 and 204 kg N/ha), surface broadcast 

applied as ammonium nitrate three days before planting. The Pioneer 3578 (105 d 

relative maturity) was planted in a Plano silt loam soil (fine-silty, mixed, superactive, 

mesic Typic Argindoll, >2m depth to the water table). Soil water NO3-N samples were 

collected using porous-cup samplers through the season. Significant effect of N rates 

resulted on corn grain yield for all management systems in the first year and only on 
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CCC and m-CCC in the second year. Economic optimum N rates (EONR) for CCC, m-

CCC, ACC, AmCC were 130, 20,105 and 80 kg N/ha resulting in 8.7, 9.7, 11.2, 11.2 

Mg/ha grain yields in the first year. In contrast, EONR were 150, 80, 0 and 0 Kg N/ha 

resulting in 12, 10.5, 12.8 and 12.6 Mg/ha for CCC, m-CCC, ACC, AmCC; respectively 

in the second year. N mineralization from legume or recent manure applications 

increased N availability resulting in lower EONR and higher grain yields. N leaching 

samples increased as the N applied in excess of the EONR increased. The predicted 

soil-water NO3-N at EONR was 18 mg/L. Concentrations were <10 mg/L for N rates >50 

kg N/ha below EONR and >20 mg/L for N rates >50 kg N/ha above EONR. The 

estimated total NO3-N leaching averaged across N rates, trials and years were: 20, 41, 

34 and 56 kg N/ha for CCC, m-CCC, ACC and AmCC, respectively. Authors concluded 

that increasing soil N availability due to past crop and manure management lead to: an 

increase in N mineralization resulting in high soil NO3-N early in the season, a 

decreased economic optimum corn N rate, and an increased soil NO3-N content and 

concentration at the end of the season which also resulted in flux below the root zone. 

As well, an end-of-season soil NO3-N test could be used to assess corn N management 

practices and the excess N fertilizer amounts applied that will potentially be leached 

from the root zone (Andraski et al. 2000).  

The effect of irrigation and N rates over grain yield has been extensively studied 

in the Great Plains, as well as, potential negative impacts resulting from improper use of 

these variables to the environment, especially to the Ogallala Aquifer, the main source 

for irrigation. From 1998 to 2000 a study performed in Yuma, Colorado evaluated three 

irrigation rates (0.60, 0.80, and 1.00 estimated ET), four N fertility rates (30, 140, 250, 
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and 360 kg N/ha; including N in soil and irrigation water), and three plant populations 

(57,000, 69,000 and 81,000 plants/ha). The field experiment was conducted in well-

drained Haxtun sandy loam soil (fine-loamy, mixed, superactive, mesic Pachic 

Argiustolls). Optimum corn yield resulted from the combination of 0.80 ET to 1.00 ET 

140 to 250 kg N/ha and 57,000 to 69,000 plants/ha population. However, when using 

0.80 ET across those N rates and plant populations resulted in the best management 

system for optimum WUE and to achieve water savings and preserve the Ogallala 

Aquifer (Al-Kaisi and Yin 2003). 

Contamination of aquifers by nitrate-N has been a growing problem in irrigated 

areas such as the western Corn Belt where about 95% of the population uses 

groundwater as the primary source of potable water. A long term study performed in 

western Nebraska was performed with the aim to broader understand the amount and 

timing of nitrate leaching losses from a continuous corn and in a soybean-corn rotation 

under sprinkler irrigation. Experimental site was located in Cozad silt loam (Fluventic 

Haplustoll) soils and leachate was collected using monolithic percolation lysimeters. 

Results from 1993 to 1998 showed that leaching patterns were influenced by rainfall 

patterns and the active water uptake periods by plants. Although irrigation was applied 

in a careful manner, it did not prevent leaching during the growing season. Average 

drainage was 218 mm/yr and it did not differ statistically between the crop rotation and 

continuous corn production. Average nitrate concentrations resulted in 24 mg/L and 42 

mg/L for the continuous corn and for the corn-soybean rotation, respectively. Thus, 

yearly nitrate leaching was 52 kg/ha and 91 kg/ha for the continuous corn and the corn-
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soybean rotation, respectively. This represents an equivalent of 27% and 105% of the 

fertilizer applied during the 6 years of study (Klocke et al. 1999). 

Over-enrichment (eutrophication) caused by urban, agricultural and industrial 

development associated with climate change promotes toxic cyanobacteria (blue-green 

algae) growth which is raising concerns in structure and function of freshwater 

ecosystems (Carmichael 1992; Paerl and Huisman 2008; Paerl and Otten 2013). The 

cyanobacterial harmful blooms (CyanoHABs) are toxin producing species that have 

threaten ecological and human health (Huisman et al. 2005). Ecological impacts include 

the scum formation which reduces light to benthic primary producers and the excessive 

biomass at bloom die-off which may kill fish due to oxygen depletion or hypoxia. Human 

health may also be impacted causing fatal human liver, digestive, neurological and skin 

diseases (Carmichael 1992; Huisman et al. 2005; Paerl et al. 2011). 

Water management agencies face challenges to control the development of 

these blooms, especially the toxin producer taxas. The ‘single nutrient’ (phosphorus; P) 

versus the ‘dual nutrient’ (N and P) are management strategies under discussion to 

control mainly toxin producer algal blooms and mitigate these consequences. Due to 

the capacity of to fix atmospheric N2 and satisfy their N requirement, traditionally a 

reduction in phosphorus inputs would control some CyanoHABs since many are limited 

by P. However, non N2 fixing CyanoHABs are increasing in eutrophying systems now 

being N and P co-limited or even N limited. As N loads increase, constraints to N and P 

inputs will most be likely required to control CyanoHABs in the long-term (Paerl et al. 

2011). 
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A recent study was performed in Lake George, Florida in order to determine 

dynamics of cyanobacteria (N2 fixers and nonfixers) in respond to nutrient levels and 

biophysical factors. The most important results showed nonlinear relationships and 

critical thresholds among cyanobacteria and environmental covariates. Results showed 

that due to the ability to fix N2, fixing cyanobacteria were relatively insensitive to TKN; 

whereas the nonfixing genera showed increasing partial dependence (i.e. predominantly 

non-linear model relationships between the lagged explanatory variables and the 

genera) on TKN with increasing concentrations until a threshold of 1.5−2.5 mg/L. Thus, 

management practices oriented to reduce TKN could have a positive effect to reduce 

bloom intensities in nonfixer cyanobacteria. On the other hand, most cyanobacteria 

genera were less sensitive to changes in total phosphorus (TP) concentrations than to 

TKN, maybe due to their ability of buoyancy regulation. However, N2 fixing species 

showed a modest sensitivity of biomass to TP values (below 0.06 μg/L) possibly due to 

a relatively high P demand of some nitrogen fixers which gives limited evidence for the 

potential control of this genera. As well, they found a strong relationship between 

cyanobacteria biomass and temperature; where as a negative correlation between 

cyanobacteria biomass and both flow and color. Hence, their findings suggested that 

other abiotic covariates could contribute to algal blooms despite nutrient concentrations; 

however, management limitations on abiotic covariates will ultimately lead to the 

management of nutrient variables. Therefore, a dual nutrient strategy could be more 

beneficial due to the variability of CyanoHABs taxas and structures of individual 

ecosystems (Nelson et al. 2018). 
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BMPs 

Due to the water use limitations and the potential environmental degradation 

issues associated with the use of nitrogen fertilizers and excessive water use to sustain 

agriculture, the implementation of N and irrigation best management practices (BMPs), 

and/or new regulations has become fundamental. 

In Florida, the adoption and implementation of BMPs aim to assist producers in 

priority watersheds statewide with the purpose of protect water quality and reduce water 

use. These practices include upgrading irrigation systems to achieve greater efficiency, 

the implementation of equipment and tools to target fertilizer applications and possibly 

reduce losses to the environment, as well as, adopting an efficient scheduling irrigation 

to help protect water resources. If a BMP program is established and in place, all 

growers adopting agricultural BMPs will benefit since they are considered to be 

operating under a ‘presumption of compliance’ with water quality standards. Thus, if 

water quality standards are not met, growers will be protected from liabilities due to 

water quality degradation (FDACS 2015a). 

Water Quantity and Quality BMPs for Field Crops in Florida 

Nutrient management 

Nutrient management is essential to protect water quality of waterbodies. The 

fate and behavior of N in soil-plant systems could be tracked and controlled by 

strategically managing the application rates, timing and method of application of N 

fertilization and irrigation (Li and Yost 2000). 

 Fertilization and irrigation are the two main practices associated with the N 

cycle, since water acts as a carrier of nutrients and pollutants (e.g. N fertilizers). Excess 

nutrient discharges may be related due to the excessive use, inefficient placement, or 
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poor application timing. Therefore, the “Four Rs of Fertilizer Management”: right source, 

right rate, right time and right place is an approach that has become successfully 

adopted for nutrient management. This consists on ‘right source’- selecting the 

appropriate and balanced supply of essential nutrients in available forms to be extracted 

by plants; ‘ right rate’-determined based on soil nutrient supply and plant demand; ‘right 

time’ – carefully chosen based on the crop demand, soil supply, nutrient loss risks and 

field operation logistics, ‘right place’- established based on the root-soil dynamics, 

nutrient movement and soil variability, with the aim of maximizing plant uptake and limit 

potential losses to the environment (Hochmuth et al. 2014). 

Successful implementation of the 4Rs of nutrient management is linked with 

careful and adequate water management. When water is applied and it exceeds the 

soil’s water holding capacity, it will lead to drainage below the root zone as leachate, or 

over the surface as runoff. By contrast, inadequate water applications will prevent 

fertilizers to be dissolved reducing the nutrient availability to the crops. As a 

consequence, it may lead to an increase in the production costs, a reduction in 

marketable yields and potentially the increase in human health and environmental 

issues (FDACS 2015a).  

Another important factor to take into account is the geographic characterization 

of the production region. In North Florida, for example, the main agricultural areas lay in 

well-drained sandy soils over karstic regions (i.e. unprotected limestone), making it 

more susceptible to nitrate leaching to the groundwater and sinkholes connected to the 

aquifer (FDACS 2015a). Therefore, more effective practices should be implemented in 

susceptible areas to reduce the risks. 
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Nutrient and irrigation BMPs are based on plant nutrition principles: (i) supply the 

right amount of the essential macro and micronutrients; (ii) diminishing returns: the 

highest nutrient uptake that reflects the highest yield. Thus, greater amounts of fertilizer 

will decrease monetary return. Fertilizer-N use efficiency: maximum percentage of 

fertilizer taken up versus the applied fertilizer. (iii) Fertilizer timing: fertilizer application to 

achieve the highest plant uptake based on the crop and soil type. For example Florida’s 

sandy soils are characterized by low organic matter, low cation exchange capacity and 

prone to nutrient leaching; thus, small fertilizer applications are recommended. 

Likewise, nutrient incorporation in the planting beds is another implemented practice to 

avoid nutrients leaching (FDACS 2015a). 

Total fertilization should account for soil nutrients plus the fertilizer applied in 

order to achieve optimum crop growth. Therefore, soil tests should be performed in 

order to determine the initial nutrient supply by the soil, which could reduce the amount 

of fertilizer required to be applied. Furthermore, the fertilizer source and the method of 

application is another way to reduce potential losses to the environment. Several 

conventional N fertilizers are granular and soluble; however, the method of application 

can be broadcast (applied over the entire field), modified broadcast (applied on raised 

beds) or banding (applied in bands near the root system). The banding method has 

been identified as the preferred method of application (FDACS 2015a).  

Some irrigation and fertilizer BMPs and strategies used by growers in Florida are: 

(i) N application scheduling matching the crop needs and in small amounts to avoid 

potential losses, (ii) avoid N applications in non-cropped areas prone to 
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erosion/leaching, (iii) minimizing large N residues at the end of the growing season 

since remaining N is subject to leaching (Hochmuth 2000). 

N applications are tempted to be applied in excess due to the misconception that 

extra N will reduce the associated risks in crop production in order to reach the best 

yields. Nevertheless, when the extra N applied does not contribute to greater yields, it 

only means a reduction in grower’s profitability (Hochmuth 2000). Therefore, 

recommended practices are: (i) determine the crop nutrient requirement and target the 

crop demand stages to perform the N applications, supplemental N (27-36 kg/ha) 

should be applied under N impending conditions detected by leaf or petiole sap or when 

leaching rainfall events occur (76 mm in 3 days or 100 mm in 7 days); (ii) perform N 

applications during the most active N uptake stages (V3, V6 and V8 through before VT), 

avoiding applications at the end of the season when N uptake is reduced. 

The development of BMPs for N applications in sweet corn was evaluated using 

the CERES-Maize Model of the Decision Support System for Agrotechnology Transfer 

(DSSAT). A total of six irrigation and 54 N fertilizer strategies were evaluated using 33-

year continuous historical weather conditions for sandy soils in Gainesville, Florida. The 

best potential strategies were selected under two criteria: simulated yield above the 

acceptable value of 3,400 kg/ha and resulting in the lowest leaching values. The 

irrigation strategies of 5 mm applied at 20% MAD and 7.5 mm at 30% MAD resulted as 

the best practices. These results support the assumption that nitrogen leaching could be 

reduced by frequent low volume applications, where less water is lost through deep 

percolation. In terms of N applications, the author divided the growth season in three 

stages: small leaf, large leaf and ear developmental stages. The best strategies for the 
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split application that should be applied in those stages were: “0: ¼: ¾“(i.e. zero 

application in the small stage, 1/2 of total N (except for the starter N fertilizer: 17 kg 

N/ha) in the larger leaf stage, and 1/2 in the ear development stage) and “0: 1/3 and 

2/3”. The author found 30, 40, 50 kg N/ha as the best application amounts (i.e. how 

much N fertilizer should be applied per fertilization event) if the production cost was 

considered in addition to yield and N leaching. This result also strengthens the 

assumption that frequent and low amount N applications potentially reduce N leaching 

(He 2008). Nevertheless, the selection on these best strategies mean that growers need 

to irrigate and fertilize more often, increasing their production costs. Thus, a final 

selection was performed taking into account the production costs. After the evaluation of 

six potential BMPs for uncertainties of yield and cumulative N leaching caused by 

weather and input parameter uncertainty, the BMPs (i) irrigation of 7.5 mm triggered at 

30% MAD, a total 196 kg N/ha split in “0: ¼ : ¾” using an application amount of 40 kg 

N/ha an irrigation of 7.5 mm with a MAD value of 30%, a total of 196 kg N/ha with a split 

of “0: 1/3: 2/3” and an application amount of 30 kg N/ha, were best options for real 

sweet corn production, compared with other BMPs and the actual grower practice. 

These simulations supported the UF/IFAS N fertilizer recommendations for sweet corn 

production (224 kg/ha) (He 2008). 

Another recommended practice for nutrient management is set realistic yield 

goals (Hochmuth 2000; Shapiro et al. 2008). In Nebraska, for example, an N application 

is recommended based on the following equation (Shapiro et al. 2008): 

𝑁 𝑛𝑒𝑒𝑑 = [35 + (1.2 ∗ 𝐸𝑌) − (8 ∗ 𝑁𝑂3 − 𝑁 𝑝𝑝𝑚) − (0.14 ∗ 𝐸𝑌 ∗ 𝑂𝑀)
− 𝑜𝑡ℎ𝑒𝑟 𝑁𝑐𝑟𝑒𝑑𝑖𝑡𝑠] ∗ 𝑃𝑟𝑖𝑐𝑒𝑎𝑑𝑗 ∗ 𝑇𝑖𝑚𝑖𝑛𝑔𝑎𝑑𝑗 

 

(1-2) 
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Where: 
EY = expected yield (bu/ac). 
NO3-N ppm = average nitrate-N concentration in the root zone (2-4 foot depth) 
(ppm). 
OM = organic matter (%). 
Other N credits = N from legumes, manure, other organic materials and irrigation 
water. 
Priceadj = adjustment factor for prices of corn and N. 
Timingadj = adjustment factor for fall, spring and split applications.  

 
It’s important to note that N applications are sensitive to wide fertilizer and corn 

price fluctuations. Therefore, the price factor is determined on the reduction effect of 

increasing N rate on corn yields. Thus, greater N per bushel yield increase can be 

profitably applied as N fertilizer becomes less expensive than corn prices (Shapiro et al. 

2008). 

Irrigation management 

Irrigated agriculture has been, and it is still today, an instinctive and essential part 

of human civilization due to its contributions to food security and poverty reduction. 

Nevertheless, annual global water shortages have been predicted to be 640 billion cubic 

meters by 2050 (Spears 2003). In an increasingly growing population highly demanding 

for food, water scarcity has become more common, especially in places where water 

resources are limited and highly exploited and the population increase is the greatest 

(Wallace 2000). 

Several water use efficiency indices were quantified for four irrigation regimes in 

a long-term research on irrigated corn (Irmak 2015a). Treatments consisted of: fully 

irrigated treatment (FIT), limited irrigation (75% FIT, 60% FIT and 50% FIT), and rainfed 

as a control assessed from 2005 to 2010. FIT irrigation was triggered when soil water 

depletion reached 40-45% of total available water in order to avoid water stress impact 

on crop yield and water productivity. The results showed a linear increase of maize 
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seasonal ETa (actual evapotranspiration) with increasing irrigation. The ETa values 

showed a strong inter-annual variation (mainly influenced by precipitation), ranging from 

low to high irrigation treatment 468 to 654 mm, 461 to 647 mm, 528 to 646 mm, 617 to 

690 mm, 509 to 637 mm, and from 596 to 654 mm for 2005 to 2010, respectively. The 

rainfed treatment had the lowest ETa and grain yield; while the FIT had the highest 

values. Irrigation had a significant effect on maize yield. Rainfed and FIT treatments 

yields ranged from 4.7 to 14.8 t/ha, 6.4 to 15.2 t/ha, 8.7 to 14.8 t/ha, 13.9 to 16.1 t/ha, 

9.1 to 15.5 t/ha, and from 11.8 to 15.4 t/ha, respectively from 2005 through 2010. 

Average yield increase attributable to irrigation was 7.7, 4.6, 1.6, 5.8, and 2.7 t/ha as all-

treatment average in comparison to the rainfed treatment. No significant differences 

were found between FIT and 75% FIT from 2007 to 2010. Thus, under those 

environmental and management conditions, nearly the same yield can be achieved 

irrigating 75% of the crop water requirement, saving 25% of the water applied including 

pumping costs and reducing potential leaching. The author confirmed a curvilinear 

relationship of grain yield and irrigation where maize grain yield (15.5 t/ha) increased 

with up to 180 mm of irrigation, above it became excessive reducing the oxygen and 

nutrient uptake to the crop while increasing potential N leaching, therefore diminishing 

returns (Irmak 2015a). 

Irrigation water use efficiency (IWUE), crop water use efficiency (CWUE), 

evapotranspiration water use efficiency (ETWUE), annual precipitation use efficiency 

(ANNPUE), growing season precipitation use efficiency (GRSPUE), and growing 

season precipitation use efficiency with respect to rainfed yield (GRSPUErainfed) were 

evaluated in maize under the same conditions and treatments previously described 
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(Irmak 2015b). The equations for each of these water use efficiencies are described as 

following: 

The previous indices could be calculated by initially calculating the actual crop 

evapotranspiration (ETa), using a soil water balance approach (Irmak 2015b): 

𝑃 + 𝐼 + 𝑈 + 𝑅𝑢𝑛 − 𝑜𝑛 = 𝑅𝑢𝑛𝑜𝑓𝑓 + 𝐷𝑃 ± ∆𝑆𝑊𝑆 + 𝐸𝑇𝑎 
 

(1-3) 

 
Where: 
P = precipitation (mm) 
I = irrigation water applied (mm) 
U = Upward soil moisture flux (mm) 
Run-on = surface run-on 
Runoff = surface runoff from individual treatments (mm) 
ΔSWS = change in soil water storage in the soil profile (mm) at the beginning and 
end of the season 
DP = deep percolation (mm) below the crop root zone. 

 
Assuming that upward flow and run-on are negligible, then the equation is 

reduced to: 

𝐸𝑇𝑎 = 𝑃 + 𝐼 ± 𝑅𝑢𝑛𝑜𝑓𝑓 − 𝐷𝑃 ± ∆𝑆𝑊𝑆 

 

(1-4) 

 
To determine the maize productivity response under different irrigation regimes, 

crop water use efficiency (CWUE) is computed as the ratio of grain yield to actual crop 

evapotranspiration (Irmak 2015b). 

𝐶𝑊𝑈𝐸 = [
𝑌

𝐸𝑇𝑎
] ∗ 100 

 

(1-5) 

Where: 
CWUE = crop water use efficiency (kg/m3) on a unit water volume basis or in g/kg 
on a unit water mass basis 
Y = grain yield (g/m2) 
ETa = actual crop evapotranspiration (mm) 
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In order to evaluate the effect of irrigation in terms of crop water productivity, 

irrigation water use efficiency (IWUE) and evapotranspiration water use efficiency 

(ETWUE) are calculated (Musick and Dusek 1980; Viets 1962). These two indices allow 

to quantify the crop productivity variations and actual crop evapotranspiration (ETa) with 

different irrigation regimes compared to yield obtained under rainfed conditions (Irmak 

2015b): 

 
𝐼𝑊𝑈𝐸 =  [(𝑌𝑖 − 𝑌𝑟)/𝐼𝑖] ∗ 100 

 
(1-6) 

𝐸𝑇𝑊𝑈𝐸 = [(𝑌𝑖 − 𝑌𝑟)/(𝐸𝑇𝑎𝑖 − 𝐸𝑇𝑎𝑟)] ∗ 100 
 

(1-7) 

Where:  
IWUE= irrigation water use efficiency (kg/m3)  
ETWUE= evapotranspiration water use efficiency (kg/m3)  
Y = dry grain yield at 15.5% moisture content (g/m2) 
Ii = applied gross irrigation water (mm) 
Subscript i = irrigation level 
Subscript r = treatment with no seasonal irrigation (rainfed or dry land) 
ETai = actual evapotranspiration for irrigation level i 
ETar = actual evapotranspiration for the associated rainfed treatment 

 
In order to quantify the efficiency of various irrigation levels in terms of increase 

in ETa attributable to irrigation with respect to applied irrigation, the irrigation-

evapotranspiration use efficiency (IRRETUE) is calculated (Irmak 2015b). It indicates 

the effectiveness of irrigation management compared to crop water requirement: 

𝐼𝑅𝑅𝐸𝑇𝑈𝐸 = [(𝐸𝑇𝑎𝑖 − 𝐸𝑇𝑎𝑟)/(𝐼𝑖)] ∗ 100 

 

(1-8) 

Where: 
IRRETUE= Irrigation-evapotranspiration use efficiency (%) 
ETai = increase in ETa attributable to irrigation (i.e. ETa for irrigated treatment minus 
ETa of rainfed treatment) 

 
A 100% IRRETUE indicates that the total water applied through irrigation is used 

for ETa (i.e. very difficult to accomplish). IRRETUE values greater than 100% show 
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irrigation applied exceeded crop water requirement (i.e. overirrigation) whereas 

IRRETUE values below 100% represent irrigation applications insufficient to meet ETa 

(i.e. underirrigation or limited irrigation) (Irmak 2015b). 

Precipitation water stored (dormant season) and/or during growing season can 

make significant contributions to effective irrigation management strategies. The PUE 

(t/ha/mm) is the ratio of aboveground net primary production (grain yield and/or dry 

matter production; t/ha) to ANNPUE (mm) or GRSPUE (mm) described as follows 

(Irmak 2015b): 

𝐴𝑁𝑁𝑃𝑈𝐸 = (𝑌/𝑃𝑎𝑛𝑛𝑢𝑎𝑙) 
 

(1-9) 

𝐺𝑅𝑆𝑃𝑈𝐸 = (𝑌/𝑃𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑠𝑒𝑎𝑠𝑜𝑛) 

 

(1-10) 

Where:  
Growing season precipitation= total precipitation from emergence to physiological 
maturity. 

 
Then, GRSPUErainfed consists of the evaluation of the effectiveness of different 

irrigation treatment regimens over yield in comparison to rainfed yield, accounting for 

potential increase in irrigated yield in comparison to the rainfed yield under different 

water management practices (i.e. irrigation treatments) (Irmak 2015b). 

𝐺𝑅𝑆𝑃𝑈𝐸 = (𝑌𝑖 − 𝑌𝑟/𝑃𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑠𝑒𝑎𝑠𝑜𝑛) 

 
The results of this long-term research showed that 75% FIT resulted in a 

maximized CWUE, with 25% less irrigation applications. Across the six year study, 

average CWUE values were: 2.34, 2.32, 2.29, 2.24, and 1.73 kg/ m3 for FIT, 75% FIT, 

60% FIT, 50% FIT and rainfed treatments, resulting in a linear relationship with yield 

and ETa. IWUE values ranged from 1.75 kg/m3 to 5.9 kg/m3 for 50% FIT during 2008 

(the wettest year) and 2009, respectively. FIT, 75% FIT, 60% FIT, and 50% FIT six-year 
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averages were 4.01, 4.45, 4.48, and 4.13 kg/m3, respectively. Limited irrigation 

treatments (50% FIT, 75% FIT and 60% FIT) resulted in maximized IWUE due to a 

reduction in soil evaporation losses, keeping transpiration rate close to the potential 

rate; thus, with relatively high yields. The IRRETUE index resulted in values from 37.8% 

(62.2% under irrigation) and 149.6% (49.6% overirrigation) for 50% FIT in 2010 and 

2008, respectively. About 56% underirrigation occurred since irrigation applications did 

not meet crop water requirements in 2010. By contrast, two excessive irrigation events 

occurred in 2008 (the wettest year) in which irrigation did not have an effect on yield due 

to high precipitation. Average IRRETUE values (without 2008 overirrigations) were 

about 76, 81, 73 and 74% for FIT, 75% FIT, 60% FIT, and 50% FIT, respectively. It’s 

optimal to maintain 80-90% IRRETUE values (i.e. soil profile less than fully replenished) 

allowing it to capture potential precipitation while reducing runoff and future irrigation 

applications (Irmak 2015b). Previous research showed that yield increased up to 127-

130 mm of irrigation and plateaued with the exception of 2010, when it was observed 

mostly a linear response (did not plateaued) versus a curvilinear (Irmak 2015a). The 

effectiveness of irrigation management practices can be assessed using the IRRETUE 

index with respect to meeting crop ETa and maximum grain yield (Irmak 2015b). 

 Improving irrigation scheduling constitutes a potential strategy to increase 

irrigation water use efficiency while implementing BMPs. In soils with low water holding 

capacities, low amounts but more frequent water applications have been proven to get 

better results in comparison to the high irrigation volumes with fewer applications (El-

Hendawy and Schmidhalter 2010; He 2008; Hochmuth 2000; Locascio 2005). As a 

drawback, these require more intensive labor and can be more expensive. However, 
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implementing automated irrigation using soil moisture sensors could be an alternative to 

manage frequent and low volume applications for crop production in sandy soils 

(Munoz-Carpena et al. 2005). 

A field experiment on drip-irrigated maize was conducted in a very arid area of 

Egypt (annual precipitation 20 mm). Different irrigation frequencies (F) (once every 1 

(F1), 2 (F2), 3 (F3) and 4 days (F4)) and water application rates (I1=1.00, I2=0.80 and 

I3=0.60 of ETc) were evaluated in the 2007 and 2008 growing seasons. Maximum yield 

components were obtained under the most frequent irrigation applications (F1 and F2). 

By contrast, on average across the two seasons, F3 and F4 resulted in 27.7 and 42.3% 

lower ear weight, 35.2 and 62.7% lower grain weight per plant, and 38.1 and 56.3% 

reductions in grain yield/ha, compared to F1. As well, irrigation application rates 

significantly affected yield components. The 1.00 ET treatment resulted in the highest 

yield, whereas the 0.80 and 0.60 ET treatments showed reductions of 13.8 and 50.9% 

for ear weight/plant, 20.7 and 63.8% for grain number/plant, 14.9 and 56.1% for grain 

weight/plant and 18.0 and 60.8% for grain yield, respectively. F2I1 (2day F and 0.8 ET 

application rate) resulted in the highest yields. Grain yield and seasonal crop ET 

resulted in a linear and positive relationship each year. An average of 246.1 mm were 

needed as crop ET to start grain yield production. Authors attributed the maximum 

yields and yield components (F1I2 and F2I1) to maintaining the optimal soil water 

content available in the root zone without deep percolation (El-Hendawy and 

Schmidhalter 2010). 

The effects of irrigation over sweet corn yield and cumulative N leaching were 

investigated (He 2008). A total of nine irrigation strategies were evaluated, in which 
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automatic irrigation was triggered to refill the soil profile (50 cm) based on the remaining 

water available in the soil. A maximum dry yield of 3,867 kg/ha was obtained when 

irrigation was triggered at 30% maximum allowable depletion (MAD). Yield reductions 

were observed within the range of 80-50% MAD, where yields were below 3,000 kg/ha 

due to water stress. However, when irrigation was triggered at 20 and 10% with small 

depth of irrigation (5 and 2.5 mm, respectively), then dry yields decreased slightly that 

could be attributed to N leaching, thus less N available for crop uptake. Therefore, 

irrigation scheduling using a 30 – 40% MAD and with application depths of 7.5 to 10 mm 

was found as the optimum method to result in higher yields and lower N leaching (He 

2008). 

Irrigation scheduling improvements have been studied through the assessment 

of soil moisture sensors complemented with ET data (i.e. estimation of water lost from 

the soil surface and from the crop through evaporation and transpiration, respectively) 

(Adhikari and Penning 2016). This method is widely used since it provides a broad scale 

irrigation recommendation. However, using real-time soil moisture data monitored in-

situ, provides a great complement to the ET method. A study was conducted to evaluate 

both methods. Results showed that the combination of ET data, which provides the 

amount of water lost that needs to be replaced with irrigation, and the soil moisture 

data, which confirms if the amounts were efficiently applied in the root zone, is an 

efficient methodology to schedule irrigation. As well, the use of multiple soil moisture 

sensors provides information about the soil variability, thus irrigation can be adjusted 

manually or using smart irrigation systems. This is an opportunity for the producer or for 
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the irrigation manager to react accordingly with the constant changes in the field and/or 

weather conditions (Adhikari and Penning 2016). 

Nitrogen and irrigation BMPs previous research 

Previous research determined the importance of integrating the N management 

practices with irrigation management practices in cropping systems, since failing to link 

them resulted in elevated concentrations of NO3-N in the soil, as well as, in groundwater 

(Schepers et al. 1995). Thus, several studies have investigated BMPs of N fertilizer and 

irrigation in the United States in order to reduce NO3-N leaching below the corn root 

zone, as well as, to use more efficiently both resources especially when any of them is 

limited (Ferguson et al. 1991; He 2008; Klocke et al. 1999; Schepers et al. 1995). 

Due to the specificity of the soil, crop and climate conditions N and irrigation 

recommendations should be site-specific to reduce errors on the applications. Location 

and year characteristics (e.g. soil water holding capacity and precipitation amounts and 

timing) are main factors influencing yield. 

Careful N and irrigation management must be implemented in irrigated corn 

production in order to reduce the nitrate leaching below the root zone and avoid 

environmental impacts. A total of 79 sites with irrigated corn were evaluated in south 

central, west central and northeast Nebraska from 1984 through 1988. Several 

parameters were evaluated: NO3 in the soil and in the irrigation water, realistic yield 

goal selection and irrigation scheduling based on crop water use. The recommended N 

rate was determined using a logarithm taking into account the yield goal, soil NO3-N 

levels and water NO3-N concentrations as inputs (Univ. Nebraska, Lincoln procedure 

(UNL)). The average N credits from soil and irrigation water NO3-N was 50 kg/ha. After 

considering these N credits, the recommended rate ranged from 40 to 270 kg/ha among 
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the different regions and years evaluated. N applications of 56 kg/ha above and below 

the recommendation were also applied. Yearly irrigation amounts varied largely (ranged 

160-1217 mm) and averaged 520.7 mm. Results showed little differences in yield 

among the three N rates. A regression analysis showed a relative insensitivity of yield to 

changes in the rate of N fertilizer. Yield goals (last 5 years average yield with a 5% 

increase) for all sites averaged 10.7 Mg/ha and yield at the recommended N rate 

averaged 10.9 Mg/ha; suggesting an overestimation of the algorithm used to develop N 

rate recommendations to achieve yield goals under irrigated conditions (due to 

significant NO3-N contributions from soil and irrigation water). Therefore, a reduction in 

N rate by 56 kg/ha could significantly achieve economic savings and minimize potential 

NO3 loss to the environment. Average irrigation was 521 mm per acre, with a range 

from 160 to 1217 mm per acre, which exceeded the water needed to achieve optimum 

yield (i.e. in most of the years < 381 mm were required to optimize yield). Thus, the 

authors recognized a need to improve water management to avoid excessive water 

applied and therefore, reduce soluble N leaching into the groundwater (Ferguson et al. 

1991). 

Cropping systems without integration of N and irrigation management are more 

likely to result in larger NO3-N concentrations in the soil and groundwater. These 

conditions are common in places where the main purpose of irrigation is to reduce 

drought effects and where N fertilizers are inexpensive.  

A study conducted In the Platte River Valley near Shelton, Nebraska from 1991 

to 1993 evaluated three N and water management scenarios in maize under 

monoculture and crop rotation systems (Schepers et al. 1995). Four maize hybrids 
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differing in yield potential, maturity and stay green characteristics were selected for the 

crop rotation study. The irrigation systems evaluated were: (i) conventional furrow, (ii) 

surge-flow furrow with laser grading and runoff water recovery system and (iii) center 

pivot sprinkler irrigation. The conventional furrow irrigation scheduling was determined 

by the producer; while the checkbook method was used to schedule irrigation for the 

other two systems. Based on the University of Nebraska, a yield of 12.4 Mg/ha was 

expected with a crop requirement of 240 kg/ha N. However, the N fertilizer 

recommendation was lower (113 kg/ha N) after taking into account the residual soil 

nitrate and irrigation nitrate concentrations. There was a high variation between the 

years of evaluation for all treatments. In 1991, the conventional, surge flow and center 

pivot treatments had 106, 173 and 95 kg/ha N residual. All treatments applied 33 kg/ha 

as starter N fertilizer and received 75 mm of precipitation during the growing season. 

For the conventional, surge-flow and center-pivot, respectively the total N fertilizer 

applied was 201, 123 and 33 kg/ha, N contributions provided by irrigation were 301, 144 

and 109 kg/ha N where total irrigation applied was 940, 450 and 340 mm. Groundwater 

used for irrigation was a source of N (~30 mg NO3-N /L) that could serve as fertigation 

providing at least 50% of crop N needs (<5 kg/ha) as well as to replace water loss 

through ET during the July and August when ET values are near 8 mm/d. Grain yields in 

1991 were 12.5, 12.3 and 12.2 Mg/ha for the treatments evaluated. In 1992, all 

treatments received 21 kg/ha as starter N fertilizer and 315 mm of precipitation during 

the growing season. Total N applied per treatment was 178, 73 and 47 kg/ha, irrigation 

N contributions were 237, 74 and 67 kg/ha N, and irrigation amounts were 740, 230 and 

210 mm for the conventional, surge-flow and center-pivot, respectively. Grain yields 
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were 13.0, 12.6 and 11.0 Mg/ha for the respective treatments. In 1993, 30 kg/ha of 

starter N were applied in all treatments. The highest precipitation occurred in this year 

for a total of 762 mm during the growing season. Total fertilizer applied was 187, 157 

and 155 kg/ha, N credits from irrigation were 73, 43 and 28 kg/ha and irrigation applied 

was 200, 110 and 80 mm for the treatments, respectively. Grain yields decreased for all 

treatments resulting in 8.9, 8.0 and 8.2 Mg/ha due strong winds causing stalk breakage. 

Results showed 45-69% water savings using the surge-flow furrow versus the 

conventional, and 60-72% water reductions when using the center pivots versus the 

conventional furrow irrigation. Even when in 1991 and 1992 the conventional treatment 

(producer) achieved yields comparable to the regional yields, the producer applied 88, 

170 and 35 kg/ha over the recommended application for corn in 1991, 1992 and 1993, 

as well as, in addition to the excessive irrigation application associated with high nitrate 

levels. The surge-flow furrow irrigated system applied the fertilizer (after the soil and 

irrigation nitrate adjustment) through a side-dress N application in 1991 and fertigation 

in the following years. Therefore, it provided enough N for crop uptake while reducing 

early nitrate leaching. The center-pivot resulted in similar yield in 1991 with significant 

lower N fertilizer and irrigation. However, the reduction of N fertilizers and water 

application rates throughout the years caused a decrease in residual N before planting. 

However, lower residual N after harvest will reduce the potential nitrate leaching during 

the winter months. Thus, reductions of remainder N to the following growing season can 

be achieved by implementing improved N management practices such as fertigation 

(Schepers et al. 1995). 
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Economics 

Irrigation is crucial to produce corn in Florida; production without irrigation results 

risky and profitable yields become unsure (Wright et al. 2003). Furthermore, with the 

aim to achieve high yields, producers apply large amounts of fertilizer and may exceed 

the UF/IFAS fertilizer application recommendations. Intensive agricultural production 

practices have increased NO3 concentrations in surface and groundwater occasioning 

environmental and economic concerns (Andraski et al. 2000).  

As described previously, several studies have investigated optimum N and 

irrigation rates; however, few refer to economic returns and impacts (Paredes et al. 

2014) which is the main interest of producers, thus resulting in limitations on the 

applicability of these practices. 

From an economic perspective, producers will apply greater inputs (i.e. amounts 

of N and irrigation) in order to increase profit and reduce perceived risk. Inputs will 

continue until the revenue produced per unit input equals the cost related to purchasing 

and applying the last unit. Nevertheless, when the crop is near the maximum grain yield, 

there is a smaller increase in grain yield per unit input. This is because grain yield 

follows a diminishing return to most of the inputs and the efficiency of these inputs 

declines although the net income continues to increase (Rudnick et al. 2016). 

A previous study performed in south-central Nebraska investigated the yield 

response to limited-irrigation applying 75% of full irrigation (75% FIT). Their results 

showed the 75% FIT a feasible approach with minimal impact in corn grain yield 

(Rudnick and Irmak 2013). Therefore, in order to provide economic information relevant 

to corn producers, a subsequent study was performed in order to evaluate the economic 

impacts of several N fertilizer rates (0, 84, 140, 196, and 252 kg/ha) under full irrigation, 
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75% FIT, and rainfed conditions (Rudnick, D. et al. 2016). As well as, the authors aimed 

to compare corn crop water productivity (CWP) (measured as crop water use efficiency 

(CWUE) and irrigation water use efficiency (IWUE)) to net income for the described 

treatments and growing seasons in south central Nebraska. The results showed 

variations in gross income through the years and prices. An interaction between 

irrigation and N fertilizer rate had an effect in gross and net income. Under rainfed 

conditions, the optimum N rate to reach maximum net income was 140 kg/ha for a dry 

year, while 196 kg/ha for a wet year. Under irrigated conditions, the optimum rate was 

196 kg/ha during all years; except 2012. Further, a full irrigation (under no water limited 

conditions) and 75% FIT (under limited water conditions) with N applications lower than 

196 kg/ha are the recommendations to achieve high economic returns under those 

conditions (Rudnick, D. et al. 2016). 

BMPs –improvement-development 

Capacitance SMS probes. Understanding soil water dynamics is key for a 

successful irrigation management. ET, irrigation, rainfall, runoff and drainage losses 

below the root zone are the main factors of the water cycle in an agricultural field. In 

order to support optimum plant growth and yields, it is required to maintain adequate 

soil water content within the root zone to minimize water drainage, nutrient leaching and 

groundwater contamination (Fares and Alva 2000a). 

A continuous monitoring system of the soil water status pre and post 

irrigation/rainfall is needed for irrigation and fertilizer management (Fares and Alva 

2000b). Irrigation decisions might be improved by using time domain reflectometry 

(TDR) tensiometers and capacitance probes. These devices measure dielectric 

constant of the soil-water-air medium (varies based on the polarization of the medium’s 
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molecules in an electric field). Since the dielectric constant of water (80) is larger than 

the dielectric of the soil matrix (<10) or air (1), then, changes in the soil water content (θ) 

will strongly influenced the dielectric of the soil-water-air medium. If the capacitor (a 

probe surrounded by soil) contains soil as the insulator between the two electrodes, 

estimations of θ can be done using the measurements of the dielectric constant for soil 

(Fares and Alva 2000b) . 

Capacitance probes have been used extensively in laboratory and field 

conditions. Probes have been used to investigate field scale spatial and temporal 

characteristics of soil moisture and their importance for modeling (De Lannoy et al. 

2006), as well as, to optimize irrigation scheduling in citrus (Fares and Alva 2000a; 

Fares and Alva 2000b), quantify the effect of water stress on corn yields, quantify in real 

time the spatial variation of soil water content under plow-tillage and no-tillage corn 

(Starr and Paltineanu 1998), among other uses. 

EnviroSCAN capacitance probes were assessed to optimize citrus irrigation and 

to estimate a soil water balance for young citrus trees. Soil water content through the 

soil profile was monitored by the probes in sandy soils of Central Florida. Data from the 

probes located at the root zone (10, 20, 40 cm) and below it (i.e. drainage at 70 and 110 

cm) was used to schedule irrigation. Available soil water (ASW=0.075 cm3/cm3) was 

calculated using a rooting depth of 40 cm and values of field capacity (FC=0.08-0.10 

cm3/cm3) and permanent wilting point (PWP= 0.015 cm3/cm3). ASW was allowed to be 

depleted 67% before replenishment, except during flowering and fruit set periods, when 

it was allowed to be depleted above 33%. Results showed that water content was 

reduced to 0.09 cm3/cm3 within a day after saturation due to heavy irrigation or rainfall 
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event. Water drainage from the root zone increased water content of soil layers below 

the root zone. Cumulative annual ET and drainage were 920 and 890 mm, respectively. 

However, most of the drainage resulted from a wet and unusual season. Authors 

concluded that capacitance probes are successful tools that can be used for irrigation 

scheduling for citrus groves in sandy soil conditions (Fares and Alva 2000a). 

A similar study evaluated Sentek capacitance probes (EnviroSCAN RT5) to 

schedule irrigation in orange trees grown in Candler fine sand. Based on water stress 

sensitivity of the citrus growth stages, irrigation set points were defined as: ‘full point’ 

equivalent to the maximum water storage and ‘refill points I and II’ defined using FC and 

PWP. Water was successfully maintained in the root zone within the defined irrigation 

points. Leaching was calculated by the variation in water storage (WS) below the root 

zone. Minimal increase (3-5 mm) in the WS resulted from irrigation events; whereas, 

after high rainfall WS was 8-10 fold higher (30-40 mm). Thus, changes in WS in the soil 

below the root zone were a good indication of the effectiveness of a well-managed 

irrigation that minimized excess water leaching below the root zone (Fares and Alva 

2000b). 

The OPE3 interdisciplinary project was developed in order to address the major 

environmental and economic issues facing the U.S. The impact of water stress on corn 

yields was quantified using 48 EnviroSCAN capacitance probes (i.e. 256 sensors). 

Using the water dynamics per site, stress days were identified by the slowdown in 

photosynthetic rate. A total of 15 days of stress resulted in 50% yield reduction. Their 

results showed that even only 2 days of water stress caused 10% yield reduction, which 
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when combined with yield data, it quantified up to 40% of profits (Sentek Technologies 

2002).  

Invaluable information can be obtained using capacitance probes that can help 

growers optimize irrigation and fertilization management strategies, hence, improve 

yields and profit. 

Modeling. Traditional BMPs use field research data in order to develop effective 

methods to reduce potential environmental issues. Although their high effectiveness, in 

general are spatial and temporally specific besides being time-consuming and highly 

costly. Therefore, as an alternative crop models can be used to evaluate current BMPs, 

as well as, to develop new crop management strategies (He et al. 2012). 

Crop models are ‘a quantitative scheme for predicting the growth, development 

and yield of a crop, given a set of genetic coefficients and relevant environmental 

variables’ (Monteith 1996). Two main types are defined as: (i) Mechanistic models 

which take into account physical and physiological basis for each quantified process; 

while (ii) empirical models use functions (often chosen arbitrarily) to fit field or laboratory 

measurements. Nevertheless, in practice most models represent a conciliation among 

rigor and utility (Monteith 1996).  

Thus, computer models can be used for better predict growth and development 

of a crop, determine optimum yield, as well as, to estimate environmental impacts. The 

Decision Support System for Agro-technology Transfer (DSSAT) is a software 

application program that comprises simulation models for near 42 crops including maize 

(Hoogenboom et al. 2015). Further, the program simulates maize yield together with 

water and N balances, transformations and uptake. Therefore, DSSAT is a tool that can 
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be used for the determination of growth and yield, as well as, to estimate the N loads 

from non-point source of pollutions to the environment (i.e. excess of NO3-N leaching) 

and therefore, improve irrigation and N management practices in corn production. 

A research using the CERES-Maize Model of DSSAT was performed to develop 

irrigation and N BMPs for sweet corn production on sandy soils in Florida. This study 

evaluated systematically 24 irrigation schedules, 21 N fertilizer levels, 30 N split 

applications and 20 N application rates per split in a single factor simulations. After 

analyzing 324 management scenarios (6 irrigation scheduling and amounts and 54 N 

application strategies) in a multifactor analysis, the authors determined: (i) crop water 

stress and reductions in simulated yield if irrigation was triggered at a maximum 

allowable depletion (MAD) of 60% or greater; (ii) N applications greater than 168 kg/ha 

did not increase yield; (iii) split N applications did not have an effect on yield; however, 

N leaching was reduced when split N applications were performed during the small-leaf 

stage; (iv) yield increased when N applications were reduced from 100 kg/ha to 70 

kg/ha (no effect in yield was found below 70 kg/ha); (v) N leaching was reduced 

substantially if fertigation application rates were 70 kg N/ha per event. From the 

evaluated scenarios, the selected BMPs were: 2 irrigation schedules with 5.0 and 7.5 

mm with 20% and 30% MAD; two N levels of 196 and 224 kg N/ha; two split strategies 

(0- ¼ - ¾ and 0- 1/3 – 2/3) applied during the small-leaf, large- leaf and ear 

development stages, respectively; and two N application rates per fertigation (30 and 40 

kg N/ha) (He et al. 2012). 

The CERES-Maize model has been also used to characterize yield variability 

(influenced by temporal interactions of management, soil properties, and environment) 
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and corn response to N (Paz et al. 1999). The accuracy in determining those 

parameters is critical to define the optimum N rate and the possibility to implement 

variable rate fertilization (VRF). Calibration of the model was performed using three 

years of data from 224 grids in a 16 ha field. The model provided excellent predictions 

on yield trends along transects of the field (i.e. 57% of variability explained). It was 

found a high spatial distribution of optimum N fertilizer prescription for grids in the field. 

Optimum N rates of 141 to 160 kg/ha were ideal for 64 of 224 grids, which concords 

with the typical N application in Iowa. The lower amounts of fertilizer produced the 

higher yields and was more profitable compared to either transect or field level (single 

rate) fertilizer application. In order to develop and evaluate management prescriptions 

across the field, the authors found that use of crop growth model is a viable and 

powerful tool (Paz et al. 1999). 

Application rates, timing and methods of application are key to evaluate the fate 

and behavior of N in soil-plants systems. In general, split applications (i.e. multiple 

applications of fertilizer) improve plant uptake and reduce potential leaching; however, it 

could increase the costs (Li and Yost 2000). A study evaluated a model that searched 

for optimum N management to minimize NO3-N leaching, as well as, maximize 

production and profits. Management oriented modeling (MOM) consisted on a generator 

of possible management alternatives, a simulator that assessed each alternative, and 

an evaluator that defined the best alternative for the user-weighted multiple criteria. As a 

result, the best alternative found by MOM for maize production increase profit by 64% 

(from $570 to $935/ha) while reducing NO3-N leaching by 80.5% (from 36 to 7 kg N/ha) 

(Li and Yost 2000). 
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In order to identify major N loss pathways and quantify the N load released to the 

environment, a four year study on potato production was conducted in the Middle 

Suwannee River Basin (MSRB). Using the potato model SUBSTOR and a partial N 

budget approach, it was found N loading rates with one standard deviation from 

observed data, resulting in 25 to 38% N leaching (equivalent to 85 to 138 kg/ha) of the 

total input (310 to 349 kg/ha). N contribution from the crop residue (after tuber harvest) 

resulted in 64 to 110 kg/ha. However, this residual N represents a potential N leaching 

during the subsequent fallow period due to the absence of succeeding cover crops and 

the presence of frequent rainfall events (Prasad et al. 2015). 

Possible solutions. Future intensification of agriculture is foreseen due to the 

increase food demand of a rapidly growing population and the decrease in land 

resources. As well, double or triple N application are projected within the next 30 years, 

enlarging the N pollution problem. Based on the previous research and literature review, 

suggestions for solving the problem, such as improving best management practices for 

irrigation and nitrogen fertilizer, as well as, improving environmental awareness, are the 

main purpose of this research. 

Improved understanding of irrigation and nutrient management practices 

associated with a potential of optimum yield grain goal are essential to reduce the 

demand of high-quality drinking water supplies, as well as, to reduce surface and 

groundwater pollution resulted from nutrient runoff and leaching. Therefore, the effect of 

precision irrigation management on leaching of soluble nitrogen beyond the root zone 

needs to be quantified in agricultural areas overlaying karst aquifers. In addition, there is 

a need to quantify tools such as embedded electrical conductivity measurements that 
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might allow tracking of fertilizer through the soil profile and may allow for better 

fertilization management which would result in less loss of fertilizer to the environment 

and more efficient agricultural production. 

Delineating areas of high vulnerability to N loading and transport is a challenge 

due to the diversified soil types predominant in Florida and particular characteristics. 

Modeling can be used in order to determine the most prone areas for N loading, and 

therefore inforce the corresponding management practices reducing the environmental, 

health and economic negative impacts. Soil data can be used into the model to evaluate 

vulnerability and most adequate practices to be implemented. Within the model, best 

management scenarios for NO3-N load reductions can be created and analyzed in order 

to reach maximum water conservation potential, minimum potential environmental risks, 

as well as, maximum profits for growers. 

Goal 

Research was conducted on corn irrigation practices and N fertility levels to 

develop real-world applicable management tracking tools for growers in springsheds of 

the Suwannee River Water Management District. 

Objectives 

The overall objectives of this project are: 

1. To compare four irrigation strategies: SMS, SWB, reduced and conventional 
irrigation practices and quantify their impact on corn nitrogen uptake, grain yield and 
potential water savings. 

2. To develop a water and N balance to evaluate the effectiveness of the irrigation 
treatments and N rates within a corn-fallow-peanut rotation, in an effort to effectively 
estimate N processes and fate. 

3. To develop a simple methodology for irrigation scheduling in corn production easy to 
be implemented by growers (or any other end-users) using real-time soil moisture 
sensor data. 
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4. To assess the long-term effectiveness of BMPs to reduce N leaching without 
impacts in yield, as well as, N losses and contributions from corn-fallow-peanut crop 
rotations. 
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Figure 1-1. Suwannee River Basin (Adapted from U.S. Geological Survey digital data, 
1972). 
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Figure 1-2. Median NO3-N + NO2-N concentrations obtained in fourteen main springs 
from the Suwanee River Basin (SRB) monitored by the Florida Springs 
Initiative Monitoring Network from 2001 to 2006 (Harrington et al. 2010) 
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CHAPTER 2 
DEVELOPING A METHODOLOGY FOR IRRIGATION SCHEDULING IN CORN 

Introduction 

Florida Water Withdrawals and Irrigation Practices 

Water withdrawals in Florida were estimated as 53.8 million m3/d in 2012 (USGS 

2012), where saline and freshwater withdrawals accounted for 55% and 45% of the total 

withdrawals, respectively. From the total freshwater withdrawals, a 65% corresponded 

to groundwater and the reminder 35% to surface withdrawals (Marella 2015). 

About 93% of Florida’s population (population ~21 M, (U.S. Census Bureau 

2018) relies on groundwater for drinking water. Besides the amount required to be 

supplied for a growing population and tourism, agriculture has a large water demand 

that plays an important role in this state’s economy (Marella 2015). A total of 1.6 million 

full time and direct jobs, plus about 656,000 indirect jobs are provided by agriculture, 

natural resources, and food manufacturing, distribution and services. These sectors 

employ the largest number of people in Florida (~19.8% of all Florida jobs). In 2015, the 

economic contributions of these sectors were $160.714 billion (Hodges et al. 2017). 

From the total water freshwater withdrawals (surface and groundwater), 39% is 

extracted for agricultural self-supply (Marella 2015). More specifically, in Suwannee 

County in Florida, nearly 45,784 ha correspond to irrigated lands or have potential for 

irrigation. After a field verification, a total of 1466 center pivots were observed 

accounting for a nearly 37,675 irrigated ha in the Suwannee River Water Management 

District. From this irrigated land, nearly 13,139 ha were irrigated corn (Marella et al. 

2016). 
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Due to Florida’s high temporal and spatial rainfall distribution and low soil water 

holding capacity, irrigation is required to ensure economic viability for many crops 

(Kisekka et al. 2016; NRCS 2016a). However, increased deep percolation (drainage) of 

water below the plant root zone may result from improper irrigation and nutrient loss 

(Gehl et al. 2005; Sigua et al. 2017; Zotarelli et al. 2007). 

Calendar-based methods are commonly used to schedule irrigation in Florida, 

where irrigation is performed using grower’s knowledge of crop requirements and 

weather conditions (Migliaccio et al. 2010). These methods have been evaluated 

extensively in different crops resulting in low water and energy efficiencies since they do 

not consider real time soil status or environmental factors in the schedule (Dukes et al. 

2012). 

Soil-Water Fundamental Concepts 

Plant water uptake is related to the soil water balance, which is associated with 

three main terms: field capacity (FC), permanent wilting point (PWP), and available 

water (AW). Generally, after a large rainfall or irrigation event enough to exceed FC, soil 

water starts draining deeper in the soil. Typically, one or two days (based on soil type) 

afterwards, a nearly constant value is reached for a particular depth. This arbitrary value 

is defined as the FC (Kirkham 2014). 

It is not known who first used the FC term; however, Taylor and Ashcroft (1972) 

recognized there was an equilibrium point after drainage significantly decreased, at 

which water was held by the well-drained soils against gravitational forces, and they felt 

it was the upper limit of AW for plants (Kirkham 2014; Taylor and Ashcroft 1972). This 

definition has changed in time, with soil scientists recognizing that the equilibrium point 

is never reached due to soil water dynamics; water reduction is continuous due to 
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evaporation, drainage, transpiration, and water inputs are continuous due to rainfall, 

irrigation and dew and capillary rise. Therefore, there is not a single value of FC; there 

are a range of values that represent this term (Taylor and Ashcroft 1972). Despite this 

fact, for irrigation management it is convenient to use a single value of FC. 

Therefore, field capacity (FC) can be defined as “an empirical measurement 

supposed to represent the soil profile’s ability to retain water after the process of internal 

drainage has ceased. It is usually measured about two days after an infiltration event. 

The measured value depends on the initial depth of wetting and on the texture and 

layering of the profile” (Hillel 2004). FC values are influenced by many factors (Hillel 

1971):  

1. History of previous soil: e.g. a higher FC values are present in a soil that is saturated 
and then it dries (hysteresis) compared to a soil being wetted without drying periods. 

2. Soil texture and structure: for example, clay soils can hold more water, thus have 
greater FC values compared to sandy soils. 

3. Clay type: higher FC values in clayey soils with greater amounts of montmorillonite. 

4. Organic matter (OM): greater OM helps to retain more water. 

5. Temperature: influences the amount of water held by the soil when previously 
wetted. This amount of water held at FC decreases as temperature increases. 

6. Water table: this could influence the determination of FC, since FC applies for free-
draining soils. 

7. Depth of wetting: in general, greater FC values result from wetter soils because of 
greater depths of wetting during infiltration and slower rate of redistribution. 

8. Layers: FC increases due to the presence of layers (e.g. sand, clay, gravel) that may 
impede water redistribution. 

9. Evapotranspiration: plant’s rate of uptake and pattern of extraction affects gradients 
and flow direction, hence the water redistribution (Hillel 1971). 

Alternatively, the PWP is defined as the value of soil moisture in the root zone at 

the time plants wilt; similarly to FC, PWP is not easy to recognize (Hillel 2004). The 
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plant available water (PAW) may be defined as the difference between FC and PWP. 

For many crops, yield is reduced if water in the soil approaches PWP. To relate soil 

water to plant performance, other concepts have been developed, such as the non-

limiting water range (NLWR) (Letey 1985), which considers the interaction between 

water and other physical factors (e.g. aeration and mechanical resistance) which affect 

the availability of water to plants (Kirkham 2014). However, the available water holding 

capacity (AWHC) is commonly calculated by multiplying PAW by the depth at which the 

water extraction occurs. Nevertheless, only a fraction of the AWHC is replenished with 

irrigation using the maximum allowable depletion (MAD). Thus, this fraction corresponds 

to the readily available water (RAW). This soil water threshold, from MAD to FC, 

provides an ideal scenario for irrigation management practices (Zotarelli et al. 2013). 

Irrigation Scheduling and Methods to Measure Soil Water Content 

Irrigation scheduling (IS) corresponds to the timing and amount (or depth) of 

irrigation and it could be used to improve the efficiency of irrigation management 

practices. Greater efficiency can be achieved if combined with a water-balance and/or 

soil moisture-based approaches using evapotranspiration (ET) or soil moisture sensor 

(SMS) technologies, respectively (Irrigation Association 2011). Other approaches use 

water deficit sensing methodologies to evaluate plant physiological responses to irrigate 

(i.e. measures the plant stress response directly) (Jones 2004). 

Direct and indirect methods can be used to measure the moisture content in the 

soil; however, most of the practical techniques to monitor soil moisture rely on indirect 

measurements. An example of direct methods are soil samples/extractions and 

gravimetric analysis. Other indirect methods to measure soil moisture include neutron 

probes, capacitance or electromagnetic sensors (e.g. time-domain reflectometry (TDR), 
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capacitive and resistance probes (Jones 2007). The two main soil moisture sensors 

used for irrigation scheduling measure soil water potential (tension/suction) or 

volumetric water content (Munoz-Carpena 2012). 

Capacitance Probe Studies 

Capacitance-based SMS probes measure volumetric water content of the soil; 

however, interpretation of the soil moisture measurements is required to guarantee 

adequate irrigation management and avoid under or over irrigation (Zotarelli et al. 

2013). 

Zotarelli et al. (2013) established guidelines to determine FC, as well as, when to 

irrigate in sandy soils using SMS. The water holding capacity of soils depend on texture 

and structure which define the upper and lower limits: FC and PWP, respectively. These 

guidelines use MAD as a fraction of AWHC, which defines the readily available water for 

the plants, as a threshold for irrigation management. Drainage occurs after a rainfall or 

an irrigation event saturates the soil and it is a subsequent rapid downward soil water 

flux. Then, the FC can be defined when the slope of drainage and extraction lines 

changes from rapid to slower decrease and the soil water flux stabilizes (Figure 2-1) 

(Zotarelli et al. 2013). 

A typical irrigation scheduling method based on ET, applies irrigation to replace 

water losses through ET. When ET values are combined with field estimated crop 

coefficients, better estimations on irrigation requirements can be calculated. Despite the 

benefits of this method, one of the major limitations is the lack of soil moisture status 

conditions across different soil types and locations, which might lead to under or over 

irrigation. Using real-time soil moisture data monitored in-situ provides a complement to 

the ET method. Soil moisture-based irrigation scheduling detects the moisture available 
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in the soil and assists growers or irrigation managers to apply irrigation while 

maintaining an adequate moisture threshold in the soil. A study conducted to evaluate 

both methods showed that the combination of ET data, which provides the amount of 

water lost that needs to be replaced with irrigation, and the soil moisture data, which 

confirms if the amounts were efficiently applied in the root zone, is an efficient 

methodology to schedule irrigation (Adhikari and Penning 2016). In addition, the use of 

multiple soil moisture sensors provides information about the soil variability, water fluxes 

in the profile, as well as, crop water consumption. Through the use of soil moisture 

sensors, growers or irrigation managers have the opportunity to react accordingly with 

the constant changes in the field and/or weather conditions.  

Extensive research has been performed on capacitance probes in which studies 

have evaluated spatial and temporal characteristics of soil moisture at the field scale 

(De Lannoy et al. 2006), the optimization of citrus IS (Fares and Alva 2000a; Fares and 

Alva 2000b), the water stress effect on corn yields, the spatial variation of soil water 

content under plow-tillage and no-tillage corn (Starr and Paltineanu 1998), among 

others. 

Soil water content was monitored by EnviroSCAN RT5 (Sentek Pty Ltd, Kent 

Town, South Australia) capacitance probes to optimize citrus irrigation and to estimate a 

soil water balance for young citrus trees in sandy soils of Central Florida. To schedule 

irrigation, probe data from the root zone (10, 20, 40 cm) and below it (i.e. drainage at 70 

and 110 cm) was used. Available soil water (ASW = 0.075 cm3/cm3) was calculated 

using a rooting depth of 40 cm and values of field capacity (FC = 0.08-0.10 cm3/cm3) 

and permanent wilting point (PWP = 0.015 cm3/cm3). A 67% ASW was depleted before 
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replenishing the soil profile with irrigation. Only during flowering and fruit set periods 

was a 33% deficit allowed. Due to low water holding capacity and high hydraulic 

conductivity, soil water content sharply increased and then rapidly decreased when 

reaching saturation after a heavy irrigation or rainfall event. Afterwards, soil water 

content was reduced to 0.09 cm3/cm3 within a day. Water content of deep soil layers 

increased due to water drained from the root zone. Cumulative annual ET and drainage 

were 920 and 890 mm, respectively. During the growth stages requiring the most 

irrigation, drainage from the root zone was very low; however, most resulted from an 

unusually wet season. Authors concluded that capacitance probes are successful tools 

that can be used for citrus groves irrigation scheduling in sandy soils while minimizing 

drainage from the root zone (Fares and Alva 2000a). 

In a companion study, Sentek capacitance probes (EnviroSCAN RT5) were 

evaluated to schedule irrigation in orange trees grown in Candler fine sand. Irrigation 

set points were defined as: ‘full point’ equivalent to the maximum water storage and 

‘refill points I and II’ defined using FC and PWP, based on water stress sensitivity of the 

citrus growth stages. Leaching was calculated by the variation in water storage (WS) 

below the root zone and minimal increase (3 – 5 mm) in the WS resulted from irrigation 

events; whereas, after high rainfall WS was 8-10 fold higher (30 – 40 mm). Using these 

irrigation points, water was successfully maintained within the root zone. Thus, results 

on WS changes below the root zone showed a good indication of the effectiveness of a 

well-managed irrigation that minimized excess water leaching below the root zone 

(Fares and Alva 2000b). 
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Maize plants are more sensitive to water-deficit stress during the flowering stage 

(just before floral initiation or after pollination), resulting in the greatest reductions in 

grain yields (Boyer and Westgate 2004). Several studies evaluating crop production 

functions (yield versus irrigation) of full irrigated versus deficit irrigation at different corn 

growth stages in the U.S. Great Plains showed that yields did not decrease with the 

same rate as the rate of irrigation was reduced (Klocke et al. 2011). The deficit irrigation 

treatment, which used only 47% of full irrigation, resulted in 90% of full irrigated yields. 

The study started irrigation at the beginning of the reproductive stage, when water was 

most critical (Klocke et al. 2007). This study was conducted in soils with predominant 

silt-loam texture (Cozad silt loam (fluventic Haplustoll) with a plant‐AWHC of 0.17 m3/m3 

for volumetric soil water contents from 32% for FC and 15% for PWP over 0 to 3 m of 

soil depth. The average annual precipitation is approximately 508 mm, which occurs 

mostly during the summer growing season (late April – mid October). Along with the 

reduced irrigation strategy, another indicator of crop performance was rainfall occurring 

during the months of April, May and June, since this water accumulated closest to crop 

water needs was more effective than earlier precipitation. Thus, the soil characteristics 

allowed storage of more water during rainfall periods covering water needs during 

vegetative stages while reducing the need of irrigation without affecting yield (Klocke et 

al. 2007). Another study evaluating the effect of moisture stress at different stages of 

growth development, showed a 25%, 50% and 21% reduction in yield when moisture 

stress was imposed prior, at and after the silking stage respectively (Denmead and 

Shaw 1960). Thus, vegetative stages are less sensitive to water stress; however, 

reproductive stages from silking to grain filling are the most susceptible growth stages 
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for water stress (Boyer and Westgate 2004; Denmead and Shaw 1960; Shanahan and 

Nielsen 1987). 

Irrigation applied adequately depends on soil-moisture-plant environment and it 

is essential in crop production (Jones 1989). Using FC and RAW concepts in irrigation 

scheduling, could potentially provide an ideal scenario for plant water uptake and 

nutrient availability, while minimizing drainage and N leaching below the rootzone. 

Therefore, grower inputs such as irrigation and fertilizer amounts would be reduced 

while increasing their savings throughout more profitable crop seasons. 

Soil moisture sensors can provide soil-water time series data that can allow 

researchers, agronomists and farmers better understand the processes between the 

crop water uptake and root development, and soil- water dynamics at different depths in 

the soil profile (e.g. drainage, evaporation, infiltration, among others). Several 

hydrological parameters such as field saturation, field capacity, initiation of plant water 

stress and plant extraction limits might be determined from SMS data (Chandler et al. 

2017). In general, this data exhibits a characteristic cyclical pattern that reflects water 

flux dynamics of the observed soil volume (Bean et al. 2018). This pattern was defined 

by Figueroa and Pope as the Root System Water Consumption (RSWC) and it is 

recognized in the time series data after irrigation and/or rainfall events (Figueroa and 

Pope 2017).The RSWC could be used to determine drainage and other processes. 

However, subsections of the time series not agreeing with the pattern might be signs of 

interactions between VWC and the crop, or possible sensor’s failure or errors. Tools 

may be required to analyze SMS time series data. 
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Multi-probe time series data (e.g. VWC, salinity and temperature data recorded 

at nine depths every 30 minutes) could be difficult to analyze and understand. 

Therefore, training of agricultural producers would be required for the implementation of 

SMS based irrigation scheduling techniques to achieve a successful equipment 

installation and data understanding and knowledge acquisition; however, this process 

might be impractical and time consuming. Thus, a recent study evaluated several 

approaches for automated soil water cycles analysis; among them a Matlab code based 

on soil water dynamics principles (SWDP) (Bean et al. 2018). This code evaluates SMS 

time series data without the need of training sets or pre-processing data and it uses two 

approaches to estimate FC: (i) regression of exponential decay (SWDP-R) and (ii) 

estimating ‘knee 24 of curve’ (SWDP-K). Best results were found when using the 

SWDP-R approach across analyses (Bean et al. 2018). The SWDP code to define FC 

was used in comparison with the methodology proposed in this chapter. Further details 

are explained in the ‘SWDP analysis’ section below. 

This chapter aimed to develop a sensor-based irrigation scheduling methodology 

mainly to be used by corn growers. However, slight changes could be adapted in SMS-

based scheduling irrigation in other crops. 

Objectives 

1. Develop a simple methodology for irrigation scheduling in corn production to be 
implemented by growers (or any other end-users) using soil moisture sensors 
(SMS). 

2. Evaluate the SMS treatment performance on irrigation scheduling using a Matlab 
code based on soil water dynamics principles (SWDP) for the determination of field 
capacity to be used in irrigation scheduling, and its effectiveness in keeping 
adequate moisture for plant uptake; while avoiding drainage from the rootzone. 
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Field Experiment 

A field experiment was conducted from 2015 to 2017 at the North Florida 

Research and Education Center – Suwannee Valley (NFREC – SV), near Live Oak, 

Florida (30.31353 N, -82.90122 W). The experimental design consisted of a randomized 

complete block arranged in a split plot with four replicates (i.e. blocks) for each 

treatment. Irrigation strategies as main plots and N fertility rates as sub-plots. The 

Sentek Drill & Drop MTS probes (Sentek Pty Ltd, Australia) consists of nine sensors 

placed every 10 cm starting from 5 cm to 85 cm. Probes were installed in three irrigation 

treatments (GROW, SMS and NON) across three fertility rates (high, medium and low 

N) to monitor volumetric water content during the three corn seasons (March – August); 

however, only used in the SMS treatment to trigger irrigation. 

Irrigation Treatments 

Soil moisture time series data from three irrigation treatments were evaluated. 

The irrigated treatments used two different irrigation scheduling methods described as 

follows: 

1. GROW: uses a calendar-based irrigation scheduling. It mimics grower’s irrigation 
practices. Information from local growers was collected from extension agents and 
Suwannee River Water Management District to develop the GROW method. The 
target irrigation rates varied based on growth stages. For the first 30 days after 
planting (DAP) zero irrigation was applied (unless severe windy conditions 
occurred). At 31 DAP, 25 mm/wk was targeted unless rainfall events equal or 
greater to 10 mm occurred. At 40-59 DAP, target irrigation was 38 mm/wk with 
irrigation events of 10 mm. If rainfall events were equal or greater than 13 – 19 mm 
one irrigation event was skipped, and two events were skipped if greater than 19 
mm of rain occurred. Afterwards, the irrigation target increased up to 51 mm/wk 
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, at full dent stage (105 
DAP), weekly irrigation targets were 41mm/wk. If rainfall events were equal or 
greater than 13 – 19 mm one irrigation event was skipped, and two events were 
skipped if rainfall greater than 19 mm occurred. Irrigation was terminated after 
physiological maturity (i.e. black layer) around 115 DAP. 
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2. SMS: sensor-based irrigation scheduling. Sentek Drill & Drop MTS capacitance 
probes were used to monitor volumetric water content (VWC) in the soil profile. 
Irrigation was determined using the MAD and FC thresholds to refill the soil profile 
with irrigation according to guidelines proposed by Zotarelli et al. (2013). A total of 
10 mm per irrigation event were applied. Soil Survey published values of FC, MAD 
and Permanent Wilting Point (PWP) for 0-90 cm for Florida Chipley-Foxworth-Albany 
soil were used in this study (FC = 9.1%, 50% MAD = 6.3%, AWHC = 0.05 cm/cm 
and PWP = 3.5%) (NRCS 2016b). A comparison between theoretical and actual 
values of FC, MAD and PWP was performed for 0 – 90 cm depth resulting in similar 
values among them. Based on root/crop development, the soil water content 
measured by the different sensors was adjusted through the growing season. This 
SMS irrigation treatment was triggered when VWC in any of the probes showed 
values below the 50% MAD threshold. 

3. NON: non-irrigated treatment. Plots used as a control. Irrigation was applied in these 
plots only to provide adequate moisture for germination and after granular fertilizer 
applications to ensure adequate fertilizer incorporation in the soil. 

Capacitance Probes 

Capacitance probes provide an indirect measurement of water content by 

measuring the dielectric constant of the soil-water-air mixture. The dielectric constant of 

a medium depends on the polarization of its molecules in an electric field. For example, 

the dielectric constant of water has value of 80, whereas, soil and air have values of <10 

and 1, respectively. Therefore, the dielectric constant of the soil mixture (soil-water-air) 

is strongly influenced by changes in soil water content, which also is related to the soil 

type and the frequency range of the probe. 

The Sentek Drill & Drop MTS probes use capacitance-based technology. By 

creating a high frequency electric field around the sensor, extending to the access tube 

to the surrounding soil, the sensors detect dielectric constant, or permittivity, of the soil 

over time. At high frequency the measurement is predominantly affected by water 

molecules (Sentek Pty Ltd 2003). Sentek (Drill & Drop MTS Probe) multi-sensor 

capacitance probes (Sentek Pty Ltd 2003) consist of nine sensors located at 10 cm 

intervals along their length (i.e. 5 cm to 85 cm). Each sensor provides data for 5 cm 
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above and below its depth (e.g. sensor at 5 cm provides data for top 0-10 cm). Sensors 

provide three outputs from the soil profile: volumetric water content (VWC), volumetric 

ion content (VIC, as a measurement of salinity) and temperature. Readings are taken 

every 30 minutes. Sensors are wirelessly connected to a network in which data is 

updated every 4 hours and it can be accessed remotely through a website 

(http://myfarm.highyieldag.com/home). Through this website, users can view the three 

measured soil parameters (VWC, salinity and temperature) as a function of time for 

each depth, or as a cumulative of several depth horizons (Figure 2-2). The user can 

download the raw data as a csv format. 

Data presented in the website provide insights of root activity and development 

throughout the season (Figure 2-3, A). As well, potential drainage or leaching events 

could be identified when volumetric water content increases at depths below the 

rootzone (Figure 2-3, B). 

Volumetric water content was measured by Sentek capacitance probes at nine 

different depths. Probes were installed in the GROW, SMS and NON irrigation 

treatments during 2015-17 corn growing seasons. A total of 27 probes were installed in 

blocks 2, 3 and 4 at the experimental field located at the NFREC – SV (further details 

can be found in Chapter 3). Datasets were used to analyze water dynamics and 

schedule irrigation on the SMS treatment. In addition, physical characteristics of the 

Chipley-Foxworth-Albany soil published at the Florida Web Soil Survey were used in 

this study. Theoretical values used were FC= 9.1%, 50% MAD= 6.3%, AWHC= 0.05 

cm/cm and PWP= 3.5% (NRCS 2016b).Collected datasets were used to evaluate the 

efficiency of the calendar-based and sensor-based irrigation scheduling methodologies. 

http://myfarm.highyieldag.com/home
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The sum of VWC recorded by the sensors within the desired management depth was 

used (e.g. sum of VWC of 5 cm, 15 cm and 25 cm was used for a 30 cm soil water 

management depth). 

Root System Water Consumption Pattern (RSWC) and Field Capacity 
Determination 

Soil texture and structure are properties influencing the capacity to hold water 

and therefore influence FC and PWP. After each irrigation or rainfall event, the soil 

moisture time series data collected by the sensors provided a cyclical pattern of water 

dynamics throughout the soil profile. This pattern is composed of the interactions of soil, 

water and crop water consumption and it is referred as the root system water 

consumption pattern (RSWC) (Figueroa and Pope 2017). The RSWC pattern can be 

divided in different sections following Figueroa and Pope (2017) (Figueroa and Pope 

2017) descriptions, that can help determine FC, using Zotarelli et al. (2013) guidelines: 

1. Irrigation or rainfall: this section corresponds to the increase in volumetric water 
content. The duration of this segment depends on soil properties and magnitude of 
the event (e.g. application rate or rainfall amounts). Generally, irrigation and or 
rainfall this segment reaches peak VWC.  

2. Decrease or drainage: following an irrigation or rainfall event that saturates the soil a 
continuous downward movement (i.e. drainage) occurs rapidly due to gravitational 
forces. In the time series data, it is defined as the decrease or drainage segment in 
which the decrease in VWC occurs relatively rapidly (greater than in the 
consumption rate). The rate of the drainage is related to the hydraulic conductivity of 
the soil. Generally, this is a short duration segment and it is not always present, only 
when volumetric water content exceeds FC. In sandy soils, field capacity can be 
assumed when the slope of drainage rate and extraction lines changes from rapid to 
slower decrease in soil water content (Zotarelli et al. 2013). 

3. Consumption: in this section, the volumetric water content in the soil decreases in a 
slower rate than the drainage time series. Reductions in water content are mainly 
due to evapotranspiration losses. 
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SMS Irrigation Scheduling Proposed Methodology 

During the 2015 – 17 crop seasons the SMS or sensor-based irrigation 

scheduling was performed using Zotarelli et al. (2013) and Figueroa and Pope (2017) 

guidelines following the methodology described below: 

1. Root depth was modified based on crop development (i.e. increased with crop 
growth). Root depth was considered the water storage to be replenished with 
irrigation after a 50% maximum allowable depletion (MAD). Thus, according to the 
corn growth stage and root development, the sensor depth representing the root 
zone for irrigation management was selected. Three main depths were used for this 
analysis: 25 cm, 35 cm and 55 cm. The former depth represents the initial vegetative 
growth stages in which growth occurs at a slow rate, approximately V3 to V6 corn 
growth stages. The 35 cm depth is selected when the peak of growth in vegetative 
stages occurs. During this phase, growth rate is linear resulting in rapid canopy and 
root development; approximately the V7 to VT corn growth stages. At tasseling (VT) 
reproductive stages start; thus, under optimum growth conditions all vegetative and 
roots are mostly developed. At this stage, sensor depth was switched to 55 cm 
(Figure 2-4). For management irrigation practices, no deeper sensors were 
considered because most of the crop root activity was predominantly in the top 55 
cm soil layers. In addition, due to the low water holding capacity of sandy soils, 
considering deeper layers for irrigation management can incur an increased risk of 
water stress and/or leaching if large irrigation applications were performed. 

2. Soil physical characteristics of the Chipley-Foxworth-Albany published at the Florida 
Web Soil Survey were used (FC= 9.1%, 50% MAD= 6.3%, AWHC= 0.05 cm/cm and 
PWP= 3.5% (NRCS 2016b). This was the predominant soil with highest drainage 
rates in the field experiment. Those values were compared with FC values 
determined using Zotarelli et al. (2013) proposed guidelines (Figure 2-1) for each 
crop growth stage and the corresponding root zone use for irrigation purposes 
(Table 2-1). 

3. Diurnal fluctuations in soil moisture at the root zone were used to determine water 
losses (e.g. ET and drainage) from the soil to be refilled with irrigation. The average 
ET from previous 3 – 5 days was used to estimate near future ET values (i.e. VWC 
reductions in following 1-2 days). 

4. Finally, an irrigation event for the SMS treatment was scheduled when VWC 
approached 50% MAD in any of the probes installed for this treatment. 

Therefore, using the above guidelines, Figures 2-5 and 2-7 show examples of the 

SMS irrigation scheduling methodology followed by the SMS treatment. 
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SMS Methodology Evaluation: Soil Water Dynamics Principles (SWDP) Code 

Soil moisture time series data collected in the GROW and SMS treatments in the 

experimental field were evaluated using the SWDP code. This code was developed in 

Matlab with a combination of numerical methods and principles of science to evaluate 

automated soil water cycles. These cycles have two phases: (i) the wetting phase when 

water enters the soil profile and VWC increases; (ii) and the drying phase when water 

leaves the soil profile and VWC decreases (Bean et al. 2018). 

The code labels the VWC cycles with three points: the initiation of a wetting event 

(A), the peak water content from the wetting event (B), and the end of the soil drying 

period (C) and initiating the next wetting event. The local maxima (B) point was 

determined as values exceeding both: prior and following values by an ‘α’ threshold (α = 

0.006) using Equation 1. 

𝜃𝑖 >  𝜃𝑖+1 + 𝛼 & 𝜃𝑖 >  𝜃𝑖−1 + 𝛼     (2-1) 
 

The initiation of a wetting event (A) was identified as the local minima that 

preceded each peak (B), this point (Ai) was also identified as the end of the preceding 

cycle (Ci-1). Therefore, the peak wetting and the drying duration criteria were used to 

filter out invalid VWC cycles. The first criteria ensured that valid cycles had enough 

wetting to exceed minimum threshold to eliminate noise in the VWC time series data; 

whereas the second criteria ensured enough drying occurred after the wetting event that 

allowed determination of FC (Bean et al. 2018). 

Field Capacity estimation: SWDP – K (the knee approach). Estimations of FC 

were made when the rate of change of VWC over time (dθ/dt) decreases sharply, since 

FC can be reached before ET begins the following day. Thus, the θ rate should 
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continuously decrease through the day and overnight until ET rates increase during the 

morning. Authors called this this point as the first “knee” of the drying curve; assumed to 

be FC (Bean et al. 2018). 

Field capacity estimation: SWDP – R (exponential decay). Estimations of FC 

were made using a second regression approach under the principle that without ET 

losses and infinite time, θ will exponentially decay towards a constant value, assumed 

to be FC. In this case, the overnight time series follows a decay curve until ET starts to 

decrease θ on the following morning. It assumes that peak θ exceeds FC and soil water 

distribution is negligible overnight. Therefore, authors isolated the overnight times series 

subset of a cycle following a peak using data from 11 pm to 6 am. Then, the rate of 

water content decrease in soil was assumed to be proportional to the water content 

exceeding FC (Hillel, 1998).  

𝜃𝑖 =  (𝜃𝐵 −  𝜃𝐹𝐶)𝑒𝜆𝑡𝑖 + 𝜃𝐹𝐶     (2-2) 
Where: 
λ = decay constant 
ti = time since θB 

Then, as time tends to infinite, θi approaches θFC 

 
Therefore, estimations of FC were performed using the inverse times (t i

-1) and 

the corresponding water content values were then regressed, with the intercept 

estimating the water content at an infinite time since the peak θ. Through the use of the 

SWDP code, valid SMS cyclical patterns can be identified, and FC values can be 

determined (Bean et al. 2018). Furthermore, by analyzing time series data, it can be 

used for outlier detection, and to determine malfunctioning of SMS probes. 

Using the SWDP code, estimated FC (FC – SWDP) was compared with 

previously determined FC value using Zotarelli et al. (2013) guidelines while monitoring 
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SMS in the field experiment (FC – field). Furthermore, FC – field and 50% MAD 

theoretical values were evaluated by comparing with the new estimated SWDP – FC 

values at the main crop growth stages defined. The ability to keep VWC among 

thresholds was evaluated. 

SMS Methodology Evaluation: SMS Methodology Effectiveness – Daily Drainage 
Simulation 

The effectiveness of the irrigation scheduling methodologies was evaluated by 

their effect on keeping adequate moisture for plant uptake; while avoiding drainage from 

the rootzone. Therefore, daily drainage during the three corn seasons was simulated 

using the crop simulation model CERES-Maize within DSSAT. This model was 

calibrated and evaluated in Chapter 4 providing simulation results within the range of 

the observed values in the experimental field. 

Results 

The result section shows: 
1. A comparison between the calendar-based and the sensor-based irrigation 

scheduling methodologies performed in the field experiment (GROW and SMS 
treatments),  

2. An evaluation of the proposed SMS methodology and the determination of FC using 
the SWDP code. 

3. Effectiveness evaluation of the proposed SMS methodology vs. a calendar-based 
irrigation scheduling methodology by simulating drainage using DSSAT.  

For illustration purposes, and knowing that FC is a dynamic value, corn early 

vegetative stages (V3 – V6)  and reproductive stages (starting with VT); corresponding 

to 30 cm and 60 cm root zones depths for irrigation management purposes were 

selected for evaluation. 
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Comparison of Irrigation Scheduling Methodologies at Different Crop Growth 
Stages 

This section provides examples of the SMS methodology proposed applied at 30 

and 60 cm root zone depths. The former depth corresponding to early vegetative stages 

of the crop in which the root system is continuously growing within this period; however, 

it is not fully developed. The latter depth corresponds to the corn growth stages after 

tasseling. At this growth stage, the root system is mostly developed and although the 

roots might reach deeper soil layers, irrigation management was set to 60 cm to avoid 

potential water stress or leaching. 

SMS irrigation scheduling methodology – 30 cm root zone example. The 

50% MAD threshold for a 30 cm root zone irrigation management corresponds to 27 

mm, according to theoretical values for the Chipley-Foxworth-Albany soil type. Figure 2-

5 represents an example of how irrigation was scheduled following the SMS 

methodology for a 30 cm root zone depth. 

Following the guidelines proposed by Zotarelli et al. (2013), FC was determined 

on April 28 as the inflection point when drainage is reduced to a slower rate (Figure 2-5, 

dotted line). After this moment, soil moisture was monitored using theoretical values of 

FC and 50% MAD (9.1% and 6.3%, respectively) to trigger irrigation. Within this period, 

the soil moisture pattern follows a “stair- step” effect in which the reduction of moisture 

(i.e. step down) represents diurnal fluctuations corresponding to the crop 

evapotranspiration (ETc) and drainage (D) in the soil profile. Afterwards, potential and 

crop evapotranspiration (ETc and ETo, respectively) values are negligible at night; thus, 

moisture is relatively constant (i.e. flat) (Figure 2-5). As soil water content (Ө) 

decreases, soil water potential (Ψ) becomes more negative resulting in lower plant soil 
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water uptake; thus, lower ETc/ETo ratios (Morgan et al. 2006), as well as, in a greater 

gradient for water movement. When these “steps” are reduced in size, plant water 

uptake is also reduced (i.e. lower ETc/ETo ratio); thus, water should be replaced with 

irrigation when it approaches the MAD threshold.  

Using this visualization, an irrigation event (10 mm) was scheduled for 4 May 

2016. After this event, soil moisture increased up to the FC – 50% MAD range; 

however, to keep moisture content within this threshold, a second irrigation event was 

scheduled for 6 May. In the experimental field, irrigation was performed only during 

week days due to personnel availability. Therefore, soil moisture decreased during the 

following days (weekend) falling below the 50% MAD threshold. Nevertheless, an 

irrigation event was scheduled on the following Monday keeping moisture within 

adequate FC – 50% MAD range (Figure 2-5). 

It is important to note that this moisture reduction below the FC – MAD range 

occurred during early vegetative stages of the crop. Early in the season, reductions in 

water can help develop the root system when searching for water uptake. However, 

corn plants are more sensitive to water-deficit stress during the flowering stage (just 

before floral initiation or after pollination), resulting in the greatest reductions in grain 

yields (Boyer and Westgate 2004). Studies have shown that corn exposed to low water 

potential during pollination for five days resulted in abortion of embryos and a significant 

reduction in kernel (Zinselmeier et al. 1999). Limited irrigation (i.e. lower water 

applications than full crop demand), dryland and full irrigation in corn grown in crop 

rotations was evaluated in deep silt loam soils. Limited yields were 80-90% of full 

irrigated yields while applying approximately only half the applied water. This study 
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started irrigation at the beginning of the reproductive stage, when water was most 

critical (Klocke et al. 2007). Thus, during reproductive stages, careful irrigation 

management is recommended to avoid VWC reductions below the threshold that might 

incur into potential reductions in yield. Therefore, during reproductive stages, irrigation 

was applied more frequently intentionally to reduce potential yield negative impacts. 

Calendar-based irrigation scheduling methodology – 30 cm root zone 

example. Soil water content was monitored in the GROW treatment, which uses a 

calendar-based irrigation scheduling methodology and it was compared with the 

proposed SMS irrigation scheduling methodology. The period from April 28 to 11 May 

and the sensor depths up to 25 cm (i.e. total 30 cm root depth) were selected for 

comparison. The calendar-based methodology applies irrigation as the crop grows. 

Thus, at these growth stages, a total of 38 mm per week are applied. A total of 7 

irrigation events were applied from 28 April to 6 May 2016. However, irrigation was 

applied when VWC was above theoretical FC for 30 cm root zone depth. Only after the 

7 May irrigation was VWC reduced to below the FC threshold. The calendar-based 

methodology starts increasing the water budget at this stage, assuming the water 

uptake is greater due to greater crop growth. However, it does not consider the actual 

moisture in the soil, nor the actual transpiration or drainage occurring with each 

following irrigation event. Figure 2-6 shows the VWC dynamics after these events. It is 

important to note that within this period of the crop season, growth is occurring at a high 

rate; thus, the root zone depth can be increased accordingly with the growth of the root 

system. 
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SMS irrigation scheduling methodology – 60 cm root zone example. Later in 

the season, the root zone to be managed for irrigation will increase as the root system 

fully develops. At the beginning of reproductive stages (i.e. tasseling), the root system is 

mostly developed; however, a total depth of 60 cm was used for irrigation management 

purposes (i.e. 550 mm sensor depth). Therefore, sensor depths were selected from 50 

to 550 mm to plot the total soil moisture content within the 60 cm soil profile. 

After tasseling, a 60 cm root zone was used for irrigation management purposes. 

Theoretical FC and 50% MAD values for this depth correspond to VWC of 55 mm and 

38 mm, respectively (black solid lines, Figure 2-7). Therefore, VWC was kept within this 

range, triggering irrigation when VWC was reduced to the 50% MAD low boundary 

threshold. On 10 June 2016 a 20 mm rainfall occurred resulting in a sharp increase in 

VWC exceeding FC. A rapid decrease in VWC occurred slightly after the rainfall event. 

This rainfall event caused an increase in VWC in almost all soil layers with lower 

magnitude as it approached the deepest sensor depth at 850 mm. However, an 

increase in VWC at this depth was observed, which represents a possible drainage 

event (Figure 2-7 bottom, A). This is an important factor to consider when scheduling 

irrigation. It is difficult for producers to know the effect of the rainfall or irrigation in the 

soil profile; however, this visualization provides valid information in terms of infiltration 

(flux of water in the soil profile) and the effectiveness of the rainfall based on its amount 

and duration. A rainfall event might increase moisture in the rootzone but might also 

surpass the water holding capacity of the soil resulting in drainage from the rootzone.  

If enough moisture for plant water uptake is present in the rootzone, no irrigation 

applications are required. The VWC was monitored afterwards and a “stair-step” effect 
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was observed during the following days, representing the diurnal VWC losses due to ET 

and drainage. It can be seen, that as VWC is reduced to the 50% MAD, the “steps” at 

each individual sensor depth are reduced in magnitude, starting from top to bottom soil 

layers (Figure 2-7, bottom). However, the more active roots, which are located deeper in 

the profile, continue to uptake water as VWC is reduced. This is an indication that 

although upper layers have less water available for uptake, the deepest roots continue 

water uptake. Finally, when the total VWC in the 60 cm root zone reaches 50% MAD, 

irrigation was applied. This VWC can be predicted using the average of ET values 

occurred in previous days (explained further in ‘Near-future estimation of VWC 

reductions’ section). 

Calendar-based irrigation scheduling methodology – 60 cm root zone 

example. The same period and depths (from 6 to 27 June and sensor depths from 50 – 

550mm) were selected for comparison (Figure 2-8). After the 20 mm rainfall event on 10 

June 2016, total VWC increased to more than 110 mm within the soil profile. Then, 

VWC decreased sharply during the following day mostly as drainage, which can be 

observed as the VWC increment in the deepest soil layer (850 mm) (Figure 2-9, A). This 

rainfall event caused an increase in VWC in all layers with a delay in time; reaching the 

deepest soil layer about 24 hours after the initial VWC peak caused by rainfall (Figure 2-

8, A). At this growth stage, the GROW treatment applies a total budget of 20 mm per 

week with 10 mm per event. A total of 12 irrigation events were applied in 21 days. The 

continuous irrigation applications resulted in increments of VWC that remained above 

FC during the entire period. During the irrigation applications performed during 16 – 18 

June, all soil layers increased in VWC through time, reaching the deepest layer on 18 
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June as potential water leaving the rootzone as drainage (Figure 2-8, A). The two main 

events described as potential drainage events are also related to the salinity in the soil 

profile (Figure 2-9, bottom). After the drainage events, a delayed increment in salinity 

was observed in deeper layers (Figure 2-8, B). This could represent potential N leaching 

from the rootzone caused by the frequent irrigation events followed by a calendar-based 

irrigation scheduling methodology. These visualizations can help understand the effect 

of rainfall or irrigation events in the soil profile, as well as, the potential loss of water 

and/or nutrients from the rootzone. 

Near-future estimation of VWC reductions. The graphs showing daily water 

use provide the reduction in moisture that occurred per day. This value can also be 

used for future estimations of VWC losses (ET and drainage). Furthermore, using the 

weather forecast and the average ET from previous 3 – 5 days, an approximation of the 

future VWC reductions can be made; thus, an irrigation event can be scheduled when 

moisture is estimated to reach 50% MAD (Figure 2-9). 

VWC behavior at different irrigation scheduling methods. Differences 

between the irrigation scheduling methods can be seen when VWC among the 

treatments is monitored through time. Figure 2-10 compares the VWC among irrigation 

treatments monitored at and after tasseling; when water is critical for corn production. 

Based on the GROW methodology, after tasseling the irrigation target increased up 38 

mm/wk unless 13 -19 mm of rain occurred the day prior to a scheduled irrigation or two 

irrigations were skipped if 25 mm of rain occurred. As a result, without rainfall GROW 

VWC started cumulatively increasing after every irrigation event remaining above FC. It 

did not decline until a rainfall event occurred and irrigation was skipped. In comparison, 
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using SMS methodology allowed VWC to be reduced and be kept within the FC – 50% 

MAD threshold, since daily monitoring of the soil moisture was performed before 

irrigation was triggered. SMS VWC increased above the threshold only when rainfall 

events occurred; however, water depletion was allowed until VWC decreased to the FC 

– 50% MAD threshold to trigger irrigation. 

The VWC at different irrigation treatments was evaluated during early 

reproductive stages (25 May – 10 June 2016) after irrigation and or rainfall events 

(Figure 2-10). GROW VWC remained above FC during this period of reproductive 

stages. This reflects how the calendar-based irrigation scheduling (i.e. GROW 

treatment), which uses a fixed target irrigation budget per crop stages, overirrigates 

keeping soil moisture above FC; thus, potentially causing a greater drainage especially 

after rainfall events. The SMS VWC was successfully kept between FC and MAD range 

within this period; however, heavy rainfall events increased VWC above this range (i.e. 

June 6). The NON VWC was reduced below the MAD threshold in this period: end of 

tasseling (June 1 to June 6) is one the most water stress sensitive stages in corn 

production (Figure 2-10). The greater the stress in this treatment, the lower the “stair 

step” effect in time (i.e. flatter line) indicating reduced transpiration. 

Evaluation of SMS Methodology Using SWDP Code 

The performance of the proposed sensor-based irrigation scheduling 

methodology was evaluated by determining the SWDP - FC values during the corn 

growing seasons (Figures 2-11 – 2-14, orange dots). As previously described, the 

SWDP code uses a regression approach to calculate the inflection point when drainage 

rate decreases to a slower rate, commonly used as the FC point. In addition, this model 

can identify irrigation and/or rainfall cycles by determining the start of an irrigation/rain 



 

108 
 

event (A), the peak point (B) of the irrigation/rainfall event and the FC point (FC); 

characteristic points within the root system water consumption pattern (RWCP). 

The efficiency of the SMS methodology proposed was evaluated considering the 

number of times an irrigation event was scheduled to refill the soil profile when VWC 

approached 50% MAD based the FC value estimated using the SWDP code. Two main 

examples are provided for early vegetative and reproductive stages for the soil moisture 

sensor scheduling technique (Figures 2-11 and 2-13, respectively). The calendar-based 

irrigation scheduling methodology was also evaluated using the SWDP code during 

those growing stages (Figures 2-12 and 2-14, respectively). 

Sensor-based methodology evaluation 30 cm. In the experimental field, VWC 

was monitored and following Zotarelli et al. (2013) guidelines in conjunction with 

theoretical FC and 50% MAD values ( 27 and 19 mm, respectively) (Figure 2-11, solid 

lines), it was determined when to irrigate at the different growth stages. To evaluate the 

effectiveness of this proposed method, SWDP – FC values were calculated and 

compared with theoretical values. Estimated SWDP – FC values (Figure 2-11, orange 

dots) ranged from 26 to 28 mm and corresponding 50% MAD values were 18 mm and 

19 mm. Calculate SWDP -  FC value (avg = 27 mm) was very close to theoretical values 

used in the field experiment (FCfield = 27 mm) to trigger irrigation in the SMS treatment. 

Figure 2-11 shows how irrigation was effectively applied when VWC was approaching 

the lower 50% MAD boundary based on calculated SWDP – FC value. 

Calendar-based methodology evaluation 30 cm. The effectiveness of the 

calendar-based methodology was evaluated during the same period and root zone 

depth as the sensor-based method. The calculated SWDP – FC values were 24 mm for 
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the irrigation events applied on 19 and 21 April 2017; however, SWDP – FC increased 

to 31 mm for the irrigation of 28 April. Prior this event, two other irrigation applications 

were performed on 24 and 26 April. Thus, after several irrigation events applied, the 

estimated SWDP – FC value increased from 24 to 31 mm. Using this method, it can be 

observed how the value of FC is dynamic and it could have been influenced by the 

effect of previous and continuous applications of water building up moisture content in 

the soil; thus, increasing the inflection point of FC. Additionally, as the crop grows, the 

calendar-based methodology increases the frequency of irrigation events. Thus, when 

more frequent irrigation applications are performed, VWC increases above the FC 

threshold (Figure 2-12). 

Sensor-based methodology evaluation 60 cm. The SMS methodology called 

for 12 irrigation events, which corresponds to 55% less times than the calendar based 

irrigation scheduling methodology. At reproductive stages, corn water uptake rate is 

high and irrigation is essential for optimum grain yield. Thus, irrigation events occurred 

more frequently intentionally to avoid any water stress that could negatively impact final 

yield. During these stages, VWC remained within the FC – 50% MAD range; except 

when a combination of rainfall and irrigation events were performed, in which VWC 

exceeded theoretical values of FC.  Irrigation events were applied from 16 to 24 June; 

however, no SWDP – FC values were calculated, since irrigation amounts did not result 

in a sufficient increase in VWC. However, VWC was kept above the 50% MAD 

threshold. Then, after rainfall events occurring on late June, estimated SWDP – FC 

values were higher (FC = 59 mm). This is an example of how FC values can vary after 

continuous water applications and exceeding the irrigation management thresholds (FC 
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and % 50 MAD). After these rainfall events, VWC was monitored and irrigation was 

triggered when it decreased reaching values within the FC – 50% MAD threshold. 

Afterwards, the combination of rainfall and irrigation resulted in an increased value of 

SWDP – FC (i.e. 59 and 63 mm, respectively). Overall, the SMS methodology kept 

VWC within the proposed irrigation management thresholds without incurring into 

potential water stress (Figure 2-13). 

Calendar-based methodology evaluation 60 cm. The calendar-based irrigation 

scheduling method continuously applies irrigation during reproductive stages unless 

rainfall amounts exceed the irrigation application rate. During the reproductive stages, a 

total of 27 irrigation events were applied.  Immediately before heavy rainfall events 

occurred on 5 and 10 June, the GROW irrigation applied four irrigation events (cum. 

irrigation 43 mm), which cumulatively increased moisture in the soil. Therefore, after the 

rainfall events, VWC increased up to 120 mm, surpassing the theoretical FC level more 

than double. Using the SWDP code, SWDP – FC was determined as the inflection point 

after drainage occurred. However, this does not necessary represent FC in the soil, 

since soils were already saturated and were continuously draining. Although the decline 

in VWC was reduced to a smaller rate, this point only corresponds to a reduction in the 

drainage rate but might be incorrectly assigned to the FC point. 

Effectiveness of Irrigation Scheduling Methodologies – Drainage Simulations 

These two methodologies were compared in terms of water applied, water saved 

and number of irrigation events during different growth stages (Table 2-2). For the 2015 

– 17 corn growing seasons, the SMS treatment applied 7, 13 and 18 irrigation events 

during vegetative stages; whereas the GROW treatment applied 9, 18 and 25 events. 

On the other hand, during reproductive stages the SMS treatment applied 5, 15 and 12 
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events; whereas, the GROW treatment applied 21, 29 and 29 events. Total water 

savings achieved by the SMS was 53%, 43% and 45% resulting in 54%, 59% and 37% 

less drainage than in conventional practices. 

Additionally, the effectiveness of the irrigation scheduling methodologies was 

evaluated by their effect on keeping adequate moisture for plant uptake; while avoiding 

drainage from the rootzone. Therefore, the crop simulation model CERES-Maize within 

DSSAT was also used to determine the effectiveness of the SMS in terms of potential 

drainage within each corn growing season. Daily drainage was calculated per season 

for both methodologies. Figures 2-15 – 2-17 show the irrigation applied by the GROW 

and SMS treatments, daily rainfall and simulated daily drainage per treatment during the 

2015 – 17 corn growing seasons.  

2015 season. During the 2015 corn season, simulated daily drainage in the 

GROW treatment started on 3 June and continued until the end of the season. Drainage 

amounts varied based on the previous irrigation applied and rainfall events. Small 

drainage amounts (<10 mm) resulted after continuous and frequent irrigation events; 

whereas, larger drainage amounts resulted after heavy rainfall events and/or the 

combination of previous irrigation applied and rainfall events. For example, irrigation 

applied from 31 May to 2 June (cum. irrigation = 41 mm) was followed by a 19 mm 

rainfall event; resulting in a 24 mm cumulative drainage during the following days (4 – 6 

June). Afterwards, on 9 June a heavy rainfall event (34 mm) occurred in combination 

with previous irrigation events (cum. irrigation = 31 mm) caused a 44 mm cumulative 

drainage. Afterwards, this same pattern was repeated: a low magnitude drainage 

amounts occurred almost daily after irrigation was applied. However, when irrigation 
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was applied and rainfall occurred the following day, then higher magnitude drainage 

amounts occurred. Examples of these occurred on 26 June (cum. drainage = 19 mm 

after 20 mm irrigation applied and 15 mm rainfall event), 16 – 17 July and 24 July (cum. 

drainage = 89 mm after 109 mm cum. heavy rainfall events and one irrigation event 10 

mm) and on 7 – 8 August (cum. drainage 51 mm after 65 mm prior rainfall events). 

During the 2015 corn season, cumulative rainfall was 545 mm, cumulative GROW 

irrigation was 331 mm and cumulative simulated drainage was 328 mm in this 

treatment. Most of the drainage occurred after continuous and frequent irrigation 

applications throughout the season (from June until August); however, larger drainage 

amounts resulted due to the combination of irrigation and rainfall events (Figure 2-15). 

In comparison, the SMS treatment did not result in drainage events during 

vegetative stages and only low magnitude (<10 mm) daily drainage events occurred 

throughout the season, except after the 5 – 6 August heavy rainfall events (cum. rainfall 

= 65 mm). In addition, in the SMS treatment, all drainage events occurred after rainfall 

events, but not after irrigation applied. The first drainage event occurred after the 9 June 

heavy rainfall events (cum. drainage = 6 mmm after cum. rainfall = 34 mm). Then, 

cumulative drainage resulted in 23 mm after the 40 mm rainfall event on 29 June. 

During the period of 16 – 24 July, cumulative rainfall summed up to 109 mm distributed 

in three heavy rainfall events resulting in 56 mm cumulative drainage. The last drainage 

events occurred after heavy rainfall events on 5 – 6 August 2015 (cum. drainage = 51 

mm after 65 mm cum. rainfall). Corn physiological maturity had occurred at this time; 

thus, crop water uptake was reduced. Therefore, any large amounts of water are most 

likely lost from the rootzone. Total cumulative rainfall was 545 mm, cumulative SMS 
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irrigation was 151 mm and cumulative simulated SMS drainage was 150 mm. Most of 

the drainage occurred after heavy rainfall events occurred during the season, not after 

irrigation events (Figure 2-15). 

2016 season. In 2016, frequent and heavy rainfall events occurred early in the 

season affecting drainage in all treatments equally. The first events occurred on 23 – 26 

March (cum. rainfall 53 mm), resulting in a cumulative drainage of 42 mm on 

subsequent days. Afterwards, on 1 April, a 76 mm rainfall occurred resulting in 64 mm 

cumulative drainage distributed on the following three days. These drainage events 

were the largest ones during the season (Figure 2-16). 

The GROW treatment resulted in low magnitude but consistent periods of 

drainage events as a result of the high frequency of irrigation events, except during 

three drainage events occurred after heavy rain (16 May 4 – 5 June and 9 June). On 

several occasions, drainage occurred when irrigation was applied and rainfall occurred 

afterwards. When irrigation and rainfall were combined, then greater drainage amounts 

occurred during the season. Total rainfall, total irrigation and cumulative drainage in the 

GROW treatment was 384 mm, 508 mm and 374 mm, respectively (Figure 2-16). 

In 2016, rainfall amounts were approximately 30% less than in 2015. Due to the 

uneven rainfall amounts and distribution throughout the season, greater irrigation was 

required. The simulated drainage on the SMS treatment occurred only after heavy 

rainfall events. The first one occurred on 4 – 5 June (cum. rainfall = 43 mm and cum. 

drainage = 15 mm) and the second occurred on 9 June (cum. rainfall = 20 mm and cum. 

drainage = 12 mm). A small drainage event (5 mm) occurred on 3 July after irrigation 

was applied and rainfall occurred the following day. Using the SMS irrigation scheduling 
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methodology proposed, drainage amounts caused by irrigation applications were less 

likely to occur (Figure 2-16). 

2017 season. An initial irrigation application was performed after planting to 

provide enough moisture for germination. This application resulted in a small drainage 

event in all treatments (cum. drainage = 6 mm). At this stage in the crop season, the 

root system for water uptake is not developed yet; thus, irrigation amounts should be 

carefully applied to avoid water losses from the rootzone (Figure 2-17). 

Similar to the 2016 season, heavy rainfall events occurred early in the 2017 corn 

season resulting in large drainage amounts in all irrigation treatments. The first heavy 

rainfall events were on 2 – 3 April (cum. rainfall = 108 mm) resulting in a cumulative 

drainage of 92 mm. The GROW treatment showed small and continuous drainage 

events during the period of 3 – 22 May after frequent irrigation events. In comparison, 

the SMS treatment resulted in no drainage events during this period. Mid-season heavy 

rainfall events occurred on 23 May (cum. rainfall = 59 mm), 2 – 6 June (cum. rainfall = 

170 mm) and 16 – 18 June (cum. rainfall = 56 mm) resulting in large drainage amounts 

in all irrigation treatments. Cumulative drainage simulations in the GROW treatment 

after those heavy rainfall events resulted in 67 mm, 154 mm and 42 mm, respectively. 

Similarly, the SMS treatment cumulative drainage was 54 mm, 137 mm and 18 mm, 

respectively (Figure 2-17). Thus, most of the drainage occurred in both treatments was 

due to rainfall; however, slightly higher drainage amounts occurred in the GROW 

treatment due to irrigation applied just prior rainfall events.  

After these mid-season rainfall events, rainfall occurred more sporadically. 

During reproductive stages, irrigation applications are intentionally performed more 
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frequently to avoid water stress that might negatively impact grain yield. The GROW 

treatment, which used a calendar-based irrigation method, applied 27 irrigation events 

after 1 June during reproductive stages; whereas the SMS applied 12 irrigation events; 

a 55% less events than the GROW treatment. Rainfall uncertainty makes this decision 

more challenging; since if it rains, over irrigation might cause drainage below the 

rootzone; however, if it does not rain, yield might be compromised (Figure 2-17). 

Even when careful monitoring of VWC is performed to determine when to irrigate 

in the SMS treatment, on some occasions, irrigation was applied and rainfall occurred 

the following day (s). This most likely results in small drainage events. For example, 

after five days without rainfall, SMS irrigation was applied on 25 June and 27 June; 

however, rainfall occurred on 27 June (16 mm) and 29 June (11 mm), resulting in small 

drainage events during the following days (cum. drainage = 19 mm). In contrast, the 

GROW treatment applied five irrigation events from 25 – 29 June and therefore a 

cumulative drainage of 49 mm (i.e. 157% increase in drainage). These two different 

patterns of drainage amounts were followed by the two scheduling methodologies until 

the end of the growing season (Figure 2-17). 

Late in the season, heavy rainfall events occurred on 20 July, 25 July, 29 July 

and 1 August (cum. rainfall = 21 mm, 25 mm, 26 mm and 39 mm). These events 

resulted in cumulative drainage of 40 mm, 16 mm, 10 mm and 33 mm in the GROW 

treatment; and in cumulative drainage of 0 mm, 8 mm, 10 mm and 33 mm during the 

following days. Total cumulative rainfall, irrigation and cumulative drainage in the 

GROW treatment was: 653 mm, 558 mm and 677 mm, respectively; whereas in the 

SMS treatment irrigation and drainage totaled 303 mm and 429 mm (Figure 2-17). 
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The GROW treatment resulted in low magnitude but consistent periods of 

drainage events because of the frequency of irrigation events characteristic of the 

calendar-based irrigation scheduling method. The calendar based irrigation scheduling 

methodology resulted in greater cumulative irrigation applied and therefore greater 

cumulative drainage during all three seasons. In contrast, the sensor-based 

methodology achieved 53%, 43% and 45% water savings compared to the calendar-

based method. In addition, this proposed methodology resulted in 54%, 59%, and 37% 

less drainage compared to the calendar-based during the 2015 – 17 corn seasons. 

Reduction in cost of irrigation applications (e.g. fuel, time, water, fertilizer) can be 

achieved when using soil moisture sensors to schedule irrigation, as well as, a reduction 

in nutrients leaching (i.e. nutrients dissolved within the drainage amounts leaving the 

rootzone, e.g. N leaching). 

Water Savings and Final Grain Yields 

The sensor-based methodology resulted in 53, 43% and 45% water savings 

compared to the calendar-based irrigation scheduling methodology during 2015, 2016 

and 2017 corn growing seasons, respectively (Figure 2-18). In addition, no statistical 

difference was found in final corn grain yield across the two irrigation scheduling 

methodologies during the three corn growing seasons evaluated (Figure 2-19). 

Conclusions 

Through the use of soil moisture sensors, it is possible to observe the water 

behavior within the rootzone before and after irrigation or rainfall events. In addition, 

following the root system water consumption pattern, the plant water uptake, the water 

interaction with soil and roots and drainage can be determined using these sensors. 
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The “stair step” pattern allows observation of the VWC dynamics by day after 

rainfall and/or irrigation events. Continuous monitoring of soil moisture using 

multisensor capacitance probes allows determination of the effective rainfall and/or 

irrigation that has entered the soil profile, in addition to drainage occurring between soil 

layers (i.e. downward water flux across layers) or leaving the soil profile (i.e. increments 

in VWC detected by sensors located in depths deeper than root zone). Thus, during the 

growing season, an optimal irrigation management can be achieved throughout the use 

and continuous monitoring of these sensors 

It is important to recognize that even when using capacitance probes to measure 

VWC in the soil profile, a fundamental difficulty encountered in experimental fields is the 

inherently complicated space-time relationships involved in the soil-water uptake 

process by plants. Microscopic gradients and fluxes of water in the immediate proximity 

of roots might not be possible to accurately measure, besides the fact that roots grow in 

different directions and spacing. Conventional methods intend to sense the content of 

water in the soil of a relatively large volume; thus, smaller gradients might not be 

considered or possible to measure (Hillel 1971). 

Temporal and spatial rainfall variability is the main challenge for any irrigation 

scheduling methodology in Florida. Rainfall uncertainty may cause over irrigation in 

crops when an irrigation event is scheduled and rainfall events occur subsequently; 

increasing the moisture in the soil profile above FC. Thus, an increase in drainage can 

occur.  On the other hand, rainfall uncertainty also can cause under irrigation. 

Inadequate soil moisture conditions may occur if irrigation is not scheduled because 
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forecasts indicate high probability of rainfall, but rainfall does not occur or the amounts 

are lower than expected.  

The sensor-based irrigation scheduling methodology proposed consists of five 

different steps:  

1. Select root depth based on crop development and modify it as crop grows. Three 
main root depths were proposed: 25 cm, 35 cm and 55 cm (i.e. representing 
approximately V3 – V6, V7 – VT and reproductive stages, respectively.  

2. Use physical characteristic values of field soil type published at the Florida Web Soil 
Survey as irrigation thresholds (FC and 50% MAD).  

3. Follow Zotarelli et al. (2013) guidelines to determine FC at selected root zone depth 
(i.e. FC: the slope of drainage and extraction lines changes from rapid to slower 
decrease and the soil water flux stabilizes). 

4. Monitor continuously VWC: follow the “stair step” as the result of diurnal fluctuations 
in soil moisture at the root zone to determine water losses (e.g. ET and drainage) 
from the soil to be refilled with irrigation. Near future ET values (i.e. VWC reductions 
in following 1-2 days) can be estimated using average ET from previous 3 – 5 days.  

5. Scheduled an irrigation event when VWC approaches 50% MAD. 

Using this simple irrigation scheduling methodology, cumulative drainage was 

reduced by 54%, 59% and 37% during the 2015 – 17 corn growing seasons. In addition, 

water savings ranging from 43% to 53% were achieved by using this methodology in 

comparison to the calendar-based irrigation scheduling method during the three years 

of field evaluation. Furthermore, no statistical differences in final grain yield were found 

across the methods.  

Using this methodology, producers can maintain adequate moisture within the 

managed root zone, as well as, reduce the loss of water via drainage. Better 

understanding the dynamics of water in the soil after rainfall or irrigation events, can 

provide insights of crop water uptake/consumption, root development, and drainage. 

Determining how to manage irrigation within the proposed thresholds (i.e. FC and % 50 
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MAD), production costs (e.g. fuel, time, labor, fertilizer) and negative environmental 

impact (e.g. N leaching) can be reduced. 
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Table 2-1. Field capacity (FC) and 50% maximum allowable depletion (% 50 MAD) used 

during the corn stages for SMS irrigation scheduling methodology. 
 

Corn growth 
stage Depth (mm) Threshold % Equivalent (mm) 

V3 – V6 300 FC 9.1% 27 
 300 50% MAD 6.3% 19 
V7 – V11 400 FC 9.1% 36 
 400 50% MAD 6.3% 25 
VT – 
Reproductive 600 FC 9.1% 55 
 600 50% MAD 6.3% 38 
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Table 2-2. Evaluation of irrigation scheduling methodologies (calendar-based and 
sensor-based) used in the GROW and SMS treatments during 2015 – 17 corn 
growing seasons. 

 

Corn 
season Parameter evaluated 

Calendar-
based 

Sensor-
based 

2015 Cumulative rainfall (mm) 545 545 

 Cumulative irrigation (mm) 320 151 

  
Number of irrigation events in vegetative 
stages 9 7 

 
Number of irrigation events in reproductive 
stages 21 5 

  Cumulative ETc (mm) 435 437 

  Cumulative drainage (mm)1 328 150 

  Water savings per season (%)    53 

    

 2016 Cumulative rainfall (mm) 384 384 

 Cumulative irrigation  508 291 

  Number of irrigation events per season 47 28 

 
Number of irrigation events in vegetative 
stages 18 13 

  
Number of irrigation events in reproductive 
stages 29 15 

  Cumulative ETc (mm) 443 448 

  Cumulative drainage (mm)1 374 153 

  Water savings per season (%)    43 

        

2017 Cumulative rainfall (mm) 673 673 

 Number of irrigation events per season 54 30 

  Cumulative irrigation  546 302 

 
Number of irrigation events in vegetative 
stages 25 18 

  
Number of irrigation events in reproductive 
stages 29 12 

 Cumulative ETc (mm) 438 438 

  Cumulative drainage (mm)1 677 429 

  Water savings per season (%)    45 
1 Cumulative ETc (i.e. transpiration) simulated in DSSAT. Simulated potential ETo for all seasons was: 580 
mm, 650 mm and 630 mm 
2 Cumulative drainage (due to rainfall and/or irrigation) simulated during the corn 2015-17 seasons using 
CERES-Maize model within DSSAT. 
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Figure 2-1. Field capacity (FC) determination guidelines proposed by Zotarelli et al. 

2013 using volumetric water content monitored by soil moisture sensors. 
Example of FC determination (left) and an adequate irrigation management 
example for sandy soils (Zotarelli et al. 2013). 
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Figure 2-2. Screenshot of real time soil moisture data collected in the experimental field. 

From top to bottom: soil moisture content (VWC) at individual depths in soil 
profile, soil salinity (volumetric ion content) at individual depths, cumulative 
soil moisture (mm, based on selected sensor depth), daily water use (mm), 
and sensor depth (mm).  
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Figure 2-3. Soil moisture content at individual depths where root development (A) and 

drainage (B) can be determined in the soil profile across the growing season.

B A 
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Figure 2-4. Selected depths (25, 35 and 55 cm) based on root growth development for analysis of soil moisture content 

during the corn growing season.
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Figure 2-5. Example of sensor-based irrigation scheduling at approximate V3 – V6 corn 

stages using a 30 cm root zone. Top: total VWC in soil profile (blue line), 
irrigation applied (red dots) and theoretical FC and 50% MAD values for 
Chipley soil (black solid lines) (NRCS 2016b). FCfield= value of FC using 
Zotarelli et al. (2013) guidelines. “Stair-step” effect: represents the reduction 
of moisture due to ET occurring during the day and the constant moisture 
during the night (i.e. negligible VWC losses). VWC reduced below MAD 
threshold during the weekend. Experimental field operations were dependent 
on personnel availability; thus, irrigation was scheduled for the following 
Monday to keep VWC within the proposed thresholds. Bottom: sensor depths 
50 – 250 mm were selected for the 30 cm irrigation management purposes 
following root water uptake (bottom, orange arrows). 
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Figure 2-6. Example of calendar-based irrigation scheduling at early corn growth stages 

using a 30 cm root zone. Total VWC in soil profile (blue line), irrigation applied 
(red dots) and theoretical FC and 50% MAD values for Chipley soil (black 
solid lines) (NRCS 2016b). FCfield= value of FC using Zotarelli et al. (2013) 
guidelines. “Stair-step” effect: represents the reduction of moisture due to ET 
occurring during the day and the constant moisture during the night (i.e. 
negligible VWC losses). VWC reduced below MAD threshold during the 
weekend. Experimental field operations were dependent on personnel 
availability; thus, irrigation was scheduled for the following Monday to keep 
VWC within the proposed thresholds.  
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Figure 2-7. Example of sensor-based irrigation scheduling at VT-Reproductive corn 

stages using a 60 cm root zone. Top: total VWC in soil profile (blue line), 
irrigation applied (red dots) and theoretical FC and 50% MAD values for 
Chipley soil (black solid lines) (NRCS 2016b). Bottom: soil moisture content at 
individual sensor depths. Potential drainage events evidenced by VWC 
increments at the deepest 850 mm soil layer (A). Stair step effect as diurnal 
fluctuations due to ET and drainage. Reduction in VWC in top soil layers, but 
continuous water uptake in deeper layers in time as potential evidence of root 
search for water uptake deeper in the soil profile (B).  
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Figure 2-8. Example of irrigation scheduling using calendar-based irrigation scheduling 

method in a 60 cm root zone depth. Top: total VWC in soil profile (blue line) 
remaining above theoretical FC value (>FC) and irrigation applied (red dots). 
Stair step effect as diurnal fluctuations occurred because of ET and drainage 
not observed in VWC data. Center: soil moisture content at individual sensor 
depths. Potential drainage events evidenced by VWC increments at the 
deepest 850 mm soil layer (A). Effect of frequent irrigation events scheduled 
with a calendar-based method on salinity increments at deep layers in time, 
as evidence of potential leaching (B). 
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Figure 2-9. Projections of near future VWC reductions estimated using the average ET 

from previous dates (red values). Blue line represents total VWC in 60 cm soil 
depth. Black solid lines represent theoretical FC and 50% MAD values for 
Chipley soil (NRCS 2016b). Irrigation applied (Irr) when VWC estimated 
projections were approaching the 50% MAD threshold. 
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Figure 2-10. Volumetric water content monitored at GROW, SMS and NON irrigation 

treatments (lines) during early reproductive stages in corn 2016. Rainfall and 
irrigation applied (bars). Dash lines show FC and 50% MAD threshold. 
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Figure 2-11. Evaluation of sensor-based irrigation scheduling methodology for 30 cm 

root zone depth using SWDP code for FC determination (SWDP – FC, orange 
dots) and root system water consumption pattern (RSWC): A represents the 
start point before irrigation or rainfall events and B the peak in VWC after 
those events. Theoretical FC and 50% MAD values for 30 cm Chipley soil are 
represented by the black solid lines. 
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Figure 2-12. Evaluation of calendar-based irrigation scheduling methodology for a 30 

cm root zone depth using SWDP code for FC determination (SWDP – FC, 
orange dots) and root system water consumption pattern (RSWC): A 
represents the start point before irrigation or rainfall events and B the peak in 
VWC after those events. Theoretical FC and 50% MAD values for Chipley soil 
are represented by the black solid lines. 
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Figure 2-13. Evaluation of sensor-based irrigation scheduling methodology for 60 cm 

root zone depth using SWDP code for FC determination (SWDP – FC, orange 
dots) and root system water consumption pattern (RSWC), where A 
represents the start point before irrigation or rainfall events and B the peak in 
VWC after those events. Theoretical FC and 50% MAD values for 30 cm 
Chipley soil are represented by the black solid lines. 
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Figure 2-14. Evaluation of calendar-based irrigation scheduling methodology for 60 cm 

root zone depth using SWDP code for FC determination (SWDP – FC, orange 
dots) and root system water consumption pattern (RSWC): A represents the 
start point before irrigation or rainfall events and B the peak in VWC after 
those events. Theoretical FC and 50% MAD values for Chipley soil are 
represented by the black solid lines. 
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Figure 2-15. Effect of irrigation scheduling methodology on simulated daily drainage (bottom bars) during 2015 corn 

season. Irrigation applied per treatment (GROW and SMS) (top light blue and orange bars) and rainfall (dark 
blue bars) that occurred. 
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Figure 2-16. Effect of irrigation scheduling methodology on simulated daily drainage (bottom bars) during corn 2016. 

Irrigation applied per treatment (GROW and SMS, top light blue and orange bars) and rainfall (dark blue bars) 
that occurred. 
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Figure 2-17. Effect of irrigation scheduling methodology on simulated daily drainage (bottom bars) during corn 2017. 

Irrigation applied per treatment (GROW and SMS, top light blue and orange bars) and rainfall (dark blue bars) 
that occurred. 
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Figure 2-18. Cumulative irrigation applied by GROW, SMS and NON treatments during 

corn growing seasons 2015 – 17. 
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Figure 2-19. Corn grain yield (kg/ha) for calendar-based and sensor-based irrigation 

scheduling methodologies used to trigger irrigation in the GROW and SMS 
treatments during corn growing seasons 2015 – 17. 
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CHAPTER 3 
EFFECT OF IRRIGATION AND NITROGEN FERTILITY RATES ON CORN 

NITROGEN UPTAKE AND YIELD 

Introduction 

Maize (Zea mays L.) is the second largest commodity in the United States. In 

2013, around 1,121 Mg were produced accounting for $67 billion in the U.S. economy 

(FAOSTAT 2015b). In the state of Florida, maize (corn) production for grain and silage 

is important and it is commonly grown in rotation with peanuts resulting in yield benefits 

for both crops (Wright et al. 2003). The average area planted with corn in Florida from 

2015 – 17 was 31,700 ha and total corn sales accounted for $43.7 million for this state 

according to the 2012 census data (USDA, NASS 2018).  

Water is essential for crop growth. It is a source of transport and solvent of 

nutrients from the soil to the roots and throughout the plants, it is the main medium for 

chemical processes involved in plant metabolism and it could serve as a cooling 

mechanism to maintain adequate temperature in the plant (Haman and Izuno 2003). 

Water required for plant growth is supplied by rainfall and/or irrigation, but due to the 

large spatial and temporal variability in Florida’s rainfall, irrigation is required for a 

successful crop production during the dry periods (Kisekka et al. 2016). 

The total water withdrawals (55% saline and 45% freshwater) in Florida were 

53.8 million m3/d in 2012 (USGS 2012). Agriculture was the largest freshwater user with 

withdrawals up to 9.5 million m3/d in that year. Nearly half of the estimated harvested 

cropland (890,308 ha) is irrigated (USDA, NASS 2014), where water applied in irrigated 

corn fields is about 2134 m3/ha (USDA, NASS 2018).  

Irrigation, fertilization, disease control and harvest should be properly managed 

to achieve high yields (McWilliams et al. 1999). By selecting the adequate hybrid, 
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growers can determine the yield potential, maturity, disease and insect resistance, grain 

quality and adaptability for each region. Pioneer 1498 YHR/Bt is considered appropriate 

for Florida’s conditions. This hybrid has a high drought tolerance, making it very suitable 

under limited or dryland conditions in Florida (DuPont 2016). 

Temperature plays an important role in corn growth and development. Mean 

cardinal temperatures for corn (whole plant) are 6.1°C, 30.8°C and 42°C for minimum, 

optimum and maximum temperatures for growth and development, respectively. 

Outside these thresholds, growth rate stops or is slower than optimum. Cardinal 

temperature thresholds vary at the different phenological processes occurring at the 

plant growth stages (i.e. emergence, tassel initiation, anthesis and grain filling). Grain 

filling is the most sensitive stage to high temperatures, where minimum, optimum and 

maximum temperatures are 8.0°C, 26.4°C and 36°C. Corn minimum and maximum 

lethal temperatures causing irreversible damage are -1.8°C and 46°C, respectively 

(Sanchez et al. 2014). 

In general for corn, a sigmoid curve characterizes growth and contains four 

phases: exponential, linear, dampened exponential and steady state (as it reaches 

physiological maturity (Hammond and Kirkham 1949). During early crop growth stages, 

N uptake is slow, and it increases as the plant grows and develops (Hanway 1963). For 

this study at planting, a 34 kg/ha (N-P-K) fertilization was performed with subsequent 

root development initiated at germination. After planting (i.e. early during the 

exponential stage), the root system is relatively small and the soil is generally cool. 

Although the fertilizer concentrations stimulate root growth; the plant requirement is very 

small. Fertilizer should be placed where the primary roots are for successful and 
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effective uptake when root development starts. During this stage, rainfall represents a 

risk for N leaching. If a heavy rainfall occurs during this period, the N placed for future 

uptake can be leached from the rootzone, as occurred in 2016 and 2017 early seasons. 

Further in the growing season, after the root system and aboveground biomass (e.g. 

leaf, stack formation) are being developed, the N uptake is close to linear. During this 

phase, most of the vegetative tissues are being developed and fertilizers contribute the 

most to the large N demand. During this phase, most of the N fertilizations are applied. 

Later in the season, there is a slow rate of N uptake by the plant as it reaches maturity. 

However, during this period, no fertilizations were performed (all were applied 

previously). 

In North-central Florida, soils are characterized by coarse texture, with low water 

holding capacities, low organic matter and low cation exchange capacity, but with high 

infiltration rates increasing the potential of nitrate leaching (NRCS 2016a). Typically, the 

field corn growing season spans from mid-March or early April to August. Planting is 

performed after potential freezes since a minimum temperature of 12.7°C in the top 5 

cm during at least three consecutive days is required for corn germination and root 

growth. Corn is known to be susceptible to frost damage (aboveground tissue); 

however, the apical meristem is below the surface, thus the plant may overcome a 

freeze until it grows about 30 cm tall. Planting early is suggested because greater 

moisture is stored in the soil, lower temperatures and longer days occur during 

pollination, hence a higher yield potential could be achieved. In general, a plant 

population of 59,300 – 79,100 plants/ha is recommended for early and medium maturity 

hybrids with irrigation (Sanchez et al. 2014; Wright et al. 2003). 
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The potential yield depends on the interaction of several factors: (i) sum of the 

photosynthetic active radiation (PAR) intercepted by green tissue which depends on the 

interception of solar radiation and the length of the growing period, (ii) radiation use 

efficiency (RUE), and (iii) the harvest index (HI) which is the fraction of accumulated 

biomass allocated to the grain. Therefore, potential yield is set by the genetics; while the 

actual yield is set by the management and environment. The interaction of these factors 

will determine final yields (Fischer et al. 2014). 

Therefore, the ability of the plants to uptake N early in the season leads to a 

rapid development of optimal leaf area index (LAI) which results in greater interception 

of PAR. As well, it would improve RUE through an increased leaf maximum 

photosynthetic rate. Final grain yield also depends on the successful reallocation of 

compounds to the grain during the grain filling period. Plants can transport 

photosynthates from where they are produced to places in the plant that are needed in 

a process called translocation. A long-distance transport is used to move the glucose 

(i.e. source) produced during the process of photosynthesis in the chloroplast, to the 

grain (i.e. sink). Therefore, an important factor determining final yield would be the 

ability of the plant to translocate the sugars and nutrients into the grain later in the 

season. The process of loading sugars at the source and unloading at the sink, as the 

driving force, provides the pressure gradient that generates movement of phloem sap in 

a long distance (Taiz et al. 2015; van Bel 2003). Understanding these concepts can 

provide insights to the technology to enhance productivity and the increase of 

photosynthates in the grain. Remobilization corresponds to the movement of 

compounds from an area where they were previously deposited in the plant to an area 
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where they can be re-utilized. Photosynthesis is the main process involved in grain 

filling; however, remobilization has a particular importance in grain filling during stress 

conditions (Fischer et al. 2014). 

Studies have evaluated the effect of irrigation and water stress at different 

developmental stages on field corn growth and grain yield (Cakir 2004; Denmead and 

Shaw 1960; Shanahan and Nielsen 1987). The results of one of these studies 

determined that both vegetative and reproductive stages were affected due to soil water 

shortages. Short-term water deficits occurring during vegetative and tasseling stages 

caused reduction in plant height with a 28-32% reduction in final biomass; whereas, up 

to 40% yield losses occurred when water deficit occurred during sensitive growth stages 

(i.e. tasseling and ear formation). Thus, during vegetative stages, water stress generally 

reduces plant height; however, during reproductive stages the crop can recover if 

adequate water is applied (Cakir 2004; NeSmith and Ritchie 1992; Robins and Domingo 

1953). 

Nitrogen (N) is an essential element for crop growth and it is supplied by organic 

and inorganic fertilizers in agricultural lands. This element often limits crop’s growth and 

yield; processes that require large N amounts for the formation of proteins, nucleic 

acids, chlorophyll, and growth regulators, which are key components of plant growth 

and development (Below 2002; Taiz et al. 2015). Since potential reduction in yield can 

be observed due to N deficiencies, addition of N fertilizer is generally required to 

maximize yields. Cost estimates show that N fertilizers account for 80% of all 

fertilization costs and 30% of energy costs in crop production (Hauck 1984). 
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Most of the N is taken up by the root system, process in which inorganic N (NO3 

and NH4) is absorbed, transported across membranes and stored within the plant for 

assimilation into organic compounds (Pessarakli 2014). N accumulation by the plants 

can be separated into three main phases: (i) initial: slow N accumulation due to limited 

crop biomass, (ii): linear: period of rapid accumulation (near linear) that coincides with 

rapid plant growth, (iii) cessation: occurring with advance maturity (Pessarakli 2014). 

Most plant N accumulation in cereals occurs during vegetative growth; however, it can 

be affected by the availability of N, planting date, irrigation and climate at that time. 

Studies on corn have shown cases in which nearly 75% of total N accumulation have 

occurred by anthesis; although, continuing accumulation during grain filling has been 

shown to be beneficial for high yielding genotypes (Pessarakli 2014; Swank et al. 1982). 

The N in the grain results from N uptake during grain filling and N remobilized 

from vegetative tissues (Pan et al. 1986). The relative flow and remobilization of carbon 

(C) and N to the grain depends on the particular source/sink ratio of the crop, which 

further depends on the genotype and the environment, and can be altered by 

management (i.e. planting density, irrigation, fertilization, and others) (Ciampitti et al. 

2013; Ciampitti and Vyn 2013). Although most of the N uptake occurs before anthesis, 

any application exceeding the potential N uptake will be lost. Therefore, it is important to 

consider amount, timing and placement of the fertilizer to provide adequate uptake by 

the plants. 

Nitrate (NO3-) is the dominant form of N in soil solution that can move rapidly be 

taken up by plant roots. Nitrate is a negatively charged molecule, thus it is not retained 

by the soil and therefore is the dominant form of N (Di and Cameron 2002). Careful 
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management of N fertilization is recommended due to its mobility and potential leaching 

in sandy soils (Wright et al. 2003). To increase the N recovery efficiency throughout the 

season, split applications (i.e. multiple applications with small amounts) are 

recommended to improve plant nutrient uptake and reduce N leaching (Li and Yost 

2000). In general, these applications consist of: 20-25% of the crop N demand applied 

at planting using a starter fertilizer (i.e. 16-16-0 N-P-K) near the row. Subsequently, 

75% of the N requirement can be applied side-dress and/or through fertigation (i.e. 

injected through the center pivot) (Wright et al. 2003). The UF/IFAS fertilization 

recommendations for irrigated corn are: 235 kg N/ha/yr, 78 kg P2O5/ha/yr and 78 K2O 

kg/ha/yr (under medium P and K conditions) (Mylavarapu et al. 2015). 

Irrigation and fertilization are two main components in field corn production. 

Careful and effective management of both components is required to keep nutrients 

within the rootzone for optimum plant uptake and lower potential environmental risks 

(e.g. nitrate leaching). Corn yield response to nitrogen rate and irrigation rate has been 

evaluated in several regions in the U.S., especially in sandy soils or in areas vulnerable 

to nitrate leaching (Al-Kaisi and Yin 2003; Derby et al. 2005; Ferguson et al. 1991; Gehl 

et al. 2005; He 2008). A 6-year field study performed in sandy or sandy-loam soils in 

southern North Dakota, evaluated the effect of four irrigation scheduling strategies and 

six N rates on corn grain yield and N uptake. Results showed that yield increased 

significantly with N rates up to 135 kg N/ha; however, average yield reductions of 1.25 

Mg/ha resulted in the second year of evaluation due to cool climatic conditions. An 

irrigation scheduling method using a soil water balance algorithm as a strategy to 
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replenish water depleted by ET resulted in higher yields in comparison to the other 

methods (Derby et al. 2005).  

Gehl et al. (2005) evaluated different fertilizer rates and timing for irrigated corn 

in sandy soils (Carr fine sandy loam and Pratt loamy fine sand soils) along Kansas 

waterways. Treatments consisted of: (i) 300 kg N/ha applied at planting, (ii) 250 kg N/ha 

applied at planting, (iii) 250 kg N/ha split (50% applied at planting and 50% side-dress at 

V-6 crop stage), (iv) 185 kg N/ha split (33% applied at planting and 67% side-dress at 

V-6 crop stage), (v) 125 kg N/ha split (20% applied at planting, 40% side-dress at V-6 

crop stage and 40% applied at V-10 crop stage), and (vi) 0 kg N/ha. Maximum grain 

yield was achieved using a split application of 185 kg N/ha; however, in most of the 

cases 125 kg N/ha was satisfactory to reach maximum yield. Thus, efficient use and 

timing of N fertilizer (e.g. split applications), along with optimum irrigation management 

tied to the crop requirement must be implemented; especially in sandy soils and 

vulnerable regions to nitrate leaching (Gehl et al. 2005). 

A study was performed in the Great Plains to determine the effect of irrigation 

and N fertility levels on corn growth and N use efficiency (NUE). Three irrigation levels 

were assessed: precipitation plus irrigation equal to one, two, or three times the 

calculated ET rate. A 15N-enriched fertilizer applied at 100 and 200 kg N/ha was used 

to evaluate NUE. Grain and dry matter yields, N content, and NUE were impacted 

mostly by yearly weather parameters (i.e. temperature). No differences in yield or N 

content was found among the two fertility rates during the years in which temperature 

was below the historical 30 year average. In contrast, during years with temperatures 

favoring corn growth, the high N fertility treatment (200 kg N/ha) resulted in a 60% yield 
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increase, 75% greater N content, and 60% greater percent of N derived from fertilizer in 

comparison to the low N treatment (100 kg N/ha) evaluated (Wienhold et al. 1995). 

Plant growth is mainly limited by N and water, and both are extensively used to 

enhance crop yields. Improving irrigation scheduling constitutes a potential strategy to 

increase irrigation water use efficiency while implementing BMPs. In soils with low water 

holding capacities, low amounts but more frequent water applications have been proven 

to get better results in comparison to the high irrigation volumes with fewer applications 

(El-Hendawy and Schmidhalter 2010; He 2008; Hochmuth 2000; Locascio 2005). As a 

drawback, the more frequent applications require more intensive labor and can be more 

expensive. However, implementing automated irrigation using soil moisture sensors 

could be an alternative to manage frequent and low volume applications for crop 

production in sandy soils (Munoz-Carpena et al. 2005). 

The water requirement of plants can be determined from a soil water balance 

(SWB) of water inputs and outputs to the root zone. ET-based irrigation scheduling uses 

evapotranspiration (ET) losses to determine when and how much water needs to be 

replaced in the rootzone to fulfill plant requirements. The main inputs are the effective 

rainfall (fraction of rainfall that contributes to water requirements, net irrigation (amount 

of water required for optimum crop growth), and capillary contributions (i.e. water 

contributions from shallow groundwater tables). On the other hand, outputs correspond 

to the losses from the rootzone: ET and deep percolation or drainage (i.e. downward 

movement of water leaving the rootzone). A SWB is an alternative for irrigation 

scheduling that can improve irrigation efficiency. 
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Irrigation scheduling (i.e. timing and depth of irrigation) is more efficient when 

based on ET or soil moisture sensors (SMS) (Irrigation Association 2011). The use of 

real-time soil moisture data (SMS) complemented with ET data has been studied to 

improve irrigation scheduling (Adhikari and Penning 2016). A study conducted to 

evaluate both methods showed that the combination of ET data, which provides the 

amount of water lost that needs to be replaced with irrigation, and the soil moisture 

data, which confirms if the amounts were efficiently applied in the root zone, is an 

efficient methodology to schedule irrigation (Adhikari and Penning 2016). As well, the 

use of multiple soil moisture sensors provides information about the soil variability, thus 

irrigation can be adjusted manually or using smart irrigation systems. This is an 

opportunity for producers or for irrigation managers to react and make decisions 

according to the constant changes in the field and/or weather conditions. 

Hypotheses 

1. The use of irrigation scheduling alternatives (daily soil water balance, SWB; real-
time soil moisture sensor, SMS; and a reduced conventional practice) reduce 
irrigation amounts while maintaining yield in comparison to conventional practices 
(i.e. calendar-based irrigation scheduling). 

2. Nitrogen uptake and final grain yield obtained using lower N rates (i.e. 157 and 247 
kg N/ha) does not differ from conventional practices (336 kg N/ha).  

Objectives 

1. To evaluate the use of irrigation scheduling alternatives: (i) daily soil water balance 
(SWB); real-time soil moisture sensor (SMS); and a reduced conventional practice 
(Reduced) in their effectiveness to reduce irrigation amounts while maintaining yield 
in comparison to calendar-based irrigation scheduling practice (GROW). 

2. To determine the corn grain yield and N uptake response to four irrigation treatments 
(SWB, SMS, Reduced and NON) and two N fertility rates (medium and low) in 
comparison to conventional practices (GROW treatment and high N rate). 
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Materials and Methods  

Experimental Field 

The three-year research study (2015-17) was conducted at the North Florida 

Research and Education Center – Suwannee Valley (NFREC – SV), near Live Oak, 

Florida (30.31353 N, -82.90122 W). Predominant soils were identified as: Blanton-

Foxworth-Alpin complex (48.7%), Chipley-Foxworth-Albany (31.6%) and Hurricane, 

Albany and Chipley soils (19.6%) (USDA, NRCS 2013). The taxonomic classification for 

these soils is shown in Table 3-1. Based on the published Soil Survey from Florida 

theoretical values for Chipley-Foxworth-Albany soil were used in this study: field 

capacity (FC) = 9.1% (by volume), 50% maximum allowable depletion (MAD) = 6.3%, 

Available water holding capacity (AWHC) = 5% and permanent wilting point (PWP) = 

3.5% (NRCSS 2016b). 

Typically, corn growing seasons span from late March to early August. During the 

three years of this study, corn was planted at 76.2 cm row spacing, and 16.5 cm among 

plants for a total density of approximately 80,000 plants per hectare. 

Weather  

Weather parameters such as daily rainfall, max, min and average temperature 

and ET were collected from the on-site FAWN weather station located in Live Oak, FL 

(FAWN 2017). Growing degree days (GDD) or units were calculated to quantify crop 

growth rate based on annual temperature variation using the following equation (Angel 

et al. 2017): 

𝐺𝐷𝐷 =  [
(𝑇𝑚𝑎𝑥 + 𝑇𝑚𝑖𝑛)

2
− 10] 

 

(3-1) 
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Where Tmax and Tmin are the daily maximum and minimum temperatures (°C), 

respectively. However, corn growth was limited by 30 and 10 max and min 

temperatures. Thus, if Tmax was >30°C, a value of 30 was used and when Tmin was 

<10°C, a value of 10 was used. 

Experimental Design and Analysis 

The experimental design consisted of a randomized complete block arranged in 

a split plot with four replicates (i.e. blocks) for each treatment. Irrigation strategies as 

main plots and N fertility rates as sub-plots. Research plots were 12.2 m long and 6.1 m 

wide separated by 6.1 m alleys. A 12.2 m alley was included between the blocks to let 

the irrigation system achieve adequate pressure to switch irrigation rates among 

treatments (Figure 3-1). 

Irrigation Treatments 

The irrigation treatments evaluated consisted of: 

1. I1, GROW: mimics grower’s irrigation practices. Information from local growers was 
collected from extension agents and Suwannee River Water Management District to 
develop the GROW method. The target irrigation rates varied based on growth 
stages. For the first 30 days after planting (DAP) zero irrigation was applied (unless 
severe windy conditions occurred). At 31 DAP, 25 mm/wk was targeted unless 
rainfall events equal or greater to 10 mm occurred. At 40-59 DAP, target irrigation 
was 38 mm/wk with irrigation events of 10 mm. If rainfall events were equal or 
greater than 13-19 mm one irrigation event was skipped, and two events were 
skipped if greater than 19 mm of rain occurred. Afterwards, the irrigation target 
increased up to 51 mm/wk 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, 
at full dent stage (105 DAP), weekly irrigation targets were 41mm/wk. If rainfall 
events were equal or greater than 13-19 mm one irrigation event was skipped, and 
two events were skipped if rainfall greater than 19 mm occurred. Irrigation was 
terminated after physiological maturity (i.e. black layer) around 115 DAP. 

2. I2, SWB: soil water balance treatment. Irrigation was determined using a theoretical 
SWB equation. It simulates soil water storage in corn root zone due to changes in 
effective rainfall (R), effective irrigation (I), run-off (RO), crop evapotranspiration 
(ETc), and deep drainage (D). It assumes negligible rates for RO, and D unless 
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water exceeds water holding capacity in the rootzone. All excess water is assumed 
to leave the soil each day. 

The simplified (without RO and D) daily SWB equation used to call for irrigation in 
this treatment is described as following: 

𝑆𝑊𝐶𝑡 = 𝑆𝑊𝐶𝑡−1 + 𝑅𝑡 + 𝐼𝑡 − 𝐸𝑇𝑐 

 

(3-2) 

Soil water content of the previous day (SWCt-1) is a function of root depth and water 
holding capacity (WHC=0.07 mm/mm). The allowable depletion was a function of the 
root depth, maximum allowable depletion (MAD) and WHC. MAD values of 50% and 
33% were used during vegetative and reproductive stages, respectively. Effective 
rainfall and irrigation were calculated based on the plant’s root development and soil 
water holding capacities. Weather data (i.e. rainfall, ET, temperature) was obtained 
from the on-site FAWN weather station located in Live Oak, FL (FAWN 2017). Crop 
evapotranspiration (ETc) was calculated using phenologically based crop coefficients 
(Kc) (K-State Research & Extension Mobile Irrigation Lab 2014) (Table 3-2) and 
reference evapotranspiration (ETo) as follows: 

𝐸𝑇𝑐  =  𝐾𝑐𝐸𝑇𝑜 (3-3) 

3. I3, SMS: capacitance probes monitored volumetric water content. The Sentek 
probes consist of nine sensors placed every 10 cm from 5 cm to 85 cm. Irrigation 
was determined using the MAD as 50% of the difference between FC and PWP to 
refill the soil profile with irrigation according to guidelines proposed by Zotarelli et al. 
(2013). A total of 10 mm per irrigation event was applied. A comparison between 
theoretical and actual values of FC, MAD and PWP was performed for 0-90 cm 
depth resulting in close values among them (e.g. average FC = 9.3% (±0.2%) in a 30 
cm root zone depth vs. 9.1% FC theoretical value). Based on root/crop development, 
the soil water content measured by the different sensors was adjusted through the 
growing season. This SMS irrigation treatment was triggered when VWC in any of 
the probes showed values below the 50% MAD threshold. 

4. I4, Reduced: applies only a 60% of GROW treatment but using the same frequency 
with fixed application rates of 6 mm, representing a lower irrigation treatment 
scenario. 

5. I5, NON: non-irrigated/rainfed plots. These plots were used as a control for 
comparison. These plots along with all other plots received irrigation after granular 
fertilizer applications to ensure that granular fertilizer was incorporated into the soil. 

Sentek 90 cm MTS multi-sensor capacitance probes (Sentek Pty Ltd 2003) were 

installed in I1, I3 and I5 plots located in blocks 2, 3 and 4 for monitoring. However, only 

the SMS method used the volumetric water content to schedule irrigation. 
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The irrigation system consisted of a two span Valley Linear End feed 8000 

(Valmont Industries 2015), Valley, NE) with a Variable Rate (VRI) package. This system 

has the capacity of irrigating a field area of 6.7 ha using a flow of 68 m3/hr (10 m3/hr/ha). 

Senninger (Senninger Irrigation, Inc., Clermont, FL) LDN-UP3 Flat Medium Grove ¾ M 

NPT nozzles were attached to drops at a 3 m sprinkler spacing. Valley 69 kPa pressure 

regulators (PSR-2 10 10(PSI) ¾ F NPT) were installed on each drop to maintain a 

constant flowrate. 

The VRI system was used to irrigate different amounts to the crop based on the 

corresponding treatments. All treatments received irrigation after granular fertilizer 

applications to provide adequate moisture conditions for nutrient uptake. 

Nitrogen Fertility Rates 

Three N fertility rates were evaluated: F1 = 336 kg/ha; a high scenario commonly 

applied in corn production, F2 = 247 kg/ha; a medium rate slightly above the UF/IFAS 

recommended N rate (235 kg N/ha) (Mylavarapu et al. 2015), and F3 = 157 kg/ha; a low 

N scenario. The low and high N rates deviated ±36.4% from the medium rate. Table 3-3 

summarizes all fertilizer application across the three growing seasons. 

The application of N fertilizer was performed following GDDs during the three 

growing seasons and following the BMP protocol (FDACS 2015a). Generally, 

fertilization consisted of a starter, two granular and four liquid sidedress applications. 

Ideally applied before tasseling, for optimum uptake. Following the BMP manual, 

depending upon the stage of crop development, a single N and or K application might 

be applied if rainfall exceeds 76 mm in three days or 102 mm in seven days (FDACS 

2015a). 
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A pre-plant soil sampling analysis was performed to determine initial soil 

conditions each year. Corn fertilization for phosphorus, potassium and micronutrients 

was adjusted based on soil testing results performed prior each crop season. At 

planting an initial liquid application of 34 kg/ha of 16-16-0 was applied in the row across 

all treatments. The N fertility rates started 14 DAP with the first granular application (at 

347, 262 and 359 cumulative GDDs, at V3 corn growth stage across each respective 

year). Total N applied on the low, medium and high rates was: 9, 25 and 34 kg N/ha, 

respectively using a 33-0-0 fertilizer (16.49% ammoniacal-N and 16.51% Nitrate-N). 

The second granular application (33-0-0) took place near V6 corn growth stage 

at 651, 663 and 617 GDDs in respective 2015-17 growing seasons. A total of 11, 27 

and 45 kg N/ha was applied on the low, medium and high rates, respectively. 

Afterwards, split liquid sidedress applications (28-0-0) were applied between V8 and VT 

corn growth stages. At each liquid sidedress application a total of 26, 40 and 56 kg N/ha 

were applied on the low, medium and high rates, respectively (Table 3-3). 

Heavy rainfall events occurred 2 April 2016 (totaling 76 mm), thus, following the 

BMP protocol (FDACS 2015a), an application of 34 kg N/ha (21-0-0-24S, ammonium 

sulfate) was performed on 19 April 2016. In 2017, a few days after the starter 

application a heavy rainfall occurred on April 4 (95 mm), hence a supplemental 

application of 17 kg N/ha was performed to compensate for possible N leaching. 

Although extra N was applied, the fertility rates were consistent as high, medium and 

low (F1, F2 and F3 N rates) (Table 3-3). 

Phosphorus and potassium applications were performed based on soil analysis 

results and equally applied across all fertility rates as required. In all years, 34 kg P/ha 
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was applied at planting (16-16-0). In 2015, based on analysis results, 84 kg P/ha of 0-

46-0 (Triple Superphosphate) was applied during the first granular application; whereas, 

no phosphorous was required in 2016 nor in 2017. In terms of potassium, 110 kg K/ha 

and 86 kg K/ha of 0-0-60 was applied during the first and second granular applications 

in 2015. In 2016, 40 kg K/ha of 0-0-60 was applied in both granular applications; 

whereas, 98 and 73 kg K/ha of 0-0-60 was applied in the first and second granular 

applications in 2017. In addition, a supplemental application of 24 kg K/ha of K-Mag (0-

0-22) was added to the second granular K applications to address sulfur and 

magnesium concerns in the crop in 2017 (Table 3-3). 

Biomass Sampling and N Analysis 

Tissue samples were collected during key corn growth periods (i.e. two sampling 

during vegetative stages in the early season, then at 80% tasseling, at dough stage, 

and mature stage close to harvest. In 2015, tissue samplings took place on 15 April, 11 

May, 12 June, 10 July, and 19 August. In 2016, samplings were performed on 8 April, 

10 June, 5 July, and 2 August; whereas in 2017, samplings were done on 4 April, 5 

May, 8 June, 28 June, and 7 August. On average across the seasons, samplings were 

performed at 314, 920, 1,843, 2,617 and 3,786 GDDs (i.e. on average at 14, 42, 76, 101 

and 137 DAP).  

Tissue samples were collected from a 1 meter linear section within a row, 

representative of the plot. The total number of plants were counted. Afterwards, plants 

were sectioned into stalks, leaves, and ears (when present). Additional parameters 

measured included: number of leaves per plant and number of ears. All samples were 

placed in ovens and dried in 60°C for 72 hours. Dry weight was recorded. Dry corn 

samples (from plant sections) were chopped with a chipper machine prior to grinding. 
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Afterwards, samples were ground in a Wiley mill using 2 mm screen and mixed well 

before taking a subsample for the lab analysis. Samples were analyzed for Total 

Kjeldahl Nitrogen (TKN). For nitrogen analysis, samples were digested using a 

modification of the aluminum block digestion procedure of (Gallaher et al. 1975) Sample 

weight was 0.25 g, catalyst used was 1.5 g of 9:1 K2SO4:CuSO4, and digestion was 

conducted for at least 4h at 375°C using 6 ml of H2SO4 and 2 ml H2O2. Nitrogen in the 

digestate was determined by semi-automated colorimetry (Hambleton 1977). Nitrogen 

uptake (kg/ha) of the different plant tissues was calculated using the % N 

concentrations obtained from TKN laboratory analysis. 

During the three years of evaluation, samples were taken on GROW, SMS and 

NON treatments across all fertility rates during the first biomass sampling. However, in – 

season biomass was collected only on the SMS irrigation treatment at subsequent 

sampling events. At harvest, the final sampling was performed in all plots (i.e. all 

irrigation and fertility treatments). 

Nitrogen Use Efficiency Calculations 

Additional knowledge about N use by crop plants is a strategy to help improve N 

fertilizer management (Below 2002). The measurement of how N is utilized by the 

plants is commonly called nitrogen use efficiency (NUE) (Garnett et al. 2015). However, 

several definitions and formulas have been used to describe nutrient use efficiency in 

plants (Good et al. 2004). For the analysis of the N rates evaluated in the field 

experiment, NUE was calculated by using two main approaches: (i) NUptE: the 

efficiency of absorption (i.e. uptake) and (ii) NUEgrain: the efficiency of utilization (i.e. 

the efficiency with which the N absorbed is utilized to produce grain). These two NUE 

approaches were selected because data was collected in-season and end-season, 
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allowing the estimation of both NUE indices. The NUptE corresponded to the total 

aboveground N uptake by the plants per sampling event over the total N applied by a 

particular sampling date. This approach provided an estimation of the N uptake from the 

soil as the fertilizer was applied. This calculation was performed only in the SMS 

treatment across all fertility rates (low, medium and high) during the growing season. 

𝑁𝑈𝑝𝑡𝐸 =  
𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑝𝑡𝑎𝑘𝑒𝑖

𝑁𝑎𝑝𝑝𝑙𝑖𝑒𝑑𝑖
 

(3-4) 

 

Where: 
NUptE = N uptake efficiency (in-season). This index measures efficiency of uptake 
of nitrogen into plant (Moll et al. 1982). 
Nuptakei = total N uptake collected in sampling event (i) (kg N/ha). 
Nappliedi = total N applied by sampling event (i) (kg N/ha). 
i = sampling event number during the growing season. 
 

NUEgrain corresponds final corn grain weight over total N supplied per season. 

This approach allowed the estimation of the final N in the corn grain at the end of the 

season (while evaluating the efficiency of all other processes: N uptake, N partitioning 

and N remobilization). This index was calculated in all irrigation and N rate treatments.  

𝑁𝑈𝐸𝑔𝑟𝑎𝑖𝑛 =  
𝑆ℎ𝑒𝑙𝑙𝑒𝑑 𝑐𝑜𝑟𝑛 𝑤𝑒𝑖𝑔ℎ𝑡

𝑇𝑜𝑡𝑎𝑙 𝑁𝑎𝑝𝑝𝑙𝑖𝑒𝑑
 

(3-5) 

 
Where: 
NUEgrain = nitrogen use efficiency (grain). Reflects increased yield per unit 
applied nitrogen (Moll et al. 1982). 
Shelled corn weight = shelled corn yield (adj. 10.5% standard marketable moisture, 
kg/ha). 
Total N applied = total N applied during corn season (kg N/ha). 
 

Harvest 

Corn harvest took place on 18 August 2015, 3 August 2016 and 16 August 2017 

at NFREC – SV, Live Oak, FL. Yield determination was performed mostly on the 6th 

and the 7th planting rows starting three meters inside each plot to avoid border effects. 
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Representative rows were selected for yield determination when rows 6th and 7th were 

impacted by low seed density at planting (2017). A total length of six meters in each row 

was harvested for data analysis. Before harvesting, all plants within the 6.1 m on the 6th 

and 7th rows were counted. Immediately after, ears were hand harvested and placed in 

labeled bags. Bags were taken into a storage facility for processing. Ears were counted 

and after removing the husk, total ear weight was recorded. Total ears per plot were 

shelled using a manual grinder and shelled corn was placed in sacks. Finally, three 

replicate grain moisture measurements were taken from each plot for final average 

moisture calculation. The moisture content percentage was determined using a 

moisture meter (John Deere Grain Moisture Tester SW08120). Final corn yield was 

calculated to meet the standards of 15.5% market moisture. 

WUE Calculations 

Water use efficiencies can be calculated in different terms depending on the 

factors to be evaluated. From a production standpoint, water use efficiency can be 

generally defined as (Viets 1962): 

𝑊𝑈𝐸 =
𝐶𝑟𝑜𝑝 𝑦𝑖𝑒𝑙𝑑 (𝑖. 𝑒. 𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐 𝑦𝑖𝑒𝑙𝑑)

𝑊𝑎𝑡𝑒𝑟 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 𝑡ℎ𝑒 𝑦𝑖𝑒𝑙𝑑
 

 

(3-6) 

WUE has units of (kg/m3) in a unit water volume basis if crop yield is expressed 

in g/m2 and water used is expressed in mm, or (g/kg) when expressed on a unit water 

mass basis. Although this equation is useful in several analysis, it does not consider 

irrigation. Therefore, other water efficiency indices have been developed (Bos 1980; 

Bos 1985). To evaluate the effect of irrigation in terms of crop water productivity, 

irrigation water use efficiency (IWUE) can be calculated (Bos 1980; Musick and Dusek 

1980; Viets 1962). This index allows to quantify the crop productivity variations with 
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different irrigation regimes compared to yield obtained under rainfed conditions (Bos 

1980; Irmak 2015b): 

𝐼𝑊𝑈𝐸 =  [(𝑌𝑖 − 𝑌𝑟)/𝐼𝑖] ∗ 100 (3-7) 

Where:  
IWUE = irrigation water use efficiency (kg/m3)  
Y = dry grain yield at 15.5% moisture content (g/m2) 
Ii = applied gross irrigation water (mm) 
Subscript i = irrigation level 
Subscript r = treatment with no seasonal irrigation (rainfed or dry land) 

 
Other calculations include the ratio of final grain yield over irrigation applied 

(WUEi) and final grain yield over total water applied (WUEt) 

𝑊𝑈𝐸𝑖 =  (𝑌𝑖)/𝐼𝑖 ∗ 100 (3-8) 

𝑊𝑈𝐸𝑖 =
𝑌𝑖

(𝐼𝑖 + 𝑃𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑠𝑒𝑎𝑠𝑜𝑛)
∗ 100 

(3-9) 

 
Where:  
WUEi = irrigation water use efficiency (kg/m3).  
Y = dry grain yield at 15.5% moisture content (g/m2). 
Ii = applied gross irrigation water (mm). 
Subscript i = irrigation level. 
Pgrowing season = cumulative precipitation occurred during growing season (mm). 

 
In non-irrigated or rainfed systems, seasonal precipitation plays a critical role to 

investigate water use, therefore a precipitation (i.e. rain) use efficiency (PUE) can be 

calculated. However, this index could be used to quantify WUE of irrigated systems in 

terms of the irrigated conditions. Growing season precipitation (GRSPUE) corresponds 

to the total precipitation from emergence to physiological maturity, GRSPUErainfed 

consists of the evaluation of the effectiveness of different irrigation treatment regimens 

over yield in comparison to rainfed yield, accounting for potential increase in irrigated 
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yield in comparison to the rainfed yield under different water management practices (i.e. 

irrigation treatments) (Irmak 2015b). 

𝐺𝑅𝑆𝑃𝑈𝐸 = (𝑌𝑖 − 𝑌𝑟/𝑃𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑠𝑒𝑎𝑠𝑜𝑛) (3-10) 

Another index is the crop water use efficiency. It is the ratio of final grain yield to 

actual crop evapotranspiration 

𝐶𝑊𝑈𝐸 =  (𝑌)/𝐸𝑇𝑎] ∗ 100 

 

(3-11) 

Where:  
CWUE =crop water use efficiency (kg/m3) on a unit water volume basis or in g/kg 
on a unit water mass basis. 
Y= grain yield (g/m2) 
ETa = actual crop evapotranspiration (mm). This was assumed equal for all 
irrigated treatments (i.e. no water stress) 

 
Statistical Analysis 

Data was analyzed using the SAS GLIMMIX proc procedure (SAS Institute Inc. 

2013), with irrigation and N fertility rates as main effects while treating the replication 

and its interactions with class variables as random effects. Normality assumptions were 

met; thus, no data transformation was required. Covariance structures were selected for 

each response variable using the corrected Akaike information criterion (AICC). 

Covariance-structure (CS) used for response variables in this chapter was CHS 

(Heterogeneous CS). Analysis of Variance (ANOVA) and least squared means (LSM) 

differences with normal p-values were used for multiple comparison with significant 

differences at the 95% confidence level.  

Results 

Weather Conditions 

Corn growing seasons spanned (planting to harvest) April 4 to August 18, March 

22 to August 3, and March 21 to August 16 in 2015-17, respectively. Climatic conditions 
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at the experimental field varied during the three growing seasons under evaluation 

(Figure 3-2). 

In 2016 and 2017, corn growth rate was slower due to early season low 

temperatures (minimum temperature 1.8°C and 5.4°C, respectively), causing a delay in 

biomass formation. In 2015-17 seasons, the cumulative growing degree days were 

3934, 3685 and 3647 GDDs, respectively. Early in the 2015 season, minimum 

temperatures were higher (9.5°C) than subsequent years which resulted in a positive 

effect on corn growth rate and in GDD accumulation, and therefore in biomass 

production compared to 2016 and 2017 seasons (Figures 3-2 and 3-3). 

In this area, annual precipitation is variable in both magnitude and timing. 

Cumulative rainfall was 531, 370 and 688 mm during the 2015-17 corn growing 

seasons, respectively. The 2016 season received about 30% and 46% lower rainfall 

compared to the 2015 and 2017 seasons, respectively. Nevertheless, rainfall 

distribution varied significantly during all three growing seasons. In 2015, more frequent 

and constant rainfall events occurred across the growing season reducing the need for 

irrigation. In contrast, the magnitude of rainfall varied drastically in 2016 and 2017. Early 

in the 2016 season, heavy rainfall events (April 2, 76 mm) resulted in N leaching and 

rainfall contribution was minimal until a few sporadic rainfall events occurred in May and 

June. In 2017, another high magnitude leaching rainfall event occurred early in the 

season (April 4, 95 mm). Afterwards, rainfall events were minimal until May. However, 

during late May (cumulative rainfall 58 mm) and early June (cumulative rainfall 120 mm) 

heavy rainfall events occurred. Afterwards, more frequent rainfall events occurred in the 

season (Figure 3-4). 
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Fertility 

In all three growing seasons, fertilizations consisted of one starter, two granular 

and four liquid sidedress applications performed before tasseling for optimum N uptake 

and nutrient remobilization. Supplemental fertilizations were required in 2016 and 2017 

(34 and 17 kg N/ha, respectively) due to heavy leaching rainfall events occurring early 

in the season. Following the BMP manual, depending upon the stage of crop 

development, a single N and or K application might be applied if rainfall exceeds 76 mm 

in three days or 102 mm in seven days (FDACS 2015a). 

In-Season Nitrogen Uptake 

Estimated N uptake was calculated as the total N within the biomass 

accumulated (i.e. %N * dry weight). In-season N uptake was estimated for the SMS 

treatment across the N rates during the three corn growing seasons (Figure 3-5). 

In 2015, the low, medium and high N fertility rates applied 157, 247 and 336 kg 

N/ha, respectively. Early in the growing season, the trend of N uptake was similar 

across all rates; however, as the growing season continued, this trend diverged 

especially between the high and low N rates. The greatest N uptake in the total 

aboveground (AG) biomass was observed in the third tissue sampling, which was 

performed around ~80% tasseling, after all fertilizations were already performed in the 

field. At this point, about 78%, 70% and 74% of the final N uptake in the season was 

taken up in the low, medium and high rates, respectively (159, 195, and 215 kg N/ha). 

However, these values correspond to NuptE of 1.01, 0.79 and 0.64 ratios respect to the 

N fertilizer applied in the low, medium and high N rates. Thus, in terms of NUE, the 

greater efficiency was achieved by the lowest rate and vice versa. Final N taken up in 
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the high rate (290 kg/ha) was 4% greater than in the medium rate (278 kg/ha), and 30% 

more than the low rate (low = 203 kg/ha) (Figure 3-5). 

In 2016, due to the initial low temperatures at planting and leaching rain early in 

the season, biomass accumulation and N uptake were slow. During the sampling 

performed at ~80% tasseling, the medium N rate resulted in an 87% and 45% N uptake 

increase compared to the low and high rates (low = 93 kg N/ha, medium = 174 and high 

= 120 kg/ha). At this sampling date about 38%, 72% and 45% of the total N uptake had 

occurred, on average by the low, medium, and high N rates, respectively. In 2016, 34 kg 

N/ha additional fertilizer was applied due to early season leaching rain. The highest N 

uptake interval was observed after all fertilizations were applied at the fourth sampling 

date (5 July 2016). After this sampling, the uptake rate was largely reduced across all 

fertility levels. Final N uptake means were 244, 244 and 267 kg/ha for the low, medium 

and high rates, respectively; the high rate resulting in 9% greater uptake (Figure 3-5). 

In 2017, a supplemental fertilizer application added 17 kg N/ha to each of the 

evaluated N rates due to leaching rainfall events occurring early in the growing season. 

The low temperatures at planting plus the leaching event, caused a delay in overall 

growth. Thus, in general, N uptake showed a linear increase throughout the season. By 

the ~80% tasseling sampling, about 55%, 42% and 26% of the total N was taken up by 

the low, medium, and high rates, respectively. However, as temperature increased, crop 

growth increased, and final N uptake resulted in 217, 241 and 261 kg/ha for the low – 

high N rates, respectively. The high rate resulted in 8% and 17% greater N uptake than 

medium and low rates (Figure 3-5). 
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In season – NUptE ratios (N removed by the crop and the amount of fertilizer 

applied) were calculated per sampling event (Table 3-4). Similar NUptE ratios resulted 

in early crop growth stages across the three N rates (i.e. first sampling event per year). 

Early in the corn season, most of the vegetative tissues (i.e. leaves and stems) 

contribute to the total biomass N uptake. In general, after the third sampling (i.e. ~80% 

tasseling), the total amount of N fertilizer at each rate has already been applied. 

Therefore, after this sampling date, any increase in NUE will be determined by a 

combination of the crop N uptake from the soil, as well as, N partitioning (i.e. deposition 

of assimilates from photosynthesis to various plant part) and N remobilization (i.e. 

transport of assimilates which were previously deposited in other plant parts where they 

can be re-utilized from vegetative tissues.  

For example, N uptake by the sampling of 12 June 2015 was 159, 195 and 215 

kg N/ha for the low, medium and high N rates. By this sampling date, all fertilizer was 

already applied in all N rates (i.e. 157, 247 and 336 kg N/ha). Therefore, NUptE ratios 

resulted in 1.01, 0.79, and 0.74 kg N uptake/kg N fertilizer applied, respectively; 

indicating a higher efficiency in the low N rate compared to the medium and high rates 

(Table 3-4). In subsequent samplings towards the end of the season, reproductive 

structures were present and had a large contribution to the total N uptake (i.e. grain N 

uptake). During the grain filling period, the photosynthate/assimilate (i.e. products of 

photosynthesis) that is deposited in the grain can be obtained from current leaf 

photosynthesis, current non-leaf photosynthesis (i.e. stems, panicle parts, tassels) or 

from the remobilization of assimilates where they can be re-utilized. When partitioning 

and remobilization rates are high, greater N concentrations were present in the grain. 
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These processes were observed during mid and late-season samplings as a decrease 

in N concentration in the leaf and stems; whereas, ear N concentration increased. 

Therefore, NUptE values increase as N partitioning to the grain increases. Subsequent 

samplings showed increments in N uptake in which the low N rate was constantly higher 

than the other rates until the end of the season. The highest NUptE ratios were obtained 

at the final sampling during the three corn seasons. Corresponding NUptE ratios for the 

low N rate during 2015-2017 seasons were 1.30, 1.28, 1.25; for the medium N rate were 

1.13, 0.87 and 0.90; and for the high N rate were 0.86, 0.72 and 0.74 kg N uptake/kg N 

fertilizer applied, respectively. Thus, at the low N rate the N uptake was higher 

compared to the total N applied through the fertilizations, and vice versa, the high N rate 

resulted in the lowest NUptE ratio, or the lowest ratio of N uptake versus N fertilizer 

applied (Table 3-4). These ratios indicate the efficiency of uptake of N into plant; the 

higher the value the greater N uptake efficiency and lower the N losses, respect to the 

amount of N fertilizer applied. (e.g., in general, crops are more efficient at recovering N 

when the fertilizer-N rate is relatively low) (Burns 2004). 

Figure 3-6 shows two analyses of total aboveground biomass N uptake: (i) N 

uptake in vegetative tissues (i.e. stems and leaves) and in reproductive tissues (i.e. 

grain); and (ii) N uptake through the crop season at different growth stages (V3, V6, VT 

(tasseling) until final accumulated N uptake at harvest. N uptake was analyzed across 

low, medium and high N rates during 2015-17 corn growing seasons. 

The N uptake and partitioning dynamics within the plant tissues can be observed 

in Figure 3-6. The N uptake increases early in the season; increasing N concentrations 

in vegetative tissues (i.e. leaves and stems), and as reproductive structures are formed, 
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the greatest increase in N concentration is observed in the grain, as it is also 

remobilized from vegetative to reproductive tissues (i.e. N transport from leaves and 

stems as grain filling stage is reached; reducing N in vegetative tissues). 

Irrigation 

Final AG biomass dry weight and N uptake collected from corn plant sections 

(i.e. leaf, stem and ear) across irrigation treatments were analyzed at the end of the 

three corn seasons. Irrigation had a significant effect on final leaf, stem and ear dry 

weight. By contrast, N fertility rates did not have a significant effect on the dry weight of 

any of the corn sections analyzed. 

Irrigation had a significant effect in final ear and stem N uptake, but not on leaf N 

uptake. By contrast, N rates resulted in significant effect on final ear and leaf N uptake, 

but not on final stem N uptake. Significant differences were found across the years of 

evaluation. 

Leaf dry weight and N uptake. Irrigation had a significant effect on final leaf dry 

weight; in contrast, fertility rates did not have an effect on final dry weight. No 

interactions on final dry weight were found. Irrigated treatment leaf dry weight means 

were higher compared to the non-irrigated treatment in all years (Figure 3-7). Final leaf 

dry weight for irrigated treatments ranged from 3,268 to 3,010 kg/ha, from 2,656 to 

2,514 kg/ha and from 2,635 to 2,343 kg/ha during 2015, 2016 and 2017 corn seasons, 

respectively. In comparison, final lower leaf dry weights occurred in the non-irrigated 

treatment: 2,462 kg/ha, 1,953 kg/ha and 1,734 kg/ha in 2015-17 seasons, respectively. 

Differences were found among the years of evaluation, in which leaf dry weight means 

in 2015 were higher (3,002 kg/ha) than in 2016 and in 2017 (2,476 and 2,372 kg/ha), 

respectively. 
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Fertility rates and year resulted in effects on leaf N uptake. In contrast, the 

irrigation treatments had no effect on final leaf N uptake; no interactions between what? 

were found. Differences in leaf N uptake were present across fertility rates between 

years; however, within each year, leaf N uptake did not differ among N fertility rates. 

Leaf N uptake means within each corn season ranged from 21.0 to 22.6 kg/ha in 2015, 

from 25.5 to 30.3 kg/ha in 2016; and from 20.8 to 26.0 kg/ha in 2017. Across the years 

of evaluation, leaf N uptake was higher in F1 2016 compared to F3 2015 and 2017 

(30.3 kg/ha vs. 21.0 and 20.8 kg/ha, respectively) (Figure 3-7). 

Stem dry weight and N uptake. An interaction by irrigation and year was found 

in final stem dry weight. Fertility rates had no effect on final stem dry weight. Irrigated 

treatments resulted in higher dry stem weight compared to the non-irrigated (NON) 

treatment in all years; however, differences were not found between the irrigated 

treatments within crop seasons. Stem dry weight means ranged from 4,940-4,202 

kg/ha, 4,104-3,635 kg/ha and 4,152-3,684 kg/ha in 2015, 2016 and 2017, respectively. 

In contrast, the I5 stem dry weight means were 3,182, 2,325 and 1,272 kg/ha in 2015-

17 seasons, respectively (Figure 3-8). In 2017, the NON irrigated treatment stem N 

uptake was the lowest among seasons and treatments (Figure 3-8). 

Irrigation had an effect on stem N uptake in 2017 only, where the SWB and SMS 

N uptake was higher than the N uptake in the NON treatment (26.7 and 27.8 kg/ha vs 

12.6 kg/ha). No differences were found in stem N uptake across irrigation treatments or 

the non-irrigated treatment in 2015 and 2016 seasons. N fertility rates did not have an 

effect on final N uptake in stems in any of the corn growing seasons (Figure 3-9). 
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Ear dry weight and N uptake. Irrigation had an effect on final ear dry weight in 

each corn growing season; however, differences were found only between the irrigation 

treatments versus the non-irrigated, which resulted in lower ear dry weight during all 

years of evaluation. Fertility rates did not result in effects on final ear dry weight. No 

interactions among effects were found. 

Irrigated treatments final ear dry weight ranged from 15,942-18,183 kg/ha in 

2015. Differences in ear dry weight means were found between the SMS and Reduced 

treatments (17,488 and 18,182 kg/ha, respectively) compared to the NON irrigated 

(12,417 kg/ha) only. In 2016, final ear dry weight across irrigated treatments ranged 

from 16,312 to 16,749 kg/ha, without differences among them, only compared to the 

NON treatment, which resulted in a lower ear dry weight (10,921 kg/ha). Similar results 

occurred in 2017 with the NON irrigated treatment resulting in lower ear dry weight in 

comparison to the irrigated treatments means (NON = 7,360 kg/ha vs. irrigated 

treatments range: 14,513-15,518 kg/ha). In contrast, N fertility rates did not result in an 

effect on final ear dry weight within corn growing seasons. Final ear dry weight means 

across N fertility rates ranged from 15,631 to 16,560 kg/ha in 2015, from 15,091 to 

15,831 kg/ha in 2016; and from 12,846 to 13,976 kg/ha in 2017 (Figure 3-10). 

Irrigation treatments and year had an effect on ear N uptake. Irrigated treatments 

resulted in higher N uptake compared to the NON treatment in all corn seasons. 

GROW, SWB, SMS and Reduced, ranging from 179-207 kg/ha. No differences were 

found across irrigated treatments; however, the SMS and Reduced treatments resulted 

in higher N uptake (207 and 205 kg/ha, respectively) compared to the NON treatment 

(154 kg/ha). In 2016, no differences were found in N uptake across irrigated treatments, 
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which ranged from 178 to 195 kg/ha. Differences in N uptake were found in comparison 

to the non-irrigated treatment only (136 kg/ha). In 2017, similar results were observed, 

only the NON treatment (97 kg/ha) resulted in statistically lower N uptake compared to 

the irrigated treatments (ranging from 174-190 kg/ha) (Figure 3-10). 

There was no effect of the N fertility rates evaluated on final N uptake within each 

corn growing season. In 2015, ear N uptake means were 179, 187 and 195 kg/ha for 

the low, medium and high N rates, respectively. In 2016 ear N uptake means were 175, 

174 and 186 kg/ha, respectively, and in 2017, these means were 152, 167 and 176 

kg/ha, respectively. No differences were found across fertility rates within each corn 

season (Figure 3-10). 

Overall higher N uptake was found in plant tissues receiving irrigation during all 

growing seasons. Thus, the non-irrigated treatment resulted in lower final dry weight in 

all the different plant tissues evaluated, except in 2015, year in which NON stem dry 

weight did not differ from the GROW treatment. 

Total aboveground final biomass. Final aboveground (AG) biomass across all 

irrigation treatments and fertility rates was collected 19 August 2015, 2 August 2016 and 

7 August 2017 (i.e. last tissue sampling performed at physiological maturity, close to 

harvest). The results showed no interactions among main effects; therefore, results are 

shown separately by irrigation and by N fertility rates (Figure 3-11). 

Total AG biomass was composed of the sum of corn leaves, stems and ears dry 

biomass. During the three corn growing seasons, only irrigation had an effect on final 

biomass. Fertility rates did not have an effect on final biomass. No differences in final 

biomass were found between irrigated treatments, only versus the NON treatment 
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during the three seasons under evaluation. Final AG biomass means for the GROW, 

SWB, SMS, Reduced and NON were: 23,342, 23,604, 25,696, 26,077 and 18,061 kg/ha 

in 2015 respectively; 23,277, 22,931, 22,770, 23,307 and 15,199 kg/ha, respectively in 

2016; and 21,300, 22,156, 21,213, 20,768 and 10,366 kg/ha respectively in 2017 

(Figure 3-11). 

Only in 2015, the GROW treatment final biomass did not differ from the 

accumulated biomass in the NON treatment (GROW = 23,342 and NON = 18,061 

kg/ha). During the 2017 season, the NON irrigated treatment resulted in the lowest 

mean biomass compared to all treatments and years (NON = 10,366 kg/ha). 

 There were no differences between the N fertility rates evaluated within each 

corn season. Final biomass means for the low, medium and high N rates were: 23,007, 

23,093, 23,968 kg/ha in 2015; 21,456, 21,106, 21,928 kg/ha in 2016 and 18,374, 

19,209, 19,898 in 2017. Differences were found between years, where N rates applied 

in 2015 resulted in higher mean AG biomass than corresponding rates in 2017 (Figure 

3-11). 

Total aboveground N uptake. Irrigation and fertility rates resulted in effects on 

total N uptake means (i.e. N uptake from aboveground plant sections); no interactions 

were found among main effects. During 2015, no differences were found between 

irrigation treatments. Total N uptake means were 216, 236, 257, 246 and 190 kg N/ha in 

GROW, SWB, SMS, Reduced and NON treatments, respectively. In 2016, only the 

NON treatment resulted in lower N uptake (181 kg N/ha) than SMS (252 kg N/ha) and 

Reduced (255 kg N/ha); however, it did not differ from the N uptake in the GROW and 

SWB treatments (231 and 246 kg N/ha, respectively). In 2017, final N uptake means 
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resulted in 226, 242, 235, 221 and 129 kg N/ha for the GROW, SWB, SMS, Reduced 

and NON, respectively. Differences were found only between the NON irrigated 

compared to the irrigated treatments (Figure 3-11). 

End Season – Nitrogen Use Efficiency (Nuegrain) 

The NUEgrain index reflects increased yield per unit applied N (Moll et al. 1982). 

This index calculates the ratio of final grain yield (kg/ha) by the total N in fertilizer 

applied (kg N/ha) during the growing season (Table 3-5). Final NUEgrain resulted in an 

interaction between irrigation and fertility rates, as well as an interaction between 

irrigation treatments and years of evaluation. For the interaction between irrigation and 

fertility rates, the low N rate across all irrigated treatments (GROW – Reduced) resulted 

in the highest NUEgrain values (NUEgrain = 70.2, 65.1, 65.5 and 65.9 for I1-I4 low N 

rate, respectively). The medium N rate was lower than the low N rate in GROW, SMS 

and Reduced treatments (NUEgrain = 46.1, 46.1, 48.1, accordingly). However, the 

SWB- medium N rate resulted in no differences in NUEgrain compared to the GROW, 

SMS and Reduced high N rates, nor to the NUE obtained in NON - low N rate. The 

lowest NUEgrain resulted in the NON - medium and high N rates (Table 3-5). An 

interaction between irrigation and year was found. In all years of evaluation, the NON 

treatment resulted in a lower NUEgrain compared to irrigated treatments (GROW – 

Reduced). Except in 2015, where SWB NUEgrain values did not differ from the NON 

treatment (NUEgrainSWB = 49.6 and NUEgrainNON = 39.1) Average NUEgrain values 

resulted in the irrigated treatments were 52.6, 45.7 and 50.7 in 2015, 2016 and 2017, 

respectively; whereas the NON treatment NUEgrain values were 39.0, 32.3 and 23.8 

during 2015-17 seasons, respectively. 
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Yield 

During the three growing seasons evaluated, there were no interactions between 

irrigation treatments and fertility rates for final grain yield. Therefore, final results are 

described separately by irrigation and fertility. The effect of irrigation strategies and N 

fertility rates over corn grain yield during 2015-2017 corn growing seasons are shown in 

Figure 3-12. A 100 kernel weight was measured as second response variable for final 

yield (Figures 3-13 and 3-14). 

Irrigation vs grain yield 

Final grain yields did not differ across irrigated treatments, with differences only 

between irrigated treatments and the non-irrigated treatment. An exception was in 2015 

when the SWB treatment resulted in lower yield (11,201 kg/ha) compared to the other 

irrigated treatments, but not different than the NON irrigated treatment (8,993 kg/ha) 

(Figure 3-12). 

In the 2015 season, mean grain yields resulted in 12,105, 11,201, 12,011, 12,638 

and 8,993 kg/ha for the GROW, SWB, SMS, Reduced and NON treatments, 

respectively. In comparison, cumulative irrigation was 320, 185, 151, 211 and 15 mm for 

the GROW, SWB, SMS, Reduced and NON treatments, respectively. The GROW 

treatment cumulative irrigation was 42%, 53%, 34% and 95% higher than the SWB, 

SMS, Reduced and NON treatments. Irrigation applications during corn reproductive 

stages are essential for final grain yield; however, rainfall played an important role 

during these stages susceptible to water stress. Due to rainfall contribution (cumulative 

rainfall = 556 mm), the NON irrigated treatment was less severely impacted; however, it 

resulted in lower yield compared to the irrigated treatments, except for SWB, which yield 
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did not differ. Total water savings achieved were: 42%, 53% and 34% by SWB, SMS 

and Reduced irrigation strategies compared to GROW, respectively (Figure 3-12). 

The 2016 corn season mean yields were: 12,705, 11,554, 11,818, 11,964 and 

7,973 kg/ha for the GROW, SWB, SMS, Reduced and NON treatment, respectively. 

Whereas, cumulative irrigation resulted in: 508, 310, 291, 321 and 25 mm, respectively. 

GROW treatment irrigation was 39%, 43%, 37% and 95% greater SWB, SMS, Reduced 

and NON treatment, respectively. As well, this calendar based treatment resulted in 

63% greater cumulative irrigation compared to the amount applied in 2015 mainly due 

to the low and non-uniform distribution rainfall amounts in 2016 (cum rainfall = 371 mm). 

However, even when rainfall contributions were low, water savings of 39%, 43% and 

37% were achieved using the SWB, SMS and Reduced irrigation strategies compared 

to the GROW treatment (Figure 3-12). 

GROW, SWB, SMS, Reduced and NON treatment mean yields in 2017 were: 

12,566, 12,740, 12,203, 12,190 and 5,779 kg/ha, respectively. Cumulative irrigation 

was: 546, 315, 302, 347 and 48 mm. Water savings (compared to GROW treatment) 

were: 42%, 45%, 36% and 91% achieved by SWB, SMS, Reduced and NON treatment, 

respectively. Cumulative rainfall totaled 680 mm; however, it was sporadically 

distributed mostly in large magnitude events (i.e. rainfall amounts greater than soil water 

holding capacity) resulting in drainage and potential N leaching. Therefore, there was a 

high demand for irrigation in 2017 corn growing season (Figure 3-12). 

In summary, irrigation had a positive effect on final corn grain yield. All irrigated 

treatments resulted in higher mean yields than the non-irrigated treatment, except in 

2015, in which the NON treatment did not differ from SWB final yield (Figure 3-12). 
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Fertility rates vs grain yield 

The effect of N rates over final grain yield is shown in Figure 3-10. In 2015, 

differences in yield were not found between high and medium fertility rates (336 and 

247 kg N/ha), or medium and low rates (247 and 157 kg N/ha); however, the high N rate 

mean yield (12,314 kg/ha) was higher than the mean yield at the low N rate (10,534 

kg/ha) (Figure 3-12). 

Final mean corn yields in 2016 resulted in 11,487, 11,285 and 10,839 kg/ha for 

the high, medium and low N rates (370, 280 and 191 kg N/ha). No difference in yield 

was found between fertility treatments (Figure 3-12). 

In the 2017 growing season, mean yields resulted in 11,603, 10,979 and 10,706 

kg/ha for the high, medium and low N rates (353, 263 and 174 kg N/ha). Only the low N 

rate mean yield was lower than the high and medium N rates mean yields (Figure 3-12). 

The 100 kernel weight showed effects of irrigation and year. Therefore, data is 

shown separated by corresponding main effects. In terms of irrigation, the NON 

treatment resulted in statistically lower 100 kernel weight mean (28.7 g) compared to 

the irrigated treatments (33.6, 32.4, 32.5, 33.1 g for GROW – Reduced, respectively) 

(Figure 3-13). Fertility rate means for low, medium and high were: 31.3, 33.2 and 33.9 g 

respectively in 2015, 32.8, 33.6 and 34.5 g in 2016 and, 29.4, 29.8 and 30.1 g in 2017 

(Figure 3-14). Lower 100 kernel weight resulted only in 2017 compared to 2015 and 

2016 (Figures 3-13 and 3-14). 

Water Use Efficiency and Other Indices 

Although many definitions of water use efficiency (WUE) have been used in the 

past (Bos 1980; Howell 2001), this section describes a few indices that evaluate the 

irrigation effectiveness in terms of final grain yield. Rainfall occurring during the growing 
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season strongly influences WUE and potential yields across different crops (Turner 

2004). As observed in Figures 3-2 and 3-4, daily rainfall amounts and distribution varied 

across all three corn growing seasons; however, overall most of the rainfall occurred 

during mid or late season (June- August) (Figure 3-2). Cumulative actual crop 

evapotranspiration (ETa) during 2015-17 corn seasons was: 495, 494 and 479 mm, 

assumed to be equal for all irrigated treatments (i.e. I1-I4 no water stress). ETa was 

used in the calculation of crop water use efficiency (CWUE), assuming no water stress 

in all irrigated treatments. 

Corn usually reaches physiological maturity (i.e. crop growth stage at which 

maximum kernel weight is achieved (Daynard and Duncan 1969) by the end of 

July/early August, therefore rainfall amounts occurring after this growth stage can be 

considered inefficient, since most of the water uptake required for final grain yield 

occurs prior physiological maturity. The effectiveness of irrigation strategies were 

evaluated through IWUE, WUEi, WUEt, GRSPUE and CWUE indices described as 

following. 

IWUE. This index allows to quantify the crop productivity variations with different 

irrigation regimes compared to yield obtained under rainfed conditions (Bos 1980; Irmak 

2015). Therefore, is the ratio of irrigated yield compared to yield obtained under rainfed 

conditions (i.e. NON-irrigated treatment yield) divided by the irrigation supply. Irrigation 

and year resulted as significant effects on IWUE. However, no statistical differences 

were found across irrigated treatments (I1-I4) in 2015 nor 2016 (IWUE mean values = 

1.47 and 1.01 kg/m3 in 2015 and 2016, respectively). In 2017, the highest IWUE 

resulted in the SWB and SMS treatments (IWUE = 2.21 and 2.13 kg/m3, respectively). 



 

177 
 

Therefore, rainfall contributions played an important factor in this index. Cumulative 

rainfall amounts during the 2015-17 growing were 556, 370 and 673 mm (Table 3-6).  

During 2015, the amounts and distribution were optimum for growth and 

development, reducing the water stress in the non-irrigated plants and achieving high 

yields. Therefore, overall the increase in yield due to irrigation efficiency (i.e. yield above 

the obtained by the non-irrigated treatment), was low, especially in treatments applying 

large irrigation amounts. Although the results showed no statistical differences across 

the irrigation treatments, it is evident that the GROW irrigation efficiency in 2015 was 

lower (0.95 kg/m3) compared to SWB, SMS and Reduced (IWUE = 1.19, 2.00 and 1.73 

kg/m3). The greatest difference was observed versus the SMS treatment. Water use 

efficiency increase almost double in the SMS (IWUESMS = 2.00 vs. IWUEGROW = 0.95) 

applying ~53% less water than the GROW in 2015 while achieving same statistical 

yields (Table 3-6). 

In comparison, cumulative rainfall during the 2016 growing season was 370 mm 

(33% and 45% less than 2015 and 2017 rainfall). Therefore, irrigation requirement was 

almost double than in 2015 and 2017 to achieve similar yields. No significant 

differences in IWUE were found between irrigated treatments (I1-I4) (Table 3-6). 

During the 2017 growing season, cumulative rainfall was 673 mm; however, 

temporal and spatial rainfall distribution caused an increase in irrigation requirement 

across all treatments. Nevertheless, the GROW treatment resulted in statistically lower 

IWUE index compared to SWB, SMS and Reduced treatments (1.25 kg/m3 vs. 2.21, 

2.13, 1.85 kg/m3, respectively). These irrigation strategies resulted in 42%, 45% and 
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36% water savings, respectively compared to the GROW treatment without statistical 

reductions in yield (Table 3-6). 

WUEi. Considers the efficiency of irrigation, as the total irrigation applied over the 

final grain yield obtained at each irrigation treatment. The evaluation of this index 

resulted in significant interaction between irrigation and year, as well as, a significant 

effect of fertility rates (Tables 3-6 and 3-7). 

In 2015, the SMS WUEi index was significantly highest (7.95 kg/m3) compared to 

all other irrigation treatments. The SWB and Reduced treatments resulted in WUEi of 

6.05 and 5.99 kg/m3, respectively; statistically higher than the GROW but lower than 

SMS indices. The GROW treatment resulted in significantly lower WUEi compared to all 

irrigated treatments (WUEi = 3.78 kg/m3). Thus, greater irrigation applications did not 

increase final grain yields. In 2016, the GROW treatment WUEi was significantly lower 

(2.50 kg/m3) than all irrigated treatments evaluated (SWB, SMS and Reduced WUEi = 

3.73, 4.06 and 3.73 kg/m3, respectively). However, no significant differences were found 

between SWB, SMS nor Reduced irrigation strategies. During the 2017 corn season, 

the lowest WUEi value resulted in the GROW treatment (2.30 kg/m3), followed by the 

Reduced treatment (3.51 kg/m3). The SWB and SMS treatments resulted in significantly 

higher WUEi values (4.04 for both). Statistical differences were found between all 

treatments except SWB and SMS. As well, this index reflects the irrigation contribution 

to final grain yield. The SWB, SMS and Reduced treatments resulted in no significant 

differences in yield; however, achieved 42%, 45% and 36% water savings in 

comparison to the GROW treatment (Table 3-6). 
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Fertility rates had a significant effect on the WUEi index. During the 2015 season, 

the high fertility rate resulted in a statistically higher WUEi compared to the low N fertility 

rate (WUEi = 6.34 vs 5.49 kg/m3). The medium rate did not differ from the high nor the 

low rates (WUEi = 6.01 kg/m3). No significant differences were found across fertility 

rates in 2016 (mean WUEi = 3.50 kg/m3). Same pattern as in 2015 resulted in 2017 

season. Only the high N rate resulted in a statistically higher WUEi compared to the low 

rate. The medium rate did not differ statistically from the high nor the low rates (WUE i 

low, medium and high = 3.33, 3.47 and 3.62 kg/m3, respectively) (Table 3-7). 

WUEt. Considers the efficiency of total water (i.e. sum of irrigation and rainfall) 

during the growing season over the final grain yield. This is calculated across all 

treatments evaluated (i.e. including the NON-irrigated). All main effects (irrigation, 

fertility rates and year) were statistically significant. No statistical interactions were 

found. In 2015, no statistical differences were found across all irrigation treatments (I1-

I5 mean WUEt = 1.56 kg/m3). Due to rainfall contributions in 2015, differences across 

irrigation treatments were not found. Even the NON treatment resulted in WUEt = 1.57 

kg/m3 not statistically different than the irrigated treatments. In 2016, the GROW 

treatment resulted in a significant lower WUEt compared to the NON treatment (WUEt = 

1.45 vs 2.04 kg/m3, respectively). All other irrigated treatments did not differ statistically 

among them. In 2017, the GROW treatment WUEt (1.43 kg/m3) was significantly lower 

compared to the SWB treatment WUEt (1.87 kg/m3). No significant differences were 

found between the other irrigation treatments. A separate analysis was performed using 

only irrigated treatments (I1- I4, data not shown) to evaluate the performance across 

irrigation strategies. During 2015 and 2016, only the GROW treatment resulted in a 
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significantly lower WUEt compared to the SMS treatment (WUEt = 1.38 vs 1.70 kg/m3 in 

2015 and 1.45 vs 1.79 kg/m3 in 2016, respectively). In 2017, the GROW treatment 

resulted in a significantly lower WUEt compared to all irrigated treatments (WUEt GROW 

= 1.43 kg/m3 vs SWB, SMS and Reduced 1.87, 1.85 and 1.76 kg/m3) (Table 3-6). 

GRSPUE. GRSPUE considers the efficiency of irrigation treatments in terms of 

the use of total growing season rainfall relative to rainfed yield. Therefore, this index 

evaluates the effectiveness of the irrigation strategies in terms of precipitation water 

use. No significant differences were found among irrigation treatments across all three 

corn seasons. However, in general greater values were found in the wettest year (2017 

rainfall = 673 mm) compared to 2015 and 2016 (Table 3-6). 

CWUE. This index estimates the crop water use efficiency as the ratio of final 

grain yield to actual crop evapotranspiration (ETa). Cumulative ETa per growing season 

was assumed to be equal across all irrigated treatments (i.e. non-water stressed). Only 

irrigated treatments (GROW – Reduced) were analyzed. No statistical differences were 

found in CWUE between irrigation treatments, and no interactions were found. Only 

significant differences were seen across the years (Table 3-6).  

Similar studies evaluated the inter-annual variation in various crop productivity 

indices to irrigation and evapotranspiration and climatic conditions (Irmak 2015a). The 

focus was to measure those indices (e.g. CWUE, IWUE, GRSPUE), as well as, to 

quantify and evaluate the inter-annual variation of these indices. The project evaluated 

four irrigation treatments: fully irrigated treatment (FIT), and limited irrigation treatments 

(75% FIT, 60% FIT and 50% FIT) in silt loam soils. During the six years of study, CWUE 

values ranged from 1.21 kg/m3 for a ra infed treatment to 2.51 kg/m3 for 60% FIT. The 
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maximum values obtained by Irmak (2015), are similar to the CWUE values in the 

experimental field (CWUE means 2015-17 = 2.42, 2.43 and 2.59 kg/m3, respectively). 

Similar values were found by (Payero et al. 2006); where CWUE values ranged from 

0.91 kg/m3 under rainfed conditions (dry year) to 2.26 kg/m3 under well-irrigated 

conditions (dry year). Irmak (2015b) found out that CWUE values were optimized 

(maximum values) under 75% FIT, which was most likely attributable to a reduction in 

soil evaporation while keeping transpiration at a potential rate. This is also comparable 

with the Reduced treatment, which applies 60% of the GROW treatment. High CWUE 

values were observed during the three seasons. However, all other irrigation treatments 

resulted in values with no significant differences. Thus, the irrigation applied was 

providing enough water while maintaining potential transpiration rate.  

The six year IWUE mean values were 4.01, 4.45, 4.48, and 4.13 kg/m3 for FIT, 

75% FIT, 60% FIT, and 50% FIT, respectively, with SD values of 0.82, 0.84, 0.83, and 

1.88 kg/m3 for the same treatments. The total amounts of irrigation applied in the study 

described above differs from the observations in the field experiment of this chapter. Silt 

loam soils have greater water holding capacity; thus, lower irrigation amounts are 

required compared to sandy soils. Total irrigation applied during the years of evaluation 

ranged from 51 mm to 280 mm; which represent in many years half (or less) of the 

irrigation applied in the experimental field. Thus, IWUE indices were higher (almost 

double) compared to the observed values in NFREC – SV. In terms of GRSPUE, Irmak 

(2015b) found the greatest values in the wettest year, as well, rainfed yields were 

mostly benefited precipitation occurring during the growing season. These results 

coincide with 2015 NON treatment yields, which had no significant differences 
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compared with SWB final yields, due to rainfall contributions (amounts and distribution) 

along the growing season (Irmak 2015a).  

Ideally, crop water use efficiency should be calculated using crop water use as 

total transpiration of the plant at each irrigation treatment, using ETa field measurements 

for the calculation. This calculation would consider other factors from the soil water 

balance equation (e.g. water losses in drainage/deep percolation) after irrigation 

applications events, providing a better estimation of the efficiency of the irrigation 

treatments. 

Summary and Conclusions 

In 2015, the irrigation strategies evaluated (i.e. SWB, SMS and Reduced) 

resulted in total water savings of 42%, 53%, 34% compared to the GROW treatment, 

which mimics typical irrigation practices in corn. Reducing the irrigation amounts did not 

have a negative impact on yield. No significant differences in yield were found between 

the irrigated treatments, only the SWB treatment resulted in statistically lower yields.  

In 2016, the SWB, SMS and Reduced treatment achieved 39%, 43% and 37% 

water savings vs. GROW treatment. The difference between years was attributed to the 

variation in rainfall amounts and distribution patterns between 2015 and 2016. Greater 

amounts of irrigation were required in 2016; however, none of the irrigation alternatives 

resulted in negative impacts on yield. Average yields did not differ statistically compared 

to the GROW treatment. 

Following a rate close to the UF/IFAS corn N fertilization recommendation (F2 = 

247 kg N/ha) resulted in average yields with no statistical difference than average yield 

obtained with high N applications (F1 = 336 kg N/ha) in the 2015 and 2017 corn growing 

seasons. Thus, same yield could be achieved following the medium rate while reducing 
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N fertilizer applications by 27%. In 2016, no statistical differences were found between 

the three N fertility rates evaluated.  

The implementation of BMPs focused on different irrigation strategies (i.e. SWB, 

SMS and Reduced) resulted in yields without statistical differences than the 

conventional irrigation practices and with substantial water savings in the three years of 

evaluation. The implementation of a soil water balance (SWB), soil moisture sensors 

(SMS), and or, a reduced strategy (Reduced) achieved a total water savings of: 42%, 

53% and 34% in 2015, 39%, 43% and 37% in 2016; and 42%, 45% and 36%, 

respectively in 2017 compared to conventional practices (GROW).Therefore, growers 

could potentially save water and achieve same yields as conventional practices, when 

implementing these irrigation scheduling strategies and tools. 

Irrigation had a significant effect on the final biomass and N uptake in corn stems 

and ears during the years of evaluation. No significant differences were found across 

irrigated treatments (GROW-Reduced) only versus the non-irrigated treatment, which 

resulted in a significantly lower biomass and N uptake. In contrast, fertility N rates did 

not have a significant effect on final biomass nor N uptake. Thus, lower applications 

(e.g. medium rate = 247 kg N/ha) resulted in no differences in biomass, N uptake nor 

final grain yield, when using any of the irrigation strategies proposed (SWB, SMS or 

Reduced) compared to conventional practices. 

The total ear N uptake over total N biomass ratio was on average 0.81, 0.77 and 

0.78 in 2015-17 corn seasons. At harvest, only the ear N is removed from the field. 

Stems, leaves and roots are chopped and left aboveground after harvest. The N 

contained in these plant sections corresponds to about 20%. This is an important 



 

184 
 

amount of N that generally is not considered in the fertilization applications of the 

following crop season and is left in the fields. During the fallow period (off-season), this 

N is potentially leached by excess precipitation. 

Knowing that irrigation has the major effect on final biomass and yield, but no 

differences were found among the irrigated treatments, leads an important 

consideration on the total inputs applied for crop production. Final results showed that 

high irrigation and N amounts eventually leave the rootzone, which is further intensified 

after heavy rainfall events. Thus, careful irrigation and N management must be 

considered to avoid N leaching.  

Due to the high spatial and temporal rainfall variability in Florida, irrigation 

scheduling is a difficult task for growers. Nevertheless, the proposed irrigation strategies 

can serve as tools to achieve water savings. If these are applied on the right timing and 

amounts, reductions on N leaching could also be achieved. As well, main results 

showed that a reduction in 27% on conventional fertilization practices can be 

implemented without impacting corn yield when following close to UF/IFAS fertilizer 

recommendations. Thus, further reductions in potential N leaching can be achieved. No 

statistical differences in N uptake across N fertility rates provides information about the 

potential N uptake in the different plant tissues as it reaches a plateau. Thus, 

applications that result in higher rates than the N uptake, will result in N losses. If 

potential losses are avoided, these will be converted into economic savings, allowing 

greater investment and overall grower’s profits.  
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Table 3-1. Taxonomic classification of predominant soils in NFREC – SV, Live Oak, 
Florida (Soil Survey Staff 1999; Soil Survey Staff 2006). 

 

Soil name Family or higher taxonomic classification 

Albany Loamy, siliceous, subactive, thermic Grossarenic Paleudults 

Alpin Thermic, coated Lamellic Quartzipsamments 

Blanton Loamy, siliceous, semiactive, thermic Grossarenic Paleudults 

Chipley Thermic, coated Aquic Quartzipsamments 

Foxworth Thermic, coated Typic Quartzipsamments 

Hurricane Sandy, siliceous, thermic Oxyaquic Alorthods 
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Table 3-2. Crop coefficient (Kc) values for maize used to calculate ETC for treatments 
under non-water stress conditions and for schedule irrigation in the SWB 
treatment. 

 

DAP Root Depth  Kc
.1 

  (mm)   

2 99 0.25 
6 150 0.25 

10 201 0.41 
14 249 0.57 
18 300 0.73 
22 351 0.89 
26 399 1.05 
30 450 1.05 
34 500 1.05 
38 551 1.05 
42 600 1.05 

1Kc values: Kc-ini = 0.25, Kc-max = 1.05 and Kc-end = 0.55 (K-State Research & Extension Mobile Irrigation Lab 
2014). 
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Table 3-3. Nitrogen fertilization rates (high, medium and low) dates, amounts and types applied during corn growing 
seasons 2015 – 2017 at NFREC – SV. 

 
Year Date Fertilizer  Composition Nutrient N fertility rates (kg/ha)1 
     Low Medium High 

2015 03-Apr Planting day (16-16-0) N 34 34 34 
      P 34 34 34 
      K 0 0 0 
 17-Apr 1st Granular (33-0-0) N 9 25 34 
     (0-46-0) P 84 84 84 
     (0-0-60) K 110 110 110 
 01-May 2nd Granular (33-0-0) N 11 27 45 
     (0-46-0) P 50 50 50 
     (0-0-60) K 86 86 86 
 08-May 1st Liquid Sidress (28-0-0) N 26 40 56 
 15-May 2nd Liquid Sidress (28-0-0) N 26 40 56 
 22-May 3rd Liquid Sidress (28-0-0) N 26 40 56 
 29-May 4th Liquid Sidress (28-0-0) N 26 40 56 
        
  TOTAL N applied  N 157 247 336 
        
2016 22-Mar Planting day (16-16-0) N 34 34 34 
       P  34 34 34 
      K 0 0 0 
 05-Apr 1st Granular (33-0-0) N 9 25 34 
     (0-46-0) P  0 0 0 
     (0-0-60) K 39 39 39 
 19-Apr Supplemental Granular2 (21-0-0-24S) N 30 30 30 
 27-Apr 2nd Granular (33-0-0) N 11 27 45 
     (0-46-0) P  0 0 0 
     (0-0-60) K 39 39 39 
 03-May 1st Liquid Sidress (28-0-0) N 26 40 56 
 09-May 2nd Liquid Sidress (28-0-0) N 26 40 56 
 13-May 3rd Liquid Sidress (28-0-0) N 26 40 56 
 19-May 4th Liquid Sidress (28-0-0) N 26 40 56 
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Table 3-3. Continued 
 

Year Date Fertilizer  Composition Nutrient N fertility rates (kg/ha)1 
     Low Medium High 

2017 21-Mar Planting day (16-16-0) N 34 34 34 
      P 34 34 34 
      K 0 0 0 
 06-Apr 1st Granular (33-0-0) N 9 25 34 
     (0-46-0) P 0 0 0 
     (0-0-60) K 98 98 98 
 06-Apr Supplemental Granular2 (21-0-0) N 17 17 17 
 20-Apr 2nd Granular (33-0-0) N 11 27 45 
     (0-46-0) P 0 0 0 
     (0-0-60) K 73 73 73 
 20-Apr K-Mag Application (0-0-22) K-Mag 25 25 25 
 27-Apr 1st Liquid Sidedress (28-0-0) N 26 40 56 
 03-May 2nd Liquid Sidedress (28-0-0) N 26 40 56 
 09-May 3rd Liquid Sidedress (28-0-0) N 26 40 56 
 15-May 4th Liquid Sidedress (28-0-0) N 26 40 56 
        
   Total N applied  N 174 263 353 

1 N rates: high=336 kg N/ha; medium: 247 kg N/ha; low 157 kg N/ha.  
2,3 Supplemental N application (34 and 17 kg N/ha) due to leaching rain events modified all N fertility rates in 2016 and 2017 growing seasons, 
respectively. 
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Table 3-4. Nitrogen use efficiency (NUE) calculated across low, medium and high N 
rates during corn growing seasons 2015, 2016 and 2017. 

 

Sampling 
date 

Total aboveground N uptake 
(kg/ha) 

NUptE1 

(kg N uptake/kg N applied) 

2015 Low Medium High Low Medium High 
04/15/2015 0.7 0.7 0.8 0.02 0.02 0.02 
05/11/2015 21.5 32.7 39.2 0.27 0.26 0.23 
06/12/2015 158.9 194.6 214.7 1.01 0.79 0.64 
07/10/2015 175.9 200.3 259.0 1.12 0.81 0.77 
08/19/2015* 203.3 278.3 290.1 1.30 1.13 0.86 
2016       
04/08/2016 0.7 0.8 0.6 0.02 0.01 0.01 
06/10/2016 92.5 174.5 119.6 0.49 0.62 0.32 
07/05/2016 224.0 261.7 233.0 1.18 0.93 0.63 
08/02/2016* 244.3 243.7 267.4 1.28 0.87 0.72 
2017       
04/04/2017 1.0 1.3 1.3 0.03 0.04 0.04 
05/05/2017 51.3 61.2 59.3 0.42 0.34 0.25 
06/08/2017 119.9 100.9 67.2 0.69 0.38 0.19 
06/28/2017 152.6 166.4 188.1 0.88 0.63 0.53 
08/07/2017* 216.8 241.1 261.4 1.25 0.92 0.74 

1 NUptE calculated as the ratio of N uptake in total aboveground biomass (leaves, stems and ears) and N 
in fertilizer applied by each sampling date through the growing season. 
* Corresponds to the final NUptE calculation, representing the efficiency of N uptake vs. N applied at the 
end of the corn season. 
Note: fertilizer applications dates and amounts are shown in Table 3-3. 
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Table 3-5. Grain yield, N applied, and NUE per N fertility rates resulted in corn growing 
seasons 2015-2017.  

 
  Grain yield 1 NUEgrain3 

 Irrigation N fertility rate (kg/ha) (kg grain/kg N applied) 

GROW Low  12,167 a 70.2 a 
GROW Medium   12,159 a 46.1 b 
GROW High  13,052 a 37.0 cde 
SWB Low  11,261 a 65.1 a 
SWB Medium  11,853 a 45.0 bc 
SWB High  12,382 a 35.1e 
SMS Low  11,343 a 65.5 a 
SMS Medium  12,129 a 46.1 b 
SMS High  12,562 a 35.7 de 
Reduced Low  11,402 a 65.9 a 
Reduced Medium  12,644 a 48.1 b 
Reduced High  12,747 a 36.2 cde 
NON Low  7,551 bc 44.0 bcd 
NON Medium  6,913 c 26.6 f 
NON High  8,578 b 24.5 f 

1 Average grain yield per N fertility rate adjusted to 15.5% standard moisture content. 
2 N applied in low, medium and high rates: 147, 247 and 336 kg/ha, respectively. Note: in 2016 and 2017, 
N rates differed due to supplemental fertilization applied after leaching rains. Following the BMP protocol, 
additional 34 kg N/ha and 17 kg N/ha were applied in 2016 and 2017, respectively. 
3 NUE= nitrogen use efficiency calculated as a ratio of grain yield (kg/ha) and total N fertilizer (kg/ha) applied 
during the growing season. 
Different letters indicate differences at the 95% CI for N fertility means across all years of evaluation. 
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Table 3-6. Grain yield (kg/ha), irrigation applied, rainfall and irrigation efficiency indices (IWUE, WUEi, WUEt, GRSPUE) 
per irrigation treatments during 2015-2017corn growing seasons. 

 

Year 

Grain 
yield1 

Irrigation Rainfall 
IWUE2 WUEi 

3 
WUEt 

4 
GRSPUE5 CWUE6 Water 

savings 7 

(kg/ha) (mm) (mm) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (%) 

2015   556       
GROW 12,105 a 320  0.95 bc 3.78 cd 1.38 d  0.55 ab 2.45 ab 58 
SWB 11,201 ab 185  1.19 abc 6.05 b 1.51 bcd 0.40 b 2.26 b 47 
SMS 12,011 a 151  2.00 abc 7.95 a 1.70 abcd 0.54 ab 2.43 ab 66 
Reduced 12,638 a 211  1.73 abc 5.99 b 1.65 abcd 0.66 ab 2.55 ab  
NON 8,993 b 15  - - 1.57 bcd -  61 
2016   370      57 
GROW 12,705 a 508  0.83 abc 2.50 e 1.45 bcd 1.14 ab 2.57 ab 63 
SWB 11,554 a 310  0.99 abc 3.73 cd 1.70 abcd 0.83 ab 2.34 ab  
SMS 11,819 a 291  1.14 abc 4.06 cd 1.79 abcd 0.90 ab 2.39 ab 58 
Reduced 11,964 a 321  1.08 abc 3.73 cd 1.73 abcd 0.94 ab 2.42 ab 55 
NON 7,974 b 25  - - 2.04 a -  64 
2017   673      58 
GROW 12,567 a 546  1.25 c 2.30 e 1.43 d 1.01 a 2.62 ab 47 
SWB 12,740 a 315  2.21 a 4.04 c 1.87 ab 1.03 a 2.66 a 66 
SMS 12,203 a 302  2.13 ab 4.04 c 1.85 abc 0.95 a 2.55 ab  
Reduced 12,191 a 347  1.85 ab 3.51 d 1.76 abcd 0.95 a 2.54 ab 61 
NON 5,779 b 48  - - 1.46 cd -   

1 Grain yield standardized for 15.5% market moisture content. 
2 IWUE= calculated as the ratio of the difference between irrigated and rainfed yield (g/m2) by the irrigation applied (mm), multiplied by 100. 
3 WUEi = calculated as the ratio of irrigated yield (g/m2) by total irrigation applied (mm), multiplied by 100. 
4 WUEt= calculated as the ratio of final grain yield (g/m2) by total water received during the growing season (sum of irrigation and rainfall). 
5 GRSPUE = calculated as the ratio of the difference between irrigated and rainfed yield (g/m2) by cumulative growing season rainfall (mm), multiplied 
by 100 
6 CWUE = calculated as the ratio of final grain yield (g/m2) by the actual crop evapotranspiration (ETa, mm). 
7 Water savings compared to the irrigation applied by the GROW treatment. 
Different letters indicate differences at the 95% CI for irrigation means across all years of evaluation. 
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Table 3-7. Grain yield (kg/ha), irrigation applied, rainfall and WUEi per irrigation 
treatments during corn growing seasons 2015-2017. 

 

Year 
Grain yield1 N applied Rainfall WUEi 

(kg/ha) (kg/ha) (mm) (kg/m3) 

2015   556  
Low 10,534 a 157  5.49 b 

Medium 11,322 ab 247  6.01 ab 

High 12,314 a 336  6.34 a 

2016   370  
Low 10,839 a 191  3.37 cd 

Medium 11,284 a 280  3.56 cd 

High 11,486 a 370  3.59 cd 

2017  
 

673  
Low 10,706 b 174  3.33 d 

Medium 10,979 ab 263  3.47 cd 

High 11,603 a 353  3.62 c 
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Figure 3-1. Aerial view of experimental site located at North Florida Research and 

Education Center – Suwannee Valley (NFREC-SV), near Live Oak, Florida 
(30.31353 N, -82.90122 W). 
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Figure 3-2. Daily weather data: maximum, minimum and average air temperature (°C) 
(lines), rainfall (mm) (bars) and fertilizer applications (dots) performed at 
NFREC – SV, Live Oak, Florida during 2015-2017 from top to bottom.  
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Figure 3-3. Monthly temperature means (bars) compared to historical temperature 
(2002-2017) and cumulative growing degree days (lines) over the three corn 
growing seasons (2015-17). 
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Figure 3-4. Monthly rainfall (R) means (bars) and cumulative daily rainfall (lines) over 
the three growing seasons (2015-17) compared to historical rainfall (2002-
2017). Error bars represent the standard deviation of historical rainfall across 
years (2002-2017). 
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Figure 3-5. Total N applied per growing season (dots) and average total N uptake in 

aboveground biomass (lines-TB) at key corn growth stages across low (F3), 
medium (F2) and high (F1) N fertility rates. Samples collected in the SMS (I3) 
treatment across the three N fertility rates. 
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Figure 3-6. Average N uptake (kg/ha) per plant part across fertility rates (high, medium and low) during three growing 
seasons (2015-17). N uptake in TB = total aboveground biomass (grain, leaves and stems), G = grain, L = 
leaves and S = stems. Symbols (X) represent fertilization events: starter, two granular applications (large 
symbols), four liquid sidedress applications and supplemental applications when required. Note: N rates were 

modified in 2016 and 2017 due to leaching rain; thus, additional 34 and 17 kg N/ha were applied to all rates in 2016 and 2017, 
respectively.  
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Figure 3-7. Final leaf dry weight (bars) and N uptake (dots) means across irrigation 

treatments (top) and fertility rates (bottom) during the three corn seasons 
evaluated (2015-17). Error bars show SE of irrigation and N fertility rate 
means. Different letters indicate differences at the 95% CI for irrigation means 
(I1-I5 = GROW, SWB, SMS, Reduced and NON) and N fertility rate means 
(low, medium and high = 157, 147 and 336 kg N/ha).  
Note: N rates were modified in 2016 and 2017 due to leaching rain; thus, additional 34 and 
17 kg N/ha were applied to all rates, respectively.  
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Figure 3-8. Final stem dry weight (bars) and N uptake (dots) means across irrigation 

treatments during the three corn seasons evaluated (2015-17). Error bars 
show SE of irrigation means. Different letters indicate differences at the 95% 
CI for irrigation treatment means (I1 - I5 = GROW, SWB, SMS, Reduced and 
NON treatments).   
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Figure 3-9. Final stem dry weight (bars) and N uptake (dots) means across fertility rates 

during the three corn seasons evaluated (2015-17). Error bars show SE of N 
fertility rate means. Different letters indicate differences at the 95% CI for N 
fertility rate means (low, medium and high = 157, 147 and 336 kg N/ha).  
Note: N rates were modified in 2016 and 2017 due to leaching rain; thus, additional 34 and 
17 kg N/ha were applied to all rates, respectively. 
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Figure 3-10. Final ear dry weight (bars) and N uptake (dots) means across irrigation 
treatments (top) and fertility rates (bottom) during the three corn seasons 
evaluated (2015-17). Error bars show SE of irrigation and N fertility rate 
means. Different letters indicate differences at the 95% CI for irrigation means 
(I1-I5 = GROW, SWB, SMS, Reduced and NON) and N fertility rate means 
(low, medium and high = 157, 147 and 336 kg N/ha).  
Note: N rates were modified in 2016 and 2017 due to leaching rain; thus, additional 34 and 
17 kg N/ha were applied to all rates, respectively. 
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Figure 3-11. Total aboveground (AG) biomass means as a response of five irrigation 

treatments (I1 - I5 = GROW, SWB, SMS, Reduced and NON) (top) and three 
N fertility rates (low, medium and high) (bottom) during three corn growing 
seasons (2015-17). 
Note: N rates were modified in 2016 and 2017 due to leaching rain; thus, additional 34 and 
17 kg N/ha were applied to all rates, respectively.  
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Figure 3-12. Corn grain yield (kg/ha) as a response of five irrigation treatments (GROW, 

SWB, SMS, Reduced and NON) (left) and three N fertility rates (high = 336 
kg/ha, medium = 247 kg/ha and low = 157 kg/ha) (right) during three corn 
growing seasons (2015-17). Data standardized for 15.5% market moisture. 
Boxplots (n=4) lower boundary of the box indicates the 25th percentile, a line 
within the box marks the median, and the upper boundary of the box indicates 
the 75th percentile. Whiskers (error bars) above and below the box indicate 
the 90th and 10th percentiles. Note: N rates were modified in 2016 and 2017 due to 

leaching rain; thus, additional 34 and 17 kg N/ha were applied to all rates, respectively.  

Irrigation treatments N fertility rates 
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Figure 3-13. The 100 kernel weight means across irrigation treatments during corn 

seasons 2015-17. Different letters indicate differences at the 95% CI for 
irrigation means (I1-I5 = GROW, SWB, SMS, Reduced and NON) per season. 
Error bars show SE of kernel weight across means.  
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Figure 3-14. The 100 kernel weight across N fertility rates during corn seasons 2015-17. 

Different letters indicate differences at the 95% CI for fertility rate means per 
season. Error bars show SE of kernel weight across means. 
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CHAPTER 4 
WATER AND NITROGEN BUDGET DYNAMICS FROM A CORN-FALLOW-PEANUT 

ROTATION 

Introduction 

Increasing nitrogen loads to waterbodies has become a major concern around 

the world, especially in areas where sandy soils and shallow groundwater are 

predominant (Andraski et al. 2000; Ferguson et al. 1991; Gehl et al. 2005; Strebel et al. 

1989; Zhang et al. 1996). A decline in water quality, the degradation of aquatic 

ecosystems and the growth of a seasonal hypoxic zones are some of the major 

consequences seen worldwide due to these N loads (Donner et al. 2004; Howarth et al. 

2011; Rabalais et al. 1996; Turner and Rabalais 1991; Zhang et al. 1996). 

The Upper Floridan Aquifer and the Suwannee River Basin 

The Upper Floridan aquifer (UFA) underlays an area of about 300,000 km2, it is a 

source of water supply, and it is one of the most productive karst aquifers in the world 

(Bush and Johnston 1988). Most of the North central Florida regions underneath the 

aquifer are unconfined (i.e. water in an aquifer that has a water table that is exposed to 

the atmosphere); characterized by high porosity and transmissibility allowing 

contaminants to travel long distances in short periods of time (Arthur et al. 2007). The 

UFA is the primary source for industrial, agricultural, and municipal use in the 

Suwannee River basin (SRB) in Florida (Katz et al. 1997). 

The SRB is located in North central Florida, and it is characterized by the 

presence of springs and other karst features (e.g. sinkholes, caves, conduits, siphons 

and disappearing streams). In most parts of the basin, these features cause interactions 

between groundwater and surface water, constituting a single dynamic system. 

Therefore, the SRB has high vulnerability to N pollution characteristic of karstic areas.  
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The Suwannee River is of great interest to the State of Florida due to its historical 

and recreational importance; however, the increase of nitrogen (N) is of concern and 

interest to water resources agencies. In north-central Florida, the Suwannee River flows 

through groundwater areas of high nitrate concentrations and ultimately drains in the 

Gulf of Mexico, where nitrate loadings can cause ecological damage. These elevated 

concentrations come from a mix of organic (manure and wastewater) and inorganic 

sources (i.e. fertilizers) (Katz et al. 1999). Fertilizer inputs are contributing to excessive 

nutrients to groundwater recharge impacting the quality of spring waters (Katz 2004). 

Previous studies have shown the increase of nitrate-N in springs from 

background concentrations (≤0.1 mg/L NO3-N) to above 5 mg/L NO3-N during the last 

40 years (Katz et al. 1999; Katz 2004). Continued studies in the SRB area during the 

period 1940-1998 reported evidence that the greatest nitrate-N pollution found in the 

lower basin comes from fertilizer sources (Katz et al. 2009). Large variations and 

increments of nitrate-N have been found in the SRB Florida springs; ranging from 1.3 to 

8.2 mg/L at Royal and Convict Springs, respectively (Upchurch et al. 2007); possibly 

caused by septic tanks or from fertilized cropland nearby (Hornsby and Mattson 1997).  

Concerns have risen over the structure and function of freshwater ecosystems 

due eutrophication (i.e. excessive richness of nutrients in body of water) derived from 

urban, agricultural and industrial development associated with climate change that have 

promoted toxic cyanobacteria growth (blue-green algae) (Paerl and Huisman 2008; 

Paerl and Otten 2013). The cyanobacterial harmful blooms (CyanoHABs) are toxin 

producing species that have threaten ecological and human health (Huisman et al. 

2005), though the toxin production, residue formation which reduces light to benthic 
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primary producers, and the excessive biomass at bloom die-off which may kill fish due 

to oxygen depletion or hypoxia. Thus, nitrate over enrichment in surface waters may 

cause an overall degradation to the waterbody’s ecosystem. Furthermore, fatal human 

liver, digestive, neurological and skin diseases are the most important human 

consequences of these toxic CyanoHABs (Carmichael 1992; Huisman et al. 2005; Paerl 

et al. 2011). 

Regulations 

With the aim of protecting Florida’s groundwater resources, several regulations 

have been developed in response to the increasing water demand and excess nutrient 

loading to waterbodies. In 1972, the Clean Water Act (CWA) established the basic 

structure for regulating discharge of pollutants into waters of the U.S. (EPA, US 

Environmental Protection Agency 2015a). Within this act (section 303(d)), the Total 

Maximum Daily Loads (TMDLs) were established to set the maximum amount of 

pollutant in a waterbody allocating the required reductions to the pollutant sources 

(EPA, US Environmental Protection Agency 2016a). In 1974, the Safe Drinking Water 

Act (SDWA) determined the level of contaminants in drinking water ensuring drinking 

water quality for the U.S. population. The EPA established maximum contaminant level 

goals (MCLG) for groundwater and drinking water sources. These are “non-enforceable 

health goals, based only on possible health risks and exposure over a lifetime with an 

adequate margin of safety”. The MCLG for nitrate and nitrite are 10 mg/L and 1 mg/L, 

respectively (EPA, US Environmental Protection Agency 2016b). In 1995, the Office of 

Agricultural Water Policy (OAWP) within the Florida Department of Agriculture and 

Consumer Services (FDACS) was established. The OAWP is directly involved with 

statewide programs to implement the Federal Clean Water Act's Total Maximum Daily 
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Load (TMDL) requirements for agriculture. Afterwards, the Florida Watershed 

Restoration Act (FWRA) was passed in 1999 as a response to the TMDLs. 

Consequently, this act determined the Florida Department of Environmental Protection 

(FDEP) as the organization responsible of the implementation of TMDLs through water 

quality protection programs. FDEP established thresholds based on previous research 

developed on the relationship of nutrients to algal growth in springs. Therefore, in clear 

water streams (including spring vents), the nutrient criterion is 0.35 mg/L of nitrate-nitrite 

(NO3 + NO2) as an annual geometric mean (62-302.530 (47) (b), F.A.C., (FDEP 2013). 

The OAWP enables communication among federal, state and local agencies and 

the agricultural industry on water quantity and water quality issues associated with 

agriculture. Thus, the OAWP is actively involved in the development of Best 

Management Practices (BMPs) addressing both water quality and water conservation 

on a site-specific, regional and watershed basis. Producers, industry groups, the FDEP, 

the University of Florida Institute of Food and Agricultural Sciences (UF/IFAS), the 

Water Management Districts, and other parties collaborate in the development and 

implementation of economically and technically feasible BMP programs (FDACS 2013). 

Agricultural Best Management Practices (BMPs) are practices based on 

research, field testing and expert review developed to maintain or improve surface and 

groundwater water quality. In addition, BMPs must be technically and economically 

feasible, and designed to prevent, reduce or treat pollutant discharges entering water 

resources, and to conserve water supply (FDACS 2015a). Water in the U.S. is being 

threatened mainly by non-point sources (urban and agriculture). Runoff draining into 

waterbodies (i.e. lake, rivers, and groundwater) is possibly the greatest contributor to 
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water pollution in the U.S. Thus, producers can prevent and potentially minimize the 

impacts to the environment by implementing BMPs while maintaining agricultural 

production (FDACS 2015a). 

Corn production 

Field corn (maize) production is an important crop for north Florida and southern 

Georgia. In 2012 field corn in Florida and Georgia, had a value of $381.6 million (USDA, 

NASS 2012). The expansion of corn production in the SRB requires irrigation in addition 

to N fertilizer (UF/IFAS recommendation for irrigated corn is 235 kg N/ha, Mylavarapu et 

al. 2015) to optimize economic return. Unpredictable rain combined with high irrigation 

and fertilization in sandy soils makes this region susceptible to nitrogen leaching. 

Hence, understanding the water and N balances (inputs and outputs) in this system 

could improve current management practices in corn production and reduce negative 

impacts to the environment. 

Due to the high mobility of N in the soil, irrigation and fertilization management 

should be managed simultaneously to reduce potential environmental risks caused by 

nitrate leaching. Several research studies have been conducted to evaluate the yield 

responses to irrigation regimes focused on the reduction of irrigation as a reduction in 

the frequency of applications and/or the timing of application in loamy soils. (Klocke et 

al. 2007; Klocke et al. 2011; Payero et al. 2006; van Donk et al. 2013). Klocke et al. 

(2007) evaluated the application of limited irrigation (i.e. lower water applications than 

full crop demand), dryland and full irrigation in corn grown in crop rotations in deep silt 

loam soils. Limited irrigation yields were 80-90% of full irrigated yields while applying 

approximately half the applied water. This study started irrigation at the beginning of the 

reproductive stage, when water was most critical (Klocke et al. 2007). Djaman et al. 
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(2013) examined the effect of four irrigation regimes (fully irrigated treatment (FIT), 75% 

FIT, 60% FIT, and 50% FIT) and a rainfed treatment on several response parameters. 

In terms of grain yield, no significant differences were found between the 75% FIT and 

100% FIT irrigation regimes evaluated; and the 75% FIT and 60% FIT treatments were 

very similar to the 100% FIT in terms of crop response to water, providing an 

opportunity reduce water use while increasing crop water productivity (Djaman et al. 

2013). 

Other studies evaluated corn yield responses to N rates and irrigation rates, 

particularly in areas vulnerable to nitrate leaching (Al-Kaisi and Yin 2003; Derby et al. 

2005; Ferguson et al. 1991; Gehl et al. 2005; He 2008). Gehl et al. (2005) evaluated 

corn yield response to six N treatments in sandy soils: (i) 300 kg N/ha applied at 

planting, (ii) 250 kg N/ha applied at planting, (iii) 250 kg N/ha split (50% applied at 

planting and 50% side-dress at V-6 crop stage), (iv) 185 kg N/ha split (33% applied at 

planting and 67% side-dress at V-6 crop stage), (v) 125 kg N/ha split (20% applied at 

planting, 40% side-dress at V-6 crop stage and 40% applied at V-10 crop stage), and 

(vi) 0 kg N/ha. Maximum grain yield was achieved using a split application of 185 kg 

N/ha; however, in most cases 125 kg N/ha was satisfactory to reach maximum yield. 

Authors emphasized in the importance of an efficient use and timing of N fertilizer (i.e. 

split applications) with an optimum irrigation management in regions vulnerable to 

nitrate leaching.  

In Florida, careful management of N fertilization is recommended due to its 

mobility and potential leaching in sandy soils (Wright et al. 2003). Split applications (i.e. 

multiple applications with small amounts) are recommended to improve plant nutrient 
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uptake and reduce N leaching (Li and Yost 2000). In general, these applications consist 

of a starter fertilizer applied at planting near the row fulfilling 20-25% of the crop N 

demand; whereas the 75% of the N requirement can be applied side-dress and/or 

through fertigation throughout the season (Wright et al. 2003). 

Along with these recommendations and following the “Four Rs of Fertilizer 

Management” (i.e. right source, right rate, right time and right place approach), 

adequate water management is intrinsically linked with nutrient management for 

maximizing plant uptake and limit potential losses to the environment (Hochmuth et al. 

2014). In soils with low water holding capacities, low amounts but more frequent water 

applications have been proven to result in better results compared to high irrigation 

volumes with fewer applications (El-Hendawy and Schmidhalter 2010; He 2008; 

Hochmuth 2000; Locascio 2005). Irrigation scheduling (i.e. timing and depth of 

irrigation) is more efficient when based on ET or soil moisture sensors (SMS) (Irrigation 

Association 2011). Implementing automated irrigation using soil moisture sensors could 

be an alternative to manage frequent and low volume applications for crop production in 

sandy soils (Munoz-Carpena et al. 2005). 

Crop simulation models 

Computer models can be used to predict growth and development of a crop, 

determine optimum yield, and to estimate environmental impacts. The Decision Support 

System for Agro-technology Transfer (DSSAT) is a computer program that comprises 

simulation models for 42 crops including maize (Hoogenboom et al. 2015). Further, the 

CERES-Maize model within the program simulates yield together with water and N 

transformations and uptake (Jones et al. 1986). Therefore, DSSAT is a tool that can be 

used for the determination of growth and yield, as well as, to estimate the N loads from 
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non-point sources to the environment (i.e. excess NO3-N leaching) and therefore, 

improve irrigation and N management practices in crop production. 

The CERES-Maize model divides the crop cycle into several phases and 

determines the rate of growth development using thermal time, or growing degree days 

(GDDs), which is calculated using daily maximum and minimum temperatures. The 

GDDs required to progress from one growth stage to another are either defined as a 

user input or are computed internally based on user inputs and assumptions about 

duration of intermediate stages.  

The main purpose of the CERES crop simulation models is to predict crop growth 

duration, development (i.e. average growth rate), as well as, the partitioning (i.e. 

distribution of assimilates into various plant parts). These models estimate biomass 

growth using the radiation use efficiency (RUE) approach and then the biomass 

produced is partitioned into the different organs (e.g. leaves, stems, roots, ears and 

grain). Therefore, a concept defined as “thermal time” is used due to the close link 

between temperature and growing stages (Ritchie, J. T. et al. 1998). Thermal time (td) 

can be defined as: 

𝑡𝑑 = ∑(𝑇𝑎
̅̅ ̅ − 𝑇𝑏)

𝑛

𝑖=1

 

 

(3-1) 

Where:  
Ta= daily mean air temperature 
Tb=base temperature at which development stops 
n= number of days of temperature observations used in the summation. 
 
According to (Monteith 1977), biomass production was linearly related with 

cumulative light interception along with adequate water and nutrients. Therefore, the 

RUE method is used in the CERES models to estimate biomass production using a 
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crop-specific RUE parameter. In the model it is assumed that the photosynthetic active 

radiation (i.e. light quantity available for plant interception) is half the input for daily solar 

radiation. Light interception is calculated as a function of leaf area index (LAI), plant 

population and row spacing. However, the new amount of dry matter available for 

growth per day is modified by the most limiting of water, N, temperature and/or CO2 

concentration. Therefore, aboveground biomass has priority for carbohydrates (the 

unused carbohydrates, are allocated to the roots) (Jones et al. 2003). 

The stage of development and the growing conditions (i.e. management and 

environment) influence the partitioning process, which is based on a ‘sink/source’ 

concept and are modified due to water and nutrient deficiencies. Based on temperature 

and the cultivar coefficient (G3), the ‘sink’ capacity is calculated. This corresponds to 

the potential kernel growth rate at optimal temperature, which is negatively impacted 

due to unusual low or hot temperatures. The daily biomass production and the 

assimilates stored in the stems correspond to the ‘source’ for grain filling. This period is 

not directly affected by water or nutrient deficits; however, a low supply of assimilate 

(i.e. products from photosynthesis such as sucrose) production during grain filling is the 

major cause for a reduction in yield and grain weight. Yield is determined as the grain 

number per plant times the average kernel weight at physiological maturity. Grain 

number is determined using the average photosynthesis per plant during a period close 

to silking based on the cultivar’s genotype potential, canopy weight, average rate of 

carbohydrate accumulation during flowering, along with temperature, water and N 

stresses. Potential kernel number is a user-defined input for some cultivars (e.g. the 

genetic coefficient G3 can be calibrated). Afterwards, the model calculates the daily 
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grain growth rate based on user-specified cultivar input (i.e. optimum kernel growth rate) 

multiplied by the duration of grain filling period. Thus, temperature and assimilate 

availability modify growth daily rate. However, a fraction of carbon can be remobilized 

from vegetative to reproductive sinks, if the daily pool of carbon is insufficient to allow 

growth at potential rate (Jones et al. 2003; Ritchie et al. 1998). 

This model simulates a daily soil water balance (SWB) and it uses soil inputs to 

calculate: drained upper limit (DUL, equivalent to field capacity with water potentials in 

the range of -0.1 to -0.33 bar), the lower limit of plant water availability (LL, equivalent to 

permanent wilting point and to water potential of -15 bars), and saturation point (SAT, 

equivalent to field saturation). These three inputs are required for all layers defined. 

Other inputs required, but not for particular depths are: the soil surface albedo (SALB), 

the limit of first stage soil evaporation (U), the runoff curve number (CN2) and the 

drainage coefficient (SWCON). Runoff is calculated by a modification of the USDA Soil 

Conservation Service (SCS) curve number method (Williams 1991), which empirically 

derived the approximate volume of runoff when only daily rainfall is known (Ritchie 

1998). 

A cascading approach is used for soil water redistribution during infiltration 

processes (i.e. downward movement of water from the surface to lower layers). When 

the soil water content of a layer (SW (L)) is between the saturation point (SAT (L)) and 

the drained upper limit (DUL (L)), drainage occurs. After calculating the movement of 

water among soil layers, the drainage at the bottom layer represents the total outflow 

from the lowest layer in the soil profile. This water flow rate is also used for the nitrate 
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leaching calculation (Ritchie 1998). The model uses a daily time step for the 

simulations. 

Plant growth can be affected by N supply. Nitrogen is an essential element 

required for the synthesis of chlorophyll, protein and enzymes, and it is vital for the 

utilization of carbohydrates (Below 2002; Godwin and Singh 1998; Taiz et al. 2015). 

Earlier in the growing season, higher N concentrations are typical in young plants due to 

the formation of organic N compounds; whereas, as the plant grows, lower amounts are 

required; lowering whole plant N concentration. The presence of both, NH4
+ and NO3

- 

provides better growth due to the cation-anion balance within the plant (Bloom 1994). 

The CERES-Maize model simulates N uptake by evaluating the potential N supply from 

the soil and the demand of the crop. The crop N demand has two main components: (i) 

deficiency demand, which is the N demand to reach critical N concentration (i.e. the 

lowest concentration at which maximum growth occurs); and (ii) demand for new 

growth, which is usually a lower component of N demand. During grain filling, the grain 

N requirement is moved from vegetative and root pools to a grain pool. This reduction in 

vegetative pools might cause an increase in the N demand. The total plant N demand 

(ANDEM) is calculated as the sum of the deficiency demand and the demand for new 

growth (Godwin and Singh 1998). 

To calculate the potential N from the soil, the model calculates availability factors 

for nitrate and ammonium from soil concentrations. Then, a soil water factor (calculated 

using the relative availability of soil water) is used to determine N uptake. This factor is 

reduced as soil moisture reaches saturation to account for anaerobiosis and reductions 

in root function. Then the maximum N uptake per layer is dependent of the coefficient of 
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maximum daily N uptake and the total root present in each soil layer. Thus, the potential 

N uptake from the soil profiles an integration value dependent on root density, nitrate 

and ammonium concentrations present in the soil, as well as, soil moisture. However, if 

the potential supply is greater than the crop demand, an N uptake factor is calculated, 

and it will reduce the N uptake per layer to reach the N level of the demand (Godwin 

and Singh 1998). 

As part of the N cycle, N mineralization corresponds to the decay of crop 

residues and soil organic matter, which can lead to a net release of mineral N. 

Immobilization is also related; however, it occurs when inorganic N compounds are 

converted into organic and are temporarily unavailable for plant uptake. In DSSAT, the 

model simulates the decay of fresh organic matter (FOM) (i.e. crop residue or green 

manure) and the associated turnover of the fresh organic N (FON). The inputs in the 

model are: the amount of this material, the C:N ratio and its depth of incorporation into 

the soil. Using these inputs, as well as, an estimated root residue remaining from the 

previous crop, FOM and respective FON amounts are ascribed to the soil layers. The 

three main pools comprising the FOM pool are: carbohydrate, cellulose and lignin. Each 

of these pools have a different decay rate (under non-limiting conditions, a constant 

decay rate of 0.20, 0.05 and 0.0095 is used, respectively for those pools). The three 

main factors influencing decay rate are: moisture, temperature and C:N ratio (Godwin 

and Singh 1998). The mineralization of the humic fraction (more stable fraction of soil 

organic matter) occurs at a slower rate. 

The oxidation (i.e. under aerobic conditions) of NH4
+ to NO3

- is referred as 

nitrification. This process is limited by oxygen, soil pH, availability of ammonium, 
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temperature and soil water. In DSSAT, nitrate and urea are capable of moving across 

layers, whereas ammonium is not. This movement is highly dependent on water 

movement. Therefore, first the volume of water moving across layers is calculated (i.e. 

flux) then using the water present per layer and this flux of water draining per layer, the 

nitrate lost per layer is calculated. Using the cascading approach (from upper to lower 

layer), a fraction of the mass nitrate from each layer moves with each drainage event to 

the following layer. No further leaching occurs for concentrations lower than 1 µg NO3 

(g-1 soil) (Godwin and Singh 1998). 

Due to the inherent relationship between irrigation and fertilization, an adequate 

management of both are required for successful crop production in sandy soils 

minimizing N leaching and groundwater pollution. Field experiments associated with 

cropping simulations systems are tools that can help understand several processes 

occurring in the soil, crop and environment and therefore evaluate the effectiveness of 

best management practices. 

Hypotheses 

1. Irrigation and N rate Best Management Practices (BMPs) reduce water use and N 
leaching in corn production. 

2. University of Florida/ Institute of Food and Agricultural Sciences (UF/IFAS) 
recommended N rates produce similar corn grain yields and N uptake as higher N 
fertilization rates, but less leaching. 

3. Peanut N fixation contributes to N fertilization in corn as a subsequent crop. 

Objectives 

1. Develop a water and N balance using DSSAT crop simulation models to better 
estimate N processes and N fate within a corn-fallow-peanut-fallow-corn rotation. 

2. Evaluate the effectiveness of three irrigation treatments and three N fertility rates on 
N uptake and N leaching in corn-fallow-peanut-fallow-corn crop rotation in sandy 
soils using DSSAT crop simulation models. 
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3. Evaluate the effect of peanut N contribution to the N requirement in subsequent corn 
season using DSSAT crop simulation models.  

4. Estimate N mineralization from crop residue and potential contributions for 
subsequent crop production using DSSAT crop simulation models. 

Materials and Methods 

Study Site 

A three-year research study (2015-2017) was conducted at the North Florida 

Research and Education Center – Suwannee Valley (NFREC-SV), near Live Oak, FL 

(30.31353N, -82.90122W). Predominant soils were identified as: Blanton-Foxworth-

Alpin complex (48.7%), Chipley-Foxworth-Albany (31.6%) and Hurricane, Albany and 

Chipley soils (19.6%) (USDA, NRCS 2013). The taxonomic classification for these soils 

is shown in Table 4-1. This chapter will focus on the crop rotation planted in the Chipley-

Foxworth-Albany soil predominantly. 

Irrigation Treatments 

The corn and peanut irrigation treatments evaluated in this section were: 

1. GROW: mimics grower’s irrigation practices. Information regarding local grower 
practices was collected from extension agents and the Suwannee River Water 
Management District (SRWMD) to develop the GROW method. The target irrigation 
rates vary based on growth stages. For the first 30 days after planting (DAP) zero 
irrigation was applied (unless severe windy conditions occurred). At 31 DAP, 25 
mm/wk was targeted unless rainfall events equal or greater to 10 mm occurred. At 
40-59 DAP, target irrigation was 38 mm/wk with irrigation events of 10 mm. If rainfall 
events were equal or greater than 13-19 mm one irrigation event was skipped, and 
two events were skipped if greater than 19 mm of rain occurred. Afterwards, the 
irrigation target increased up to 51 mm/wk 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, at full dent stage (105 DAP), weekly irrigation targets were 
41mm/wk. If rainfall events were equal or greater than 13-19 mm one irrigation event 
was skipped, and two events were skipped if greater than 19 mm of rain occurred. 
Irrigation was terminated after physiological maturity (i.e. black layer) around 115 
DAP. 

2. SMS: capacitance probes monitored volumetric water content. The Sentek probes 
(Sentek Pty Ltd, Australia) consists of nine sensors placed every 10 cm starting from 
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5 cm to 85 cm. Irrigation was determined using the maximum allowable depletion 
(MAD as 50% from FC an PWP) and field capacity (FC) points to refill the soil profile 
with irrigation according to guidelines proposed by Zotarelli et al. (2013). 

A total of 10 mm per irrigation event was applied. A comparison between theoretical 
and actual values of FC, MAD and PWP was performed for different root depths 
resulting in close values among them (e.g. average FC = 9.3% (±0.2) in a 30 cm root 
zone depth vs. 9.1% FC theoretical value). Therefore, based on the published Soil 
Survey from Florida theoretical values for Chipley-Foxworth-Albany soil were used in 
this study (FC = 9.1%, 50% MAD = 6.3%, AWHC = 0.05 cm/cm and PWP = 3.5%) 
(NRCS 2016). 

Based on root/crop development, the soil water content measured by the different 
sensors was adjusted through the growing season. The irrigation for SMS treatment 
was triggered when VWC in any of the probes showed values below the 50% MAD 
threshold. 

3. NON: non-irrigated/rainfed plots. These plots were used as a control for comparison. 
These plots received irrigation after granular fertilizer applications to provide 
adequate moisture conditions for nutrient uptake. 

Nitrogen Fertility Rates 

1. High: 336 kg N/ha. It represents fertilization amounts commonly applied in corn 
production in Florida. 

2. Medium: 247 kg N/ha. This N rate is slightly above the UF/IFAS recommendation for 
irrigated corn (235 kg N/ha, Mylavarapu et al. 2015). 

3. Low: 157 kg N/ha. It represents a low N scenario (due to low water holding capacity, 
low organic matter and low cations exchange capacity in sandy soils, a minimum N 
is required for growth). 

Note: following the BMP manual (FDACS 2015a), during the 2017 corn season, an additional 
fertilization of 17 kg N/ha was applied on 6 April 2017 to all N rates due to leaching rain events 
occurred on 4 and 5 April (cumulative rainfall = 108 mm). 

 
Experimental Data for Evaluation of Model Performance 

Data collected during the rotation ‘corn-fallow-peanut-fallow-corn’ in the 

experimental field at the NFREC – SV, was analyzed and compared to simulations 

using CERES-Maize crop model within DSSAT. Observed data consisted of:  

 Final total aboveground biomass: tissue sampling was performed in-season and at 
the end-season (end of the growing period of both crops). In season samplings were 
performed in SMS treatment only; whereas the end-season samples were collected 
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across the three irrigation and three N fertility rates (high, medium and low). Plant 
sections were separated into leaves, stems, and ears/pods, were dried (60°C for 72 
hours) and analyzed for Total Kjeldahl Nitrogen (TKN) digestion. For nitrogen 
analysis, samples were digested using a modification of the aluminum block 
digestion procedure of (Gallaher et al. 1975). Sample weight was 0.25 g, catalyst 
used was 1.5 g of 9:1 K2SO4:CuSO4, and digestion was conducted for at least 4h at 
375°C using 6 ml of H2SO4 and 2 ml H2O2. Nitrogen in the digestate was determined 
by semi-automated colorimetry (Hambleton 1977). Nitrogen uptake (kg/ha) of the 
different plant tissues was calculated using the % N concentrations obtained from 
TKN laboratory analysis. The final dry weight of aboveground biomass (i.e. sum of 
leaves, stems, ears/pods in kg/ha) was compared with DSSAT simulations. 

 N uptake: N (%) concentration obtained from the tissue samples was multiplied by 
the corresponding biomass dry weight to obtain total N uptake (aboveground). This 
was compared with DSSAT simulations. More details on biomass and N uptake can 
be found in Chapter 2. 

 Soil N (NO3-N and NH4-N): Pre-plant soil samples were taken on GROW, SMS and 
NON treatments across all N fertility rates to determine initial soil conditions in corn 
(pre-plant/fertilization) (Table 4-2). To determine N levels throughout the soil profile, 
soil samples were taken at 0 – 15, 15 – 30, 30 – 60 and 60 – 90 cm biweekly during 
the crop growing season and monthly after harvest. Following a protocol, soil 
samples were collected using a hand or a power auger. Each depth sample was 
well-mixed and a sub-sample was collected, sealed in plastic bags, kept refrigerated 
and transported in coolers for processing. Field samples fresh weight was recorded 
and samples were divided in two sub-samples of at least 100 g placed in aluminum 
plates: 

a) Analytical Research Laboratory (ARL) sub-sample: fresh weight was measured. 
Then, samples were air-dried for 48 hours, sieved using a 2 mm sieve, placed in 
paper bags and delivered to the ARL lab (UF/IFAS Anserv Labs 2011) for NO3-N 
and NH4-N analysis following the EPA 353.2 and the EPA 350.1 procedures, 
respectively. 

b) Agricultural and Biological Engineering (ABE) sub-sample: fresh weight was 
recorded. Samples were oven-dried at 105 °C for 48 hours. Dry weight was 
recorded to determine gravimetric water content. Volumetric water content was 
calculated based on field bulk density measurements (bulk density values per 
soil type and depth can be found in Table 4-2). 

 Soil moisture: Sentek probes (Drill & Drop MTS Probe) consist of the three main 
associated sensors (i.e. moisture, salinity and temperature) all encapsulated in one 
probe. The sensors are spaced at 10 cm intervals, with the first sensor at 5 cm from 
the top of the probe, and a total probe length of 90 cm. Sensor numbers increase 
with sensor depth (Sentek Pty Ltd 2003). To monitor soil moisture and salinity at 
different depths in the soil profile, 54 Sentek probes were installed in treatments 
GROW, SMS and NON irrigation treatments across all fertility rates (high, medium 
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and low) in both crop fields. Sensors collected data every 30 minutes during the 
2015-17 crop growing seasons.  

The sensor provides three outputs: soil moisture content, salinity and temperature 
(Sentek Pty Ltd 2003): 

a) The first output is a signal of dimensionless frequency (raw count) that is 
converted into volumetric water content (Vol %) or millimeters of water per 100 
mm of soil depth. 

b) The second output is a dimensionless frequency (raw count) that in conjunction 
with the first output signal, is proportional to changes in soil water content and 
salinity. The output of the data model is nominal Volumetric Ion Content (VIC). 
These measurements can be quantitatively related to the soil Electric 
conductivity (EC) through site specific soil sampling and analysis (Sentek Pty Ltd 
2003). 

DSSAT crop simulation models  

The CERES-Maize model and the CROPGRO models within DSSAT 4.7 (Jones 

et al. 1986) were used for estimating drainage amounts and N leaching, as well as, 

other processes involved in the cycles that improve the understanding of water and N 

transport and fate in a corn and peanut rotation. 

Model inputs 

DSSAT CERES– Maize Four main input files created in DSSAT for model 

calibration are described as follows: 

Soil. Required soil inputs for all layers are: drain upper limit (DUL, which could 

be equivalent to FC), the lower limit of plant water availability (LL, equivalent to PWP), 

and the field saturation (SAT). Other inputs used are: the soil surface albedo (SALB), 

the limit of first stage soil evaporation (U), the runoff curve number (CN2) and the 

drainage coefficient (SWCON). A modification of the USDA Soil Conservation Service 

(SCS) curve number method (Williams 1991) is used to estimate runoff (RO). 
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A cascading approach is used for soil water redistribution during infiltration 

processes. When soil water content of a layer (SW (L)) is between the saturation point 

(SAT (L)) and the drained upper limit (DUL (L)), drainage occurs. In nitrate leaching 

calculations, this water flow rate is also calculated. 

For the model calibration, average soil data (pH, TKN (%), initial N (NO3-N and 

NH4-N), bulk density (Mg/m3), sand (%), clay (%), loam (%), DUL, LL and calculated 

total organic C (%),) was obtained from pre-planting soil samples taken prior to fertilizer 

applications. These values were included as inputs in the model. For Chipley-Foxworth-

Albany (the predominant soil type identified) soil taxonomic characteristics, drainage 

and slope were obtained from the Soil Web Survey (NRCS 2016b). 

Weather. Weather data was obtained from the on-site FAWN weather station 

located in Live Oak, FL (30.305 N, -82.8988 W, at an elevation of 165 ft.) (FAWN 2017). 

The main weather parameters collected were: minimum and maximum air temperature, 

solar radiation, and rainfall on a daily basis. Historical weather data was collected from 

2002 to 2017 and it was used as inputs for model testing. 

Cultivar Genetic Coefficients. In the field experiment located in Live Oak, FL, 

the corn hybrid Pioneer 1498 YHR/Bt was used for evaluation. However, this cultivar 

was not found in the DSSAT database; therefore, the crop growth and yield parameters 

of the cultivar ‘McCurdy 84aa’ were calibrated to approximate the simulated values 

closer to the measured values following the systematic approach described by Hunt and 

Boote (1998) (see model calibration section). For peanut, the cultivar ‘Peanut O6G’ was 

evaluated in the field experiment; whereas, in DSSAT, the cultivar ‘Georgia Green’ was 

used for simulations. 
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Crop management. The model followed field experiment planting specifications: 

row spacing of 76.2 cm with a 16.5 cm seed spacing for a total plant population of 

80,300 plants/ha for corn. Whereas a row spacing of 76.2 cm and seed spacing of 6 cm 

or a total plant population of 222,300 seeds/ha in peanut. Table 4-3 shows the fertilizer 

applications performed at each N fertility rate during 2015 corn, 2016 peanut and 

2017corn seasons. Figure 4-1 shows the irrigation applied during those seasons, 

respectively. Field management information was used as inputs for model testing (Table 

4-3). 

Model calibration 

The process of estimating model parameters by comparing model predictions for 

a given set of assumed conditions with observed data is called model calibration. Model 

calibration is an important step to ensure adequate constants and response functions 

for the species with which the model was developed, as well as, to ensure that the 

model works well for the cultivars used in a particular region (Hunt and Boote 1998). 

When calibrating a model, following a systematic approach has been 

recommended, in which the parameters are evaluated in a logical sequence (Hunt and 

Boote 1998). The cultivar file for maize has a total of six genetic coefficients: P1, P2, 

P5, G2, G3 and PHINT. 

 P1: Thermal time from seedling emergence to the end of the juvenile phase 
(expressed in degree days above a base temperature of 8°C) during which the plant 
is not responsive to changes in photoperiod. 

 P2: Extent to which development (expressed as days) is delayed for each hour 
increase in photoperiod above the longest photoperiod at which development 
proceeds at a maximum rate (which is 12.5 hours).  

 P5: Thermal time from silking to physiological maturity (expressed in degree days 
above a base temperature of 8°C). 



 

226 
 

 G2: Maximum possible number of kernels per plant. 

 G3: Kernel filling rate during the linear grain filling stage and under optimum 
conditions (mg/day). 

 PHINT: Phylochron interval; the interval in thermal time (degree days) between 
successive leaf tip appearances. 

The systematic approach proposed by Hunt and Boote (1998) was followed to 

calibrate maize genetic coefficient parameters using the cultivar ‘McCurdy 84aa’ 

(already in the DSSAT cultivar database) suitable for Florida conditions. The SMS – 

high N rate treatment was selected for calibration, under the assumption of being the 

non-stressed treatment capable of achieving maximum growth and yield potential. 

Calibration steps were as follows: 

1. Crop life cycle. The first step in the calibration focused in two main growth 
parameters: flowering date (P1) and maturity date (P5). Therefore, from the “general 
cultivars”, the McCurdy 84aa, a cultivar suitable for Florida conditions was selected 
to start the calibration (assuming the critical day length and photoperiod sensitivity 
values are correct). Then, using observed data, the duration of the period between 
germination/emergence and flower appearance until the flowering date was adjusted 
until it was simulated correctly. Afterwards, the period between first seed and 
physiological maturity was adjusted until simulated maturity date was correct. Based 
on field records, flowering date occurred on 57 DAP and physiological maturity 
occurred on 115 DAP. Thus, P1 decreased since flowering date was occurring 
earlier than the original cultivar; whereas, P5 increased since maturity date needed 
to be delayed compared to original cultivar. 

2. Dry matter accumulation. Afterwards, a comparison between simulated and 
measured total aboveground biomass data was performed (Figure 4-2). Simulated 
biomass was within the range of variability of the observed data. Thus, no further 
adjustment of the parameters that affect leaf and canopy photosynthesis was 
needed. 

Seed size and seed dry weight. Finally, a comparison with simulated and observed 
final grain weight (i.e. yield) was performed. The maximum number of kernels per 
plant (G2) and the kernel filling rate (G3) were adjusted (i.e. G2 decreased and G3 
increased) until simulated and observed final seed number and weight matched. 
Therefore, to calibrate these coefficients, a range of parameter values were selected 
and compared with observed biomass and yield. For G2, a range from 920 to 800 
with reductions of 10 units were evaluated until biomass resulted in the lowest 
RMSE compared with observed data. Then, for G3, a range from 8 to 10 with 
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increments of 0.25 were evaluated. The combination of genetic coefficients were 
used to simulate biomass and yield for a total of 21 iterations. Calculated RMSE 
values for biomass and yield were 1,744 and 62 kg/ha compared to the average 
data across blocks. Table 4-4 shows the comparison of simulated and observed 
biomass and yield across a range of combined genetic coefficient parameters. Final 
calibration results (G2 = 800, G3 = 10) were selected based on lowest RMSE 
compared to biomass and yield average observed data. Table 4-5 shows calibrated 
cultivar used for simulations. 

The model outputs were compared with observed data from the south field crop 

rotation growing season (corn 2015, fallow 2015-16, peanut 2016, fallow 2016-17, corn 

2017 and fallow 2017-18). Data included as inputs of the model were: biomass (leaf, 

stem, and ear), N concentration (leaf, stem, and ear), soil parameters (soil physical 

characteristics (sand, silt, clay) and chemical characteristics, NO3-N and NH4-N at 4 

depths through the season) and final grain yield data. The model was evaluated for N 

concentrations (e.g. calculations for plant N uptake), biomass (leaf, stem and ear weight 

in season), final yield and potential N leaching. Soil samples were taken before 

planting/fertilizing and the results were used to determine main soil parameters and 

initial soil conditions for model inputs (see DSSAT CERES-Maize section). 

Fertilizer applications are summarized in Table 4-3. Total N applied across 

seasons were: 336, 247 and 157 kg N/ha in corn 2015 season, 17 kg N/ha in peanut 

2016 (minimal N requirement), and 353, 264 and 174 kg N/ha in corn 2017. The DSSAT 

CERES – Maize model simulations were performed using the methods described in 

Table 4-6, the planting and harvest dates described in Table 4-7, and initial conditions 

input values defined in Table 4-8. 

The DSSAT Century method was used for the soil organic matter module. Using 

observed organic matter values from initial sampling, total organic C was estimated for 

the model initiation (Total Organic C = Organic Matter/1.72). All simulations were 
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performed using the ‘Finesand LOUSUF007’ soil, which was developed in DSSAT using 

observed data. This soil file was constructed using four depths (0 – 15, 15 – 30, 30 – 60 

and 60 – 90 cm), same as the soil N data collected in the experimental field. The 

simulation start date was 2 April 2015 (i.e. one day prior corn planting date in 2015). 

The previous crop (before crop rotation) was defined as ‘Bahia grass’ in the model to 

represent a mix of grasses during the fallow period prior to planting corn in the 

experimental field. Water and N simulation balances were turned ‘on’ in the model. The 

model output was evaluated and compared to measured field values. 

Model performance evaluation 

The DSSAT CERES-Maize model has been extensively used in corn production 

for crop growth, development, as well as, other interactive processes (Li et al. 2015; Liu 

et al. 2011; Ma et al. 2006; O'Neal et al. 2002; Paredes et al. 2014; Paz et al. 1999). 

Crop model performance was quantified by calculating the root mean square error 

(RMSE) on soil moisture, soil nitrate, final N uptake, final biomass, and yield per season 

(i.e. corn 2015, peanut 2016 and corn 2017) over the irrigation treatments and fertility 

rates evaluated. This is a frequently used measure of the differences between values 

(sample or population values) predicted by a model or an estimator and the values 

observed. It represents the square root of the variance of the differences between 

predicted and observed values. The RMSE serves to aggregate the magnitudes of the 

errors in predictions for various times into a single measure of predictive power. RMSE 

is scale-dependent; thus, it is a measure of accuracy used to compare forecasting 

errors of different models for a particular dataset and not between datasets (Hyndman 

and Koehler 2006). In addition, the coefficient of determination (R2) was calculated for 

irrigated treatments, rainfed treatments and combined treatments (irrigated and rainfed 
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treatments) for all seasons and variables evaluated (i.e. soil moisture, soil nitrate, final N 

uptake, final biomass, and yield). Percent bias (PBIAS) measures the average tendency 

of the simulated data to be larger or smaller than their observed counterparts. The 

optimal value is zero; positive values indicate model bias towards underestimation, 

whereas negative values indicates overestimation compared to observed data (Gupta et 

al. 1999). PBIAS was calculated for total soil moisture. 

Results 

Based on the calibrated parameters, soil moisture and soil nitrate in the total soil 

profile (90 cm), final aboveground biomass, final N uptake and final grain yields were 

compared with observed data taken from GROW, SMS and NON irrigated treatments. 

Comparison was performed using the high N rate (336 kg N/ha), medium (247 kg N/ha) 

and low (157 kg N/ha) rates. The additional 17 kg N/ha fertilization applied on 6 April 

2017 across all N rates as consequence of leaching rainfall events (4 and 5 April 2017) 

was included in the model.  

Model performance 

In season biomass. To evaluate the crop growth and development based on 

calibrated parameters, the aboveground biomass from the non-stressed treatment (i.e. 

SMS – high) was compared with model simulations. The model performance was also 

evaluated comparing estimations under lower fertility rates (SMS – medium and SMS – 

low). Biomass RMSE values were 1,579, 1,275 and 1,408 kg/ha for SMS – high, 

medium and low treatments. RMSE values were lower than the variation within the field 

trial (STD across four blocks = 4,879, 5,356 and 1,780 kg/ha in the SMS – high, medium 

and low treatments, respectively). Thus, these results showed high agreement between 

observed and simulated across all rates (Figure 4-2). 
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Soil moisture. Daily soil moisture in the soil profile (90 cm) during the growing 

seasons (corn 2015- peanut 2016 and corn 2017) was compared with crop simulations 

performed in DSSAT (Figures 4-3 – 4-5). During all crop seasons, calculated RMSE 

values for the GROW, SMS and NON at high N rate were 13, 12 and 18 mm, with R2 

values of 0.59, 0.68 and 0.49, respectively (Table 4-9). Soil moisture simulation during 

corn 2015 was slightly higher than the observed data in the irrigated treatments (GROW 

and SMS). Calculated PBIAS for the GROW, SMS and NON rotation resulted in 7.7, 6.7 

and 6.3; indicating model bias towards overestimation (Table 4-9). However, the 

variation in soil moisture in the measured data across the field was very high (standard 

deviation (STD) ranged from 2 to 31 mm in GROW, and from 1 to 25 mm in SMS 

treatment). Simulated soil moisture was within the range of variability in most of the crop 

rotation for GROW and SMS. The variation in the observations was reduced after corn 

2015 and simulations followed the soil moisture pattern across the irrigated treatments 

within the range of variation (Figures 4-3 and 4-4).  

Disagreement between observed and simulated data is more pronounced from 

mid through late June 2016, and during the month of April 2017. The former period 

represents early growth stages of peanut; whereas, the latter represents early stages of 

corn. The model assumes slower water uptake and/or low evaporation losses from the 

soil profile compared to observed values, resulting in lower moisture content during both 

periods.  

The NON irrigated treatment had the highest RMSE across seasons and 

throughout the entire crop rotation (RMSE = 17, 20, 17 and 18 mm during corn 2015, 

peanut 2016, corn 2017 and during the entire crop rotation) (Table 4-9). The model 
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under predicted soil moisture from 6 June to 16 July 2015. Although rainfall events 

occurred, simulated total moisture was lower than the observed. Similarly, during 8 July 

to 30 July 2017, simulations were lower than observed. Nevertheless, simulated soil 

moisture in the NON treatment followed the trend of the observed data remained within 

the field soil moisture variability (Figure 4-5). 

A study evaluated the performance of CERES-Maize model to simulate soil 

moisture at four depths of 0–20, 20–40, 40–60 and 60–80 for irrigated experiment; 

resulting in nRMSE <15%; indicating a ‘good’ agreement of simulations and observed 

data. In comparison, simulated seasonal variation of soil moisture in the rainfed 

experiment showed larger variations compared to the irrigated experiment (Tojo Soler et 

al. 2007). Another study evaluated the model simulations versus observed soil moisture 

measured in three different sites (Bushland and Prairie View, Texas, and Powder Mill 

Maryland) during four years. Estimated RMSE values ranged from 0.03 to 0.11 cm/cm 

in Prairie View and RMSE ranged from 0.05 to 0.14 cm/cm in Bushland, indicating a fair 

skill in simulating soil moisture in the upper 50 cm. Authors indicated that model 

performance varied year to year, but more accurate soil moisture simulations were 

observed during the growing seasons compared to simulations off-seasons (Meng and 

Quiring 2008) 

Soil nitrate-N. Due to the daily changes in weather, crop growth, soil microbial 

activities and soil water movement, soil mineral N is dynamic and varies over time. 

Measured soil nitrate in the profile (0-90 cm) was compared with DSSAT CERES-Maize 

and CROPGRO simulations (Figures 4-6 – 4-8). Soil sampling events were scheduled 

to track the movement of nitrate before and after the fertilizer applications during all crop 
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season (i.e. nitrate present in the soil, N uptake and N leaching); however, changes to 

the schedule were subject to personnel availability and weather conditions. RMSE was 

calculated to quantify the crop model performance. 

The RMSE values calculated for the high N rate resulted in 10.1, 14.1 and 20.3 

mg/kg in the GROW, SMS and NON treatments. Calculated RMSE values were higher 

to the standard deviation calculated across all samplings (STDall = 7.7, 11.1 and 9.3 

mg/kg). The highest RMSE was seen in the NON – high treatment, reflected by the 

disagreement of the observed versus simulated data particularly during corn 2017. In 

general, the model overestimates nitrate in the soil after all fertilizer applications were 

performed in corn 2015 and 2017. As well, high mineral N resulted from the decay of 

peanut residue. Although the observed data showed a significant increment in soil 

nitrate after fertilization events and organic matter decomposition, it occurred in a lower 

magnitude compared to the simulations. After this peak, the model continues to 

simulate the trend of the observed data (Table 4-10, Figure 4-6). Soil nitrate RMSE 

values calculated for the medium N rate resulted in 8.3, 9.3 and 11.7 mg/kg for the 

GROW, SMS and NON, respectively. These values were close to the standard 

deviation measured across all samplings (STDall = 6.6, 4.8 and 7.3 mg/kg). In general, 

simulated soil nitrate followed the trend of the measured data and it was within the 

range of soil nitrate variability within each sampling event, except during the fallow 

period 2016-17 after peanut biomass was left in the field and soil nitrate simulations 

were higher than observed, as well as, after all fertilizations in corn 2017 (Table 4-10, 

Figure 4-7). Due to the sampling frequency (i.e. monthly after harvest), it is possible that 

higher soil nitrate values were not captured during subsequent sampling in the fallow 
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2016-17 when peanut highest soil nitrate values were simulated. At the low N rate, the 

model simulations overall were within the range of variability of sampling events, except 

for the high peak of nitrate simulated during the fallow 2016-17 due to the mineralization 

of peanut residue. Soil nitrate RMSE values were: 7.1, 6.4 and 8.0 mg/kg; these RMSE 

values were close to the total variability of the observed data during the crop rotation 

(STDall = 6.6, 4.2 and 5.5 mg/kg for the GROW, SMS and NON, respectively) (Table 4-

10, Figure 4-8).  

Most of the disparities between simulated and observed data resulted in the 

period of fallow 2015 – 2016, as well as, during the fallow 2016 – 2017. Thus, during the 

first fallow the observed data in the SMS – high, medium and low N rates and the in the 

GROW – medium and low N rates reflects higher soil nitrate due to the incorporation of 

corn residue through different agronomic practices performed in the field (i.e. disk, 

harrow, and plow). However, the model shows a lower agreement with the observed 

data, since it simulates an increase in soil nitrate of much lower magnitude during these 

periods. In contrast, soil nitrate simulations were over predicted in the second fallow 

period (2016-17). Simulated soil nitrate values were higher than the observed data in all 

treatments due to high mineralization of peanut biomass post-harvest. Nevertheless, 

RMSE values were generally within the range of field observed soil nitrate measured 

standard deviations across different irrigation strategies and N rates. 

A study evaluated the applicability of DSSAT simulation models for soil N and 

decomposition of soil organic matter in low-input systems (Gijsman et al. 2002). Authors 

used the CROPGRO crop simulation model and the Century method to simulate soil 

organic matter residue decomposition using a Brazilian experiment with seven 
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leguminous residue types. Mineral N concentration was evaluated at 0-15 and 15-30 cm 

soil layers, resulting in RMSE ranging from 2.5 to 7.7 mg/kg for the top layer, and from 

3.3 to 12.5 mg/kg in the 15-30 cm soil layer (Gijsman et al. 2002). Thus, RMSE values 

increased with soil depth. These performance indices are lower than the ones found in 

the experimental field in NFREC – SV; however, authors only considered the top 30 cm 

soil layers. Greater disagreement could be found in deeper layers, resulting in higher 

RMSE, as in the experimental field. Nevertheless, the higher mean differences were 

largely due to the peanut residue decomposition, increasing soil N in the profile for the 

subsequent corn growing season. 

N uptake. During the 2015 corn season, the model followed the trend of N 

uptake under the different irrigation strategies and N fertilizer rates. The RMSE for N 

uptake in the irrigated corn was 34 kg N/ha (individual RMSE ranging from 3 to 46 kg 

N/ha). However, these values were lower than the variation within the observed data 

(STD ranged from 14 – 84 kg N/ha). In contrast, the RMSE for rainfed corn was 69 kg 

N/ha (individual RMSE per irrigation and fertility rates ranged from 52 to 83 kg N/ha). 

Higher RMSE occurred in the rainfed treatment, which also was higher than the 

variation within the observed data (STD = 35 kg N/ha). The model over predicted N 

uptake under rainfed conditions. The combined RMSE (i.e. irrigated and rainfed 

treatments) was 43 kg N/ha. Overall, RMSE indicated reasonable results to represent 

the observed N uptake; however, over predicted N uptake under rainfed conditions. The 

R2 values for the irrigated, rainfed and combined treatments were 0.59, 0.78 and 0.80, 

respectively (Table 4-11 and Figure 4-9). 
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During the 2016 peanut season the N uptake was simulated as the total N uptake 

from the soil plus the N fixed by the crop during the growing season. The N uptake 

RMSE values were 36, 30 and 45 kg N/ha for the irrigated, rainfed and combined 

treatments, respectively. All RMSE values were below the variation in the observed data 

(STD = 86, 71 and 87 kg N/ha for the same treatments, respectively). The R2 values for 

the irrigated, rainfed and combined were 0.83, 0.00 and 0.38, respectively (Table 4-11, 

Figure 4-9). 

Model was validated using 2017 field data. Most of the simulations were within 

the range of observed values. However, the model predicted lower N uptake values in 

the GROW-low treatment (i.e. calendar based irrigation and low N) and overall, over 

predicted N uptake in the NON-treatment across all N fertility rates compared to the 

observed values. During the 2017 corn season, RMSE for the irrigated, rainfed and 

combined treatments was 21, 82 and 50 kg N/ha; only the rainfed was higher than the 

variation within the observed data (STD = 45, 28 and 63 kg N/ha for the same 

treatments, respectively) (Table 4-11, Figure 4-9). Like in 2015, N uptake simulations in 

the NON treatment across all N rates were higher than observed data. 

Biomass. Aboveground biomass RMSE values for the irrigated, rainfed and 

combined treatments was 1,680, 1,236 and 1,547 kg/ha. Nevertheless, observed 

biomass variation was higher than the RMSE values (STD = 4,305, 3,499 and 5,056 

kg/ha, respectively). The coefficient of determination (R2 values) for the irrigated, rainfed 

and combined was 0.58, 0.98 and 0.86, respectively (Table 4-12, Figure 4-10). 

In the 2016 peanut growing season, aboveground peanut biomass RMSE values 

were 1,331, 1,396 and 1,353 kg N/ha for the irrigated, rainfed and combined treatments, 
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respectively. The variation in the observed corresponding treatments was 2,668, 2,568 

and 2,778 kg/ha. All RMSE indices resulted in lower values in comparison to variation of 

field experiment. In general, the model simulations follow the biomass trend observed 

across irrigation treatments; thus, RMSE values support a good representation for 

biomass accumulation in peanut (Table 4-12, Figure 4-10). 

For the 2017 corn season, most of the simulations were within the range of 

observed values for the irrigated treatments; however, the model over predicted 

aboveground final biomass in the NON-treatment across all N fertility rates. The RMSE 

for the irrigated, rainfed and combined treatments was 2,207, 8,051 and 4,985 kg N/ha. 

These high RMSE values show the over prediction of the model compared to observed 

data, particularly in the rainfed treatment. During this year, a large variation in the 

measured data was observed (STD = 3,783, 2,233 and 7,399 kg/ha for the irrigated, 

rainfed and combined treatments, respectively). The model provided much lower error 

when simulating irrigated corn biomass versus under rainfed conditions.  

RMSE values obtained in the irrigated treatments across the three corn seasons 

were comparable with the ones reported by López-Cedrón et al. (2008) after testing the 

CERES-Maize model to accurately predict maize biomass and yield under water limiting 

conditions. Biomass RMSE across means of seven irrigation treatments was 2,020 

kg/ha (López-Cedrón et al. 2008). As well, similar biomass normalized RMSE values 

(nRMSE = RMSE/mean of observed data, expressed as percentage) were found by 

Tojo Soler et al. (2007) across four maize hybrids grown in Brazil. Normalized RMSE 

values ranged from 23.6% to 32.9% for the irrigated corn; whereas for the rainfed corn 

ranged from 10.1% to 24.7% across the hybrids evaluated. For comparison, nRMSE 
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were calculated for biomass obtained in the field experiment in NFREC – SV resulting in 

values of 7% equally for the irrigated, rainfed and combined treatments during corn 

2015; 9%, 10% and 9%, respectively for peanut 2016 biomass; and 11%, 87% and 

32%, respectively for corn 2017 season. Based on the model simulation evaluation 

criteria described by Jamieson et al. (2001), these values indicate an ‘excellent’ 

agreement for biomass in 2015 corn and 2016 peanut for all treatments; whereas a 

‘good’ simulation for irrigated corn and a ‘poor’ simulation for rainfed and combined 

treatments during the corn 2017 season. 

Yield. During the 2015 corn season, final yield RMSE for the irrigated, rainfed 

and combined treatments was 1,139 kg/ha, 1,194 and 1,158 kg/ha, respectively. 

Individual estimations of RMSE values across all irrigation and fertility rates ranged from 

399 kg/ha to 1,448 kg/ha. Nevertheless, all calculated RMSE indices were lower than 

the variation within the observed data (STD = 1,765, 3,031 and 2,662 kg/ha). 

Corresponding R2 were 0.65, 0.74 and 0.82. Estimated RMSE values and yield trend 

among irrigation and fertility treatments showed reasonable results to represent the 

observed yields (Table 4-13, Figure 4-11). 

Peanut pod yield RMSE values across irrigated, rainfed and combined 

treatments were 507, 870 and 651 kg/ha. Peanut yield varied between 94 and 876 

kg/ha for irrigated peanut and between 757 and 1,044 kg/ha in rainfed peanut. The 

highest estimated RMSE values were similar to the variation in the observed data (STD 

= 753 and 818 kg/ha for irrigated and rainfed treatments, respectively). The R2 values 

for the irrigated, rainfed and combined were 0.43, 0.12 and 0.95 respectively. Based on 
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the results of the performance evaluation indices, the model provided a good 

representation of the observed peanut yield data (Table 4-15, Figure 4-11). 

In the 2017 corn season, yield RMSE values ranged between 134 and 3799 

kg/ha in irrigated corn; the highest RMSE found in the GROW-Low treatment. In 

contrast, higher RMSE values were found in the rainfed treatment ranging from 4,330 to 

5,826 kg/ha, reflecting a lower agreement with observed data and a yield over 

estimation under rainfed conditions. RMSE values for the irrigated, rainfed and 

combined treatments were 1,661, 5,328 and 3,362 kg/ha, respectively. In contrast, 

variation of observed data was lower in the same corresponding treatments (STD = 942, 

1,362 and 3,338 kg/ha, respectively). RMSE values indicate a better representation of 

yield obtained under irrigated conditions; whereas a yield overestimation under rainfed 

conditions (Table 4-13, Figure 4-11). 

Similar RMSE values have been reported for corn yield after the evaluation of the 

model across seven irrigated treatments (López-Cedrón et al. 2008). Authors reported 

RMSE values of 1,127 kg/ha for irrigated corn grain yield and RMSE values of 2,954 

kg/ha for rainfed corn after model improvements for simulating water deficit. Another 

study conducted by Yang, et al. (2013) evaluated the CERES-Maize model 

performance over long-term continuous maize growth across three N rates: (i) no N 

(N0), (ii) 165 kg N/ha from synthetic fertilizer (N165), and (iii) 50 kg N/ha from synthetic 

fertilizer plus 115 kg N/ha from manure (N165M). Authors used nRMSE and arbitrary 

defined a “good” match to nRMSE values <15%, “moderate” match to nRMSE values 

15% – 30%, and “poor” match to nRMSE values ≥30%. Dry weight yield generally 

agreed with measured yield data; however large disagreements were found in a few 
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years of evaluation, thus, RMSE values were 1,146, 1,482 and 1,749 kg/ha for the N0, 

N165 and N165M treatments. The nRMSE were 26%, 32% and 23%, respectively; 

indicating a ‘‘poor’’ match for the N0 treatment and a ‘‘moderate’’ agreement for the 

N165 and N165M treatments between the simulated and the measured maize yields 

(Yang et al. 2013). These RMSE reported values were similar to the RMSE values for 

irrigated yields obtained in NFREC – SV experimental field. Calculated nRMSE values 

for the irrigated, rainfed and combined treatments were 9%, 13% and 10% in 2015; and 

13%, 92% and 33% in 2017 season, respectively. Thus, according to the classification 

described by Yang et al. (2013) all treatments achieved a “good” agreement during 

2015 season; whereas in 2017, the irrigated, rainfed and combined treatments resulted 

in “good”, “poor” and “moderate” agreement of the simulated versus the observed 

yields, respectively. As well, similar nRMSE values were found by Tojo Soler et al. 

(2007) across four maize hybrids grown in Brazil (nRMSE < 10%).  

Water balance 

Table 4-14 shows the DSSAT simulated water balance for the crop rotation. 

Inputs correspond to irrigation, precipitation, water added with new mulch and initial soil 

moisture; whereas the outputs in the model correspond to drainage, tile -drain flow, 

runoff, mulch evaporation, soil evaporation, transpiration and potential ET. Simulations 

showed negligible values for water added with new mulch (i.e. no mulch added), RO 

(except during excessive and heavy rainfall events; especially influenced by Hurricane 

Irma), tile-drain flow and mulch evaporation. In addition, during the fallow periods, no 

transpiration or irrigation occurred. 

Generally, drainage occurring in irrigated treatments is higher than the NON 

treatment, since soil moisture is kept at high levels (i.e. close to FC) allowing less 
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storage for rainfall events. Despite this fact, to evaluate irrigation efficiency on the 

GROW and SMS treatments in this section, cumulative simulated drainage in the NON 

irrigated was assumed as drainage due to rainfall across all treatments. Then, it was 

subtracted from cumulative drainage due to irrigation to compare the efficiency of 

irrigated treatments on keeping moisture within the soil profile. 

Corn 2015. Irrigation applied in the GROW, SMS and NON treatments during the 

corn 2015 season was 321, 151 and 15 mm, respectively. The SMS treatment resulted 

in 53% water savings compared to the GROW; whereas, in the rainfed treatment 95% 

water savings was achieved.  

During the corn 2015 season, 54 precipitation events occurred totaling 545 mm. 

In general, these events did not exceed 35 mm per event and were uniformly distributed 

during the growing season. Most of the precipitation occurred during reproductive 

stages; stages in which corn is highly susceptible to water stress. Rainfall distribution 

and intensity provided favorable soil moisture conditions for the NON irrigated 

treatment. In fact, no significant differences in yield were found between the SWB 

treatment and the NON irrigated treatment during that year (see Chapter 2). 

Simulated drainage corresponds to water leaving the rootzone as a result of 

rainfall and/or irrigation. Cumulative drainage in the GROW, SMS and NON irrigated 

treatments was 326, 158 and 87 mm for the GROW, SMS and NON treatments 

averaged across fertility rates. Thus, a reduction in final drainage of 51% and 73% was 

obtained by the SMS and NON treatments, respectively. Drainage resulted from 

irrigation was 239 and 71 mm in the GROW and SMS treatments, respectively. 
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Therefore, a sensor-based irrigation scheduling method can reduce cumulative 

drainage by 70% compared to a calendar-based irrigation scheduling method. 

During the growing season, transpiration amounts differed between irrigated 

(GROW and SMS) and the rainfed (NON) treatments; resulting in a 15% reduction in 

transpiration in the NON treatment compared to the irrigated. Slight variations in 

transpiration occurred between N rates, where a 3% reduction in transpiration occurred 

in the low N rate compared to the high and medium rates. 

Fallow 2015-2016. The fallow period 2015-16 covered from late August after 

corn harvest, until early May before the peanut season. Precipitation totaled 617 mm 

from which 60% resulted in drainage (average 370 mm across all treatments). 

Approximately 40% resulted in soil evaporation (average 252 mm across all 

treatments). Due to the intrinsic relationship between water and nitrate leaching, it is 

important to note that during this period about 60% of the total rainfall was lost as 

drainage, and consequently contributed to nitrate leaching. 

Peanut 2016. During the peanut growing season, total irrigation applied was 544, 

193 and 18 mm in the GROW, SMS and NON treatments, respectively. Thus, 64% and 

97% water savings resulted in the SMS and NON treatments compared to the GROW 

treatment. 

Precipitation totaled 659 mm during the season, almost equal to the potential ET 

for this period (673 mm); however, the distribution and excessive amounts resulted in 

losses from the soil profile. Due to high intensity rainfall events, even in the NON 

irrigated treatment, most of the rainfall was not effective, resulting in high drainage 

amounts (i.e. drainage due to rainfall = 306 mm). 
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Total cumulative drainage was 673, 366 and 306 mm in the GROW, SMS and 

NON treatments, respectively. Thus, the SMS treatment reduced total drainage by 46%; 

whereas, the NON treatment by 55% when compared to conventional practices (GROW 

treatment). In contrast, drainage occurring due to irrigation was 367 and 60 mm in the 

GROW and SMS treatments, respectively. Thus, drainage amounts can be reduced in 

84% when using soil moisture sensors to schedule irrigation compared to a calendar-

based method. The model simulated runoff (average cum. runoff = 11 mm) due to the 

high intensity rainfall events occurring during this season. Simulated transpiration 

resulted in a 22% reduction in the NON treatment compared to the irrigated ones. 

Fallow 2016-2017. The fallow 2016-17 period encompasses the late October 

after peanut harvest until early March 2017 time period. Precipitation during this period 

totaled 242 mm; which was 60% lower than in the fallow period in 2015-16. On average 

across all treatments, 98 mm was lost as drainage and 94 mm as soil evaporation. 

Corn 2017. During the corn 2017 season, irrigation applied in the GROW, SMS 

and NON treatments was 548, 303 and 48 mm, respectively. The SMS treatment 

resulted in 45% water savings compared to GROW; whereas, in a rainfed treatment, 

91% water savings were achieved. However, in this corn season, the GROW and SMS 

applied 70% and 100% more irrigation than in the 2015 season. 

During the corn 2017 season, 45 precipitation events occurred totaling 650 mm. 

Unlike the 2015 rainfall, in 2017 some rainfall events exceeded 35 mm and occurred in 

a sequence (i.e. heavy rainfall events consecutively one after the other), as well as, 

after fertilizer applications. The distribution and variation in rainfall magnitude, caused a 

higher requirement for irrigation across the treatments. 
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Total drainage during corn 2017 resulted in 685, 438 and 259 mm for the GROW, 

SMS and NON treatments averaged across fertility rates. Although heavy rainfall events 

were the main cause of drainage (259 mm), still a reduction in final drainage of 36% and 

62% was obtained by the SMS and NON treatments, respectively. Then, drainage due 

to irrigation was 426 and 179 mm in the GROW and SMS treatments, respectively. 

Particularly during the 2017 corn season, due to the variability and uncertainty of 

rainfall, irrigation was scheduled and in certain occasions it was followed by an 

unexpected rainfall event; resulting in drainage from the rootzone. Nevertheless, 

drainage reductions of 58% were achieved when using a sensor-based compared to a 

calendar-based irrigation scheduling method (i.e. SMS vs. GROW treatment). 

During the growing season, transpiration amounts differed between irrigated 

(GROW and SMS) and the rainfed (NON) treatments; averaging a 17% reduction in 

transpiration in the NON treatment compared to the irrigated ones. Transpiration in the 

GROW and SMS treatments receiving the medium and high N rates resulted in similar 

values (average 422 mm); whereas the low rate transpiration was 14% and 7% lower 

(362 and 394 mm for GROW and SMS, respectively). 

Nitrogen balance 

The DSSAT simulated N balance is presented in Table 4-15. In the simulated N 

balance, the model considers: initial – final soil N (total NH4-N and NO3-N), mineralized 

N, and N applied through fertilizer as inputs. Whereas, the outputs of the simulated N 

balance correspond to: N uptake from the soil, nitrate leaching, N denitrified, ammonia 

volatilization and N immobilized. Only significant (i.e. not negligible values) inputs and 

outputs are reported in this chapter. 
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This section shows the N balance simulations performed in DSSAT during the 

corn 2015 – fallow – peanut 2016 – fallow – corn 2017 rotation (Table 4-15). Dynamics 

of components in the N balance (i.e. soil N, N uptake, N mineralized and N leached) are 

shown in Figures 4-12 – 4-14. 

Corn 2015. During corn in 2015, simulated initial N was high (NO3-N + NH4-N = 

39 N kg/ha) due to the incorporation and posterior mineralization of previous grasses 

planted in the experimental field. After corn planting, three N rates were evaluated: low, 

medium and high rates applying 157, 247 and 336 kg N/ha, respectively. Simulated total 

aboveground N uptake varied across fertility rates and irrigated treatments. In general, 

greater N uptake was found in the highest N rates. However, as N rates increased, a 

greater variation in N uptake was found across irrigation treatments; whereas, similar N 

uptake values were found in the low N rate.  

The low N rate (157 kg N/ha) resulted in similar N uptake values across irrigated 

treatments: 232, 250 and 260 kg N/ha in GROW, SMS and NON, respectively. 

Increasing N applications to 247 kg N/ha (medium N rate), resulted in an N uptake of 

250, 290 and 273 kg N/ha in GROW, SMS and NON, respectively. In contrast, N uptake 

in the high rate resulted in: 260, 330 and 274 kg N/ha, respectively. Thus, increasing to 

N applications from the medium to the high N rate (i.e. from 247 to 336 kg N/ha) 

resulted in only 4%, 14% and 0.2% greater N uptake in the GROW, SMS and NON 

treatments, respectively. Whereas, increasing N rates from the low to the high N rate, 

resulted in 12%, 38% and 21% greater N uptake for the GROW, SMS and NON 

treatments, respectively. Therefore, under high fertilizer applications, careful irrigation 
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management is required to maintain N within the rootzone promoting its uptake by the 

crops.  

Ratios of N uptake vs. N applied for the GROW, SMS and NON treatments were: 

1.48, 1.52 and 1.44, respectively at the low N rate; 1.02, 1.18 and 1.12, respectively at 

the medium N rate; and 0.77, 0.98 and 0.82, respectively at high N rate. Thus, these 

ratios provide insights of the use efficiency of the fertilizer application rates across 

irrigation strategies, where the highest ratio values were achieved using the lowest N 

applications and vice versa. The initial N (39 kg N/ha before fertilization) and the rainfall 

amounts and distribution could have contributed to the total aboveground N uptake 

during the season. The initial N was the result of previous fallow periods in which a 

combination of grasses was grown and incorporated into the soil prior to planting. 

However, based on previously described model performance evaluation, it is important 

to note that the model overestimates corn N uptake under rainfed conditions. 

The SMS – low, medium and high N rates resulted in 3%, 16% and 27% greater 

N uptake than the GROW - low, medium and high N rates, respectively. Similarly, the 

NON irrigated treatment resulted in 3% lower and, 9% and 5% greater simulated N 

uptake compared to the GROW treatment. Rainfall contributions during the 2015 

growing season allowed N from the fertilizer to be in solution for uptake; however, 

excessive irrigation resulted in the opposite effect. Nitrate leaching was 16, 83 and 161 

kg N/ha in the GROW – low, medium and high rates, respectively. In comparison, SMS 

NO3-N leaching was 8, 49 and 89 kg N/ha in the low - high rates (i.e. 48%, 51% and 

84% less leaching compared to the GROW across the same rates). N leaching in the 
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NON treatment was 5, 37 and 108 kg N/ha, which represents 65%, 55% and 33% lower 

N leaching compared to the GROW receiving the same N rates. 

The N contribution from previous crops should be considered in the following 

crop fertilization program. Is evident that 39 kg N/ha resulted in a large contribution for 

the uptake of N during initial stages. The high frequency irrigation in the GROW 

treatment resulted in lower N uptake and larger N leaching amounts (i.e. GROW – high 

N); whereas, keeping adequate moisture for plant growth, allowed greater N uptake and 

reduced N leaching (i.e. SMS – high and medium rates). 

Fallow 2015-16. During this period the initial N ranged from 8 - 32 kg N/ha; the 

highest value in the NON – high N rate treatment. Soil N from inorganic fertilizer or as 

result of mineralization processes remains in the soil profile if crop is unable to uptake it. 

Thus, in the NON-irrigated treatment, the excess of N not taken up by the crop was 

available for the following season. Furthermore, after harvest, corn residue (i.e. all 

biomass except ears) was left in the field; allowing mineralization processes to occur. 

During the fallow 2015-16 period, the potential cumulative mineralize N was 198, 220 

and 236 kg N/ha on average on the GROW, SMS and NON irrigation treatments across 

N rates, respectively. However, simultaneous processes are happening in the model; 

thus, not all this amount is available for plant uptake. Cumulative N immobilized 

averaged 115 kg N/ha across all treatments; whereas average N leaching was 66, 79 

and 120 kg N/ha for the GROW, SMS and NON irrigated treatments across N rates. 

Particularly in the high N rate, simulated N leaching during this fallow period (after corn 

fertilizers applied in 2015) resulted in high values across all irrigated treatments (68, 96 

and 149 kg N/ha in the GROW, SMS and NON – high, respectively). The cumulative 
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mineralization values were reduced on average to 26 kg N/ha as mineral N available at 

the end of the season after all soil processes occurred. N leaching could potentially be 

reduced if a winter crop is planted during this fallow period, while it can actively uptake 

N as mineralization processes occur. However, the field remained as fallow until May 

2016. Thus, most of the N that potentially could be absorbed by the crops from 

mineralization processes was lost as leaching.  

Peanut 2016. After the winter fallow period, the field was prepared for peanut 

production. Initial mineral N was on average 26 kg N/ha. A minimum N application (17 

kg N/ha) was performed during peanut planting. At the end of the peanut season, 

cumulative mineralized N was 109, 94 and 75 kg N/ha on the GROW, SMS and NON 

treatments, on average across fertility rates applied in the previous 2015 corn season. 

Cumulative simulated leaching during the peanut growing season resulted in 53, 

38 and 37 kg N/ha for the GROW, SMS and NON across all N rates. Under frequent 

irrigation events, greater N leaching occurred; thus, using SMS to trigger irrigation 

reduced N leaching by 34%, 22% and 27% compared to GROW – low, medium and 

high N rates; whereas in a rainfed system (NON treatment), simulations resulted in 

30%, 28% and 33% nitrate leaching reduction compared to the GROW in the same N 

rates, respectively. Peanut is a legume capable of fixing atmospheric N. Thus, 

simulated N uptake corresponds to the N uptake from the soil without considering the 

total N fixed. Average peanut N uptake from the soil averaged 61, 74 and 50 kg N/ha for 

the GROW, SMS and NON treatments across N rates.  

Fallow 2016-17. The fallow period 2016-17 covered from mid-October (after 

peanut harvest) until late March of the following year (before corn planting). During this 
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period, after peanut biomass was left in the ground, simulated mineralization processes 

occurred in a rapid rate. Cumulative mineral N averaged 192 kg N/ha for all treatments 

during this fallow period; however, average immobilized N averaged 64 kg N/ha (lower 

than in the fallow 2015-16 when corn residue was left aboveground). Therefore, greater 

organic matter from peanut residue started mineralization processes simulating large N 

available for uptake and less N immobilization. The field remained fallow during 

approximately five months, most N was lost as nitrate leaching by the end of this period. 

On average, simulated N leaching was 69 kg N/ha across irrigated treatments and N 

rates during the fallow 2016-17. Based on these results, it is important to recognize that 

N potentially available for plants it can be leached if not taken up or hold for the 

following crop season. Although field data and model simulations presented the highest 

discrepancies in soil nitrate during this fallow period, still field soil samplings showed an 

increase in soil N after the decay of peanut residue. This increment is representative for 

N uptake and/or N leaching, regardless the model over predictions. 

Corn 2017. Initial soil N after the fallow period resulted in 64 kg N/ha, averaged 

across all treatments. Due to leaching rainfall events occurring early in the season after 

fertilizer applications, an additional N fertilizer application of 17 kg N/ha was applied 

equally across all treatments.  

During this period, N uptake in the GROW - low, medium and high rates was 

163, 251 and 255 kg N/ha, respectively. These amounts represent a ratio of 0.94, 0.96 

and 0.72 kg N uptake/kg N applied, respectively. The N uptake in the GROW-high N 

rate was 57% greater than GROW-low rate; however, only 2% greater than the GROW- 

medium rate. In comparison, the SMS N uptake was 236, 256 and 261 kg N/ha for the 
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low, medium and high rates, representing a 1.35, 0.98 and 0.74 ratios kg N uptake per 

kg of N applied. The high rate resulted in 11% higher N uptake than the low rate, but 

only in 2% greater N uptake compared to the medium rate. In contrast, simulated N 

uptake in the NON irrigated treatment was generally high across all rates: 189, 211 and 

226 kg N/ha; corresponding to a 1.09, 0.80 and 0.64 kg N uptake/ kg N applied ratios, 

low medium and high, respectively. The high rate was 20% and 7% higher than the low 

and medium rates, respectively. In all treatments, the high N rate resulted in the lowest 

efficiency ratio (kg N uptake/kg N applied). However, in the GROW treatment the 

highest ratio was achieved by the medium rate; whereas in the SMS and NON 

treatments, the low rate resulted in the highest ratio. 

Nitrate leaching during this period was greater than in 2015, mostly due to the 

rainfall intensity and distribution during the season. Total N leaching amounts for low, 

medium and high rates were: 124, 118 and 204 kg N/ha in the GROW treatment, 56, 

119 and 200 kg/ha in the SMS treatment and 89, 156 and 227 kg/ha in the NON 

treatment, respectively. Therefore, the high N rate resulted in the largest N leaching 

amounts between N rates across all irrigation treatments. The NON - high treatment 

resulted in the highest nitrate leaching (227 kg/ha). Similar leaching amounts were 

found in the GROW and the SMS treatments, except in the low rate. The SMS – low 

resulted in a 55%, N leaching reduction compared to the GROW treatment at the same 

rate. In contrast, N leaching in the NON treatment resulted in a 29% reduction under a 

low N rate application, but on a 32% and 11% N leaching increase in the medium and 

high N rates, respectively compared to the GROW treatment in the same N rates. 
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Rainfall amounts and distribution play an important role in N leaching events. 

Most of the simulated nitrate leaching events occurred after the fertilizer applications, as 

well as, after heavy rainfall events. 

Conclusions 

The evaluation of the DSSAT crop growth models (CERES-Maize and 

CROPGRO) with field measurements provided good performance on the irrigated 

treatments; however, lower model performance was found when compared to the NON 

irrigated treatment. Simulated nitrogen uptake, final aboveground biomass and yields in 

the irrigated treatments resulted in RMSE values within the variation of the observed 

values and PBIAS values lower than the coefficient of variation of the observed data. By 

contrast, simulations under rainfed conditions, resulted in larger RMSE and PBIAS 

values towards overestimation in comparison to observed data; particularly in the 2017 

corn season. 

 Nitrogen uptake resulted in RMSE values of 34, 69 and 48 kg N/ha and PBIAS 

values of 12.6%, 35.5% and 19.2% towards overestimation for irrigated, rainfed and 

combined treatments during corn 2015, compared to observed data. During peanut 

2016, N uptake RMSE values were 30, 45 and 36 kg N/ha and PBIAS values were -

0.9%, -6.6% and -2.6% towards underestimation for the irrigated, rainfed and combine 

treatments, respectively. During corn 2017 season, performance indices showed higher 

discrepancies in rainfed corn between the model and the observed data. RMSE values 

were 29, 64 and 44 kg N/ha; leading to PBIAS of 2.8%, 62.2% and 15.8% for the 

irrigated, rainfed and combined treatments, respectively.  

In terms of corn aboveground biomass, RMSE values were 1,680, 1,236 and 

1,547 kg/ha; whereas PBIAS were 1.5%, 6.4% and 2.8% for the irrigated, rainfed and 
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combined treatments, respectively during 2015 corn season. In peanut 2016, RMSE 

values for the same treatments were 1,331, 1,396 and 1,353 kg/ha; whereas PBIAS 

estimations were 6.1%, -7.4% and 9.1% in comparison to the observed data. In corn 

2017, RMSE values for the irrigated, rainfed and combined treatments were 2,428, 

9,051 and 5,589 kg/ha, respectively and PBIAS estimations of 9.1%, 86.7% and 24.3%. 

By the large numbers, both indices reflect an overestimation of the model in the rainfed 

treatment compared to observed values. 

Irrigated, rainfed and combined corn yield RMSE values were 1,139, 1,194 and 

1,158 kg/ha; resulting in PBIAS values of 8.4%, 7.4% and 8.1% towards overestimation 

during corn 2015. Peanut yields resulted in RMSE values of 507, 870 and 651 kg/ha for 

the same treatments and in calculated PBIAS of -4.3%, -16.8% and -7.3%, respectively; 

indicating an underestimation of simulated yields. Calculated RMSE values for corn 

yields in 2017 resulted in 1,661, 5,328 and 3,362 kg/ha for the irrigated, rainfed and 

combined treatments, respectively. The larger RMSE values in the rainfed corn 

indicating a larger deviation between simulated and observed data. Corresponding 

calculated PBIAS values were -2.2%, 91.4% and 15.5%, respectively; indicating a 

model large overestimation on rainfed corn yields.  

The use of this crop simulation models allowed a better understanding of the N 

processes and N fate not quantified in field conditions during the corn-fallow-peanut-

fallow-corn rotation. In terms of soil nitrate, model overestimations were found in soil 

nitrate concentrations in the total soil profile during the fallow period 2016-17 after 

peanut residue was left in the field, as well as, after all fertilizer applications were 

performed in corn. In contrast, model underestimations occurred when mineralization 
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processes occurred. However, soil nitrate simulations followed the soil nitrate trend 

across irrigation strategies and N fertility rates of the experimental data. 

In addition, important contributions from mineralization process could benefit 

following crops growth and development. Cumulative N mineralization during the fallow 

2015-16 (i.e. during decay of corn residue) ranged from 195 to 245 kg N/ha, whereas 

during fallow 2016-17 (i.e. during decay of peanut residue) ranged from 179 to 198 

kg/ha. Simultaneously, N immobilization processes occurred according to the C:N ratio, 

ranging from 105-128 kg N/ha in the fallow 2015-16 and from 45-74 kg N/ha. Due to the 

intrinsic dynamics of the processes of the N balance (i.e. mineralization, immobilization, 

uptake, leaching), at the end of those fallow periods, soil N resulted in 26 kg N/ha and 

64 kg N/ha, which constitute the initial soil N available for the subsequent crop. These 

amounts are readily available N for crop uptake; otherwise are potentially leached due 

to the low water holding capacity of sandy soils combined with high intensity and 

magnitude of rainfall events in Florida. Based on these results, initial N concentrations 

per crop season could potentially be incorporated in the fertilization program of the 

following crop. If initial N is incorporated in the fertilizer application schedule, N fertilizer 

applications can be reduced, increasing farmers’ profitability and reducing loss of mobile 

N fertilizer. Pre-plant soil N analysis in the top soil layer is recommended to determine 

initial N conditions; avoiding excessive fertilizer applications if initial N requirements are 

fulfilled. 

Through the water and N balances, the effectiveness of the irrigation treatments 

and N fertility rates on N uptake and N leaching during the crop rotation in sandy soils 

was evaluated. Major differences in N uptake were found between the low and the high 
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rate, but not between the medium and the high rates. During the first corn season, 

increasing N applications by 26% from the medium to the high N rate (i.e. from 247 to 

336 kg N/ha) resulted in only 4%, 14% and 0.2% greater N uptake in the GROW, SMS 

and NON treatments, respectively. Thus, under high fertilizer applications, careful 

irrigation management is required to maintain N within the root zone promoting its 

uptake by the crops. In contrast, N uptake in the low treatment resulted in 11%, 28% 

and 18% lower N uptake compared to the high N rate. During 2017 corn season, similar 

N uptake values resulted in the medium and high rates, where the high N rate was only 

2%, 2% and 7% higher than the medium N rate in the GROW, SMS and NON 

treatments, respectively. In contrast, N uptake in the high N rate was 57%, 11% and 

20% higher than in the low N rate. During the 2017 season, heavy rainfall events 

reduced the availability of N for uptake. 

The use of SMS resulted in 34%, 22% and 27% lower leaching compared to the 

GROW across the low, medium and high N rates during corn 2015; whereas in 2017, 

resulted in a 55%, 0% and 2% N leaching reduction compared to the GROW treatment 

at the same rates. Similar N leaching values resulted in the medium and high rates in 

both treatments in 2017. The difference in N leaching across seasons was mainly due 

to the heavy rainfall events occurred in 2017, which resulted in greater N leaching than 

in 2015. 

In 2015 corn season, the NON irrigated treatment resulted in 65%, 55% and 33% 

lower N leaching compared to the GROW low, medium and high N rates. During 2017 

corn season, N leaching in the NON – low treatment resulted in 29% less leaching 

compared to the GROW – low rate, but in 32% and 11% higher N leaching than the 
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GROW treatment at the medium and high N rates, respectively. In 2017, the N uptake in 

the NON treatment was affected by the lower soil moisture during the season, which 

caused a reduction in N availability through the season. Consequently, lower N uptake 

resulted in high N leaching across the fertility rates, particularly in the medium and high 

rates. Nevertheless, due to discrepancies between model simulations and observed 

data in the NON irrigated treatment, these results might need further model 

improvements to be representative of the observations under rainfed conditions. During 

the fallow periods 2015-16 and 2016-17, average N leaching was 88 and 69 kg N/ha, 

respectively. Potential leaching in these periods might be reduced by planting cover 

crops, which can cut fertilizer costs, reduce the need of herbicides or pesticides, 

improve yields by enhancing soil health, and therefore improve farmers’ profits. 

The high frequency irrigation applications in the GROW treatment resulted in 

lower N uptake and larger N leaching amounts (i.e. GROW – high N); whereas, keeping 

adequate moisture for plant growth, allowed a greater N uptake and reduce N leaching 

(i.e. SMS – high and medium rates). Simulated results showed that the use of SMS can 

potentially increase N uptake due to an increase in soil nitrate, whereas reducing N 

leaching. Similar yields were found between the GROW and SMS treatments at the high 

and medium N rates. Thus, reductions in water use, drainage and N leaching can be 

achieved when using a sensor-based methodology for irrigation scheduling and 

following N rates close to the UF/IFAS recommendations. Nevertheless, even careful 

irrigation and fertility management may result in N leaching if rainfall amounts and 

distribution exceed the potential holding capacity of soil layers in sandy soils. 
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Table 4-1. Taxonomic classification of predominant soils in NFREC – SV, Live Oak, 
Florida (Soil Survey Staff 1999; Soil Survey Staff 2006). 

 

Soil name Family or higher taxonomic classification 

Albany Loamy, siliceous, subactive, thermic Grossarenic Paleudults 
Alpin Thermic, coated Lamellic Quartzipsamments 
Blanton Loamy, siliceous, semiactive, thermic Grossarenic Paleudults 
Chipley Thermic, coated Aquic Quartzipsamments 
Foxworth Thermic, coated Typic Quartzipsamments 
Hurricane Sandy, siliceous, thermic Oxyaquic Alorthods 
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Table 4-2. Soil chemical analysis. Pre-planting average initial soil conditions in corn field, NFREC-SV 2015. 
 

Block 
Map 
unit Depth 

Bulk 
Density 

Organic 
Matter TKN 

NO3-
N 

NH4-
N pH 

Mehlich-
1 P 

Mehlich1 
K 

Mehlich-
1 P 

Mehlich-
1 K 

  (cm) (Mg/m3) (%) ----- (mg/kg) -----  ----- (mg/kg) ----- ----- (ppm) ----- 

1 43 0-15 1.45 1.2 419.3 2.6 2.1 6.3 45.4 22.6 11.3 5.7 
1 43 15-30 1.31 0.8 405.8 2.1 1.3 6.6 39.8 23.7 9.9 5.9 
1 43 30-60 1.53 0.3 231.0 1.6 1.5 6.3 35.5 8.2 8.9 2.0 
1 43 60-90 1.54 0.3 94.0 0.8 0.7 6.0 32.0 5.9 8.0 1.5 
1 43 0-15 1.43 1.2 219.6 1.6 1.1 6.2 37.1 15.0 9.3 3.7 
1 43 15-30 1.70 1.1 213.4 1.1 1.4 6.0 31.7 9.6 7.9 2.4 
1 43 30-60 1.61 0.8 112.3 0.7 1.0 5.6 24.4 7.5 6.1 1.9 
1 43 60-90 1.50 0.2 90.5 0.4 1.4 5.4 19.1 6.9 4.8 1.7 
1 43 0-15 1.51 2.1 544.5 3.7 2.0 5.8 109.5 41.1 27.4 10.3 
1 43 15-30 1.29 1.3 335.0 3.3 2.5 5.6 85.6 23.9 21.4 6.0 
1 43 30-60 1.47 1.0 209.4 2.4 1.9 5.7 60.8 6.9 15.2 1.7 
1 43 60-90  0.2 128.5 2.0 1.1 5.5 46.6 4.6 11.6 1.1 
2 45 0-15 1.64 1.8 542.1 1.7 2.4 5.8 47.5 18.7 11.9 4.7 
2 45 15-30 1.60 1.4 396.6 0.3 1.9 5.8 38.6 26.0 9.7 6.5 
2 45 30-60 1.47 0.5 109.7 0.3 3.2 5.6 14.6 8.2 3.6 2.1 
2 45 60-90 1.33 1.2 410.8 2.7 1.3 6.2 70.5 33.4 17.6 8.3 
2 26 0-15 1.47 1.2 434.5 3.1 1.6 6.2 72.9 33.6 18.2 8.4 
2 26 15-30 1.49 1.0 325.5 1.5 1.1 6.0 42.3 15.2 10.6 3.8 
2 26 30-60 1.50 0.9 173.5 0.9 1.1 5.5 36.6 6.5 9.2 1.6 
2 26 60-90  0.5 109.0 1.5 1.3 5.2 37.1 5.3 9.3 1.3 
3 45 0-15 1.40 1.6 624.1 3.1 3.3 5.7 53.4 37.2 13.4 9.3 
3 45 15-30 1.53 1.7 452.9 1.1 2.3 5.9 33.0 28.4 8.2 7.1 
3 45 30-60 1.48 0.8 202.9 0.7 1.2 5.7 26.2 16.1 6.5 4.0 
3 45 60-90 1.34 0.3 98.9 0.6 3.9 5.5 16.5 6.2 4.1 1.6 
3 26 0-15 1.32 1.2 731.2 2.2 1.5 5.2 45.8 18.6 11.4 4.6 
3 26 15-30 1.46 0.8 343.0 0.6 1.5 5.5 42.4 22.8 10.6 5.7 
3 26 30-60 1.51 0.2 174.5 0.7 5.4 5.6 30.1 12.3 7.5 3.1 
3 26 60-90 1.63 0.5 127.8 0.4 3.8 5.2 19.7 15.8 4.9 3.9 
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Table 4-2. Continuation 
 

Block 
Map 
unit Depth 

Bulk 
Density 

Organic 
Matter TKN 

NO3-
N 

NH4-
N pH 

Mehlich-
1 P 

Mehlich1 
K 

Mehlich-
1 P 

Mehlich-
1 K 

  (cm) (Mg/m3) (%) ----- (mg/kg) -----  ----- (mg/kg) ----- ----- (ppm) ----- 

4 45 0-15 1.39 1.5 596.2 4.0 1.3 5.4 51.5 17.7 12.9 4.4 
4 45 15-30 1.56 0.8 468.2 2.5 2.0 5.6 39.9 28.3 10.0 7.1 
4 45 30-60 1.50 0.5 186.8 1.3 1.7 5.5 30.6 15.5 7.6 3.9 
4 45 60-90 1.61 0.1 105.8 0.5 3.9 5.3 17.9 12.2 4.5 3.0 
4 26 0-15 1.46 1.2 489.0 3.6 1.8 5.7 68.5 29.3 17.1 7.3 
4 26 15-30 1.60 0.8 511.3 3.3 2.4 5.7 65.7 28.5 16.4 7.1 
4 26 30-60 1.47 0.5 241.3 1.3 1.1 5.6 42.7 5.3 10.7 1.3 
4 26 60-90 1.45 0.8 160.4 1.1 1.3 5.3 31.0 3.6 7.7 0.9 

Average    0.9 306.1 1.7 2.0 5.7 42.8 17.2 10.7 4.3 
STD    0.5 179.8 1.1 1.0 0.3 20.4 10.5 5.1 2.6 
Max    2.1 731.2 4.0 5.4 6.6 109.5 41.1 27.4 10.3 
Min    0.1 90.5 0.3 0.7 5.2 14.6 3.6 3.6 0.9 
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Table 4-3. Nitrogen fertilizations rates (high, medium and low) dates, amounts and 
types applied during corn 2015, peanut 2016 and corn 2017 growing seasons 
at NFREC – SV. 

 
Year Date Fertilizer  Composition Nutrient N fertility rates (kg/ha)1 
     Low Medium High 

Corn 
2015 03-Apr Planting day (16-16-0) N 

34 34 34 

      P 34 34 34 
      K 0 0 0 
 17-Apr 1st Granular (33-0-0) N 9 25 34 
     (0-46-0) P 84 84 84 
     (0-0-60) K 110 110 110 
 01-May 2nd Granular (33-0-0) N 11 27 45 
     (0-46-0) P 50 50 50 
     (0-0-60) K 86 86 86 
 08-May 1st Liquid Sidedress (28-0-0) N 26 40 56 
 15-May 2nd Liquid Sidedress (28-0-0) N 26 40 56 
 22-May 3rd Liquid Sidedress (28-0-0) N 26 40 56 
 29-May 4th Liquid Sidedress (28-0-0) N 26 40 56 
  TOTAL N applied  N 157 247 336 

Peanu
t 2016 13-May Planting day      
 23-Jun Gypsum application  Ca 493 493 493 
    S 359 359 359 
 24-Jun Granular application  N 17 17 17 
    P 39 39 39 
    K 157 157 157 

  TOTAL N applied  N 17 17 17 

Corn 
2017 21-Mar Planting day (16-16-0) N 

34 34 34 

      P 34 34 34 
      K 0 0 0 
 06-Apr 1st Granular (33-0-0) N 9 25 34 
     (0-46-0) P 0 0 0 
     (0-0-60) K 98 98 98 
 06-Apr Supplem. Granular2 (21-0-0) N 17 17 17 
 20-Apr 2nd Granular (33-0-0) N 11 27 45 
     (0-46-0) P 0 0 0 
     (0-0-60) K 73 73 73 
 20-Apr K-Mag Application (0-0-22) K-Mag 25 25 25 
 27-Apr 1st Liquid Sidedress (28-0-0) N 26 40 56 
 03-May 2nd Liquid Sidedress (28-0-0) N 26 40 56 
 09-May 3rd Liquid Sidedress (28-0-0) N 26 40 56 
 15-May 4th Liquid Sidedress (28-0-0) N 26 40 56 

   TOTAL N applied  N 174 263 353 
1 N rates: high = 336 kg N/ha; medium = 247 kg N/ha; low = 157 kg N/ha.  
2 Supplemental N application (17 kg N/ha) due to leaching rain events modified all N fertility rates in 2017. 
1 N fertility rates in peanut correspond to the rates applied in previous corn 2015 growing season. 
Fertilizer applications performed in peanut 2016 were equally applied in all plots.  
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Table 4-4. Cultivar genetic coefficients calibrated for McCurdy 84aa in CERES-Maize 
model. 

 

Cultivar genetic 
coefficient 

Obs. 
Biomass 

Obs. 
Yield 

Sim. 
Biomass 

Sim. 
Yield 

RMSE 
Biomass 

RMSE 
Yield 

 G2 G3  ------------------------------- (kg/ha) ------------------------------ 

920 8 27526 13066 26090 13465 1436 399 

910 8 27526 13066 24945 12214 2581 852 

900 8 27526 13066 24834 12094 2692 972 

890 8 27526 13066 24724 11974 2802 1092 

880 8 27526 13066 24614 11854 2912 1212 

870 8 27526 13066 24503 11734 3023 1332 

860 8 27526 13066 24393 11613 3133 1453 

850 8 27526 13066 24282 11493 3244 1573 

840 8 27526 13066 24172 11373 3354 1693 

830 8 27526 13066 24062 11253 3464 1813 

820 8 27526 13066 23951 11133 3575 1933 

810 8 27526 13066 23840 11012 3686 2054 

800 8 27526 13066 23724 10892 3802 2174 

800 8.25 27526 13066 23609 10772 3917 2294 

800 8.5 27526 13066 23929 11109 3597 1957 

800 8.75 27526 13066 24238 11445 3288 1621 

800 9 27526 13066 24548 11782 2978 1284 

800 9.25 27526 13066 24857 12118 2669 948 

800 9.5 27526 13066 25165 12455 2361 611 

800 9.75 27526 13066 25474 12792 2052 274 

*800 10 27526 13066 25782 13128 1744 62 
*Final combination of genetic coefficients (G2 = 800, G3 = 10) selected based on lowest RMSE compared 
to biomass and yield average observed data across four blocks. 
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Table 4-5. Cultivar coefficients modified for corn production simulations in CERES-
Maize model. 

 

Var Var 
name ECO# P1 P2 P5 G2 G3 PHINT 

IB0035 

McCurdy 
84aaMod . IB0001 260 0.3 1100 800 10 43 

VAR#: Identification code or number for a specific cultivar 
VAR-NAME: Name of cultivar 
ECO#: Ecotype code of this cultivar, points to the Ecotype in the ECO file (currently not used). 
P1: Thermal time from seedling emergence to the end of the juvenile. Phase (expressed in degree days 
above a base temperature of 8°C) during which the plant is not responsive to changes in photoperiod. 
P2: Extent to which development (expressed as days) is delayed for each hour increase in photoperiod 
above the longest photoperiod at which development proceeds at a maximum rate (considered to be 12.5 
hours). 
P5: Thermal time from silking to physiological maturity (expressed in degree days above a base 
temperature of 8 °C). 
G2: Maximum possible number of kernels per plant. 
G3: Kernel filling rate during the linear grain filling stage and under optimum conditions (mg/day). 
PHINT: Phylochron interval; the interval in thermal time (degree days) between successive leaf tip 
appearances. 
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Table 4-6. Methods used in the DSSAT-CERES maize model for the crop rotation 
simulations. 

 

Processes Simulation Method 

Evapotranspiration FAO 56 
Infiltration Soil Conservation Service 
Photosynthesis Leaf photosynthesis response curve 
Hydrology Ritchie water balance 
Soil Organic Matter (SOM) Century method (Parton) 
Soil evaporation method Suleiman-Ritchie 
Soil layer distribution Unmodified soil profile1 

1 Soil profile created using 4 depths: 0 – 15, 15 – 30, 30 – 60 and 60 – 90 cm. 
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Table 4-7. Planting and harvest dates from field experiment used in the DSSAT 
CERES-Maize model for the crop rotation simulations. 

 

Activity Crop Date 

Planting date Corn 2015 4/3/2015 
Harvest date  8/18/2015 
Harvest date Fallow 2015-16 5/12/2016 
Planting date Peanut 2016 5/13/2016 
Harvest date  10/4/2016 
Harvest date Fallow 2016-17 3/20/2017 
Planting date Corn 2017 3/21/2017 
Harvest date  8/16/2017 

The fallow periods were harvested one day before the following crop planting date. 
The model assumes the day after harvest as the fallow planting date (input not required). 
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Table 4-8. Initial conditions from field experiment used in the DSSAT CERES-Maize model for the crop rotation 
simulations. 

 

Depth, 
base of 
layer 

Bulk 
Density, 

moist 
Organic 
Carbon 

Total 
Nitrogen 

pH in 
water 

Phosphorus 
extractable 

Volumetric 
water content 

Ammonium 
(NH4) 

Nitrate 
(NO3) 

(cm) g/cm3 % %   mg/kg cm3/cm3 g(N)/Mg (soil) 
g(N)/Mg 

(soil) 

15 1.5 0.76 0.05 6 61.9 0.1 1.8 2.5 

30 1.5 0.67 0.04 6 49.8 0.1 1.7 1.7 

60 1.5 0.66 0.02 5.9 39 0.1 1 1.6 

90 1.5 0.34 0.01 5.7 33.5 0.1 0.9 1.4 
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Table 4-9. Model performance indices (RMSE, R2 and PBIAS) for soil moisture (mm) across GROW, SMS and NON 
treatments at high N rates during corn 2015 – fallow – peanut 2016 – fallow – corn 2017 crop rotation. 

 

 Treatment Index Corn 2015 Peanut 2016 Corn 2017 All crop rotation 

GROW High 

STDmax (mm) 28 16 31   
STDmin (mm) 7 3 2   
Median (mm) 16 8 8   
RMSE (mm) 16 13 11 13 

  R2 0.61 0.52 0.59 0.59 
 PBIAS (%)    7.7 
      

SMS High 

STDmax (mm) 20 17 25   
STDmin (mm) 3 5 1   
Median (mm) 12 10 4   
RMSE (mm) 12 13 10 12 
R2 0.54 0.75 0.71 0.68 

 PBIAS (%)    6.7 
      

NON High 

STDmax (mm) 21 45 14   
STDmin (mm) 2 2 2   
Median (mm) 14 12 6   
RMSE (mm) 17 20 17 18 
R2 0.54 0.87 0.53 0.49 

 PBIAS (%)    6.3 
STDMax: Max standard deviation during crop rotation. 
STDMin: Min standard deviation during crop rotation. 
RMSE: Quantifies the model performance (model performance index). Calculated using all crop rotation observations vs simulated values. 
R2: coefficient of determination (model performance index). 
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Table 4-10. Model performance indices (RMSE and R2) for soil nitrate (mg/kg) across GROW, SMS and NON treatments 
at high, medium and low N rates during corn 2015 – fallow – peanut 2016 – fallow – corn 2017 crop rotation. 

 

  High     Medium     Low     

  GROW SMS NON GROW SMS NON GROW SMS NON 

STDall 7.72 11.12 9.32 6.59 4.76 7.26 6.59 4.24 5.52 

STDMaxS 21.82 68.23 29.53 23.58 14.24 25.45 23.58 9.38 23.19 

STDMinS 0.15 0.55 0.23 0.11 0.24 0.24 0.11 0.19 0.15 

RMSE 7.68 11.71 17.52 5.98 6.18 8.83 5.97 5.25 5.09 

R2 0.67 0.35 0.38 0.48 0.44 0.40 0.21 0.32 0.38 
STDall: Standard deviation of mean soil nitrate values across all rotation. 
STDMaxS: Max standard deviation from individual samplings during crop rotation. 
STDMinS: Min standard deviation from individual samplings during crop rotation. 
RMSE: Quantifies the model performance (model performance index). Calculated using all crop rotation observations vs simulated values. 
R2: coefficient of determination (model performance index). 
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Table 4-11. Model performance indices (RMSE, R2 and PBIAS) for N uptake across all 
treatments, irrigated only and rainfed only per crop seasons (corn 2015, 
peanut 2016 and corn 2017). 

 
 
 
 
Season Treatment 

Mean 
Obs. 

values 
Simulated 

values STDObs 

 
 
 

CV 

RMSE  
per 

treatment 

RMSE 
(irrigated, 
rainfed or 

combined) R2 

 
 
 

PBIAS 
  ------------ (kg N/ha) ----------- (%) ---- (kg N/ha) ----  (%) 

Corn  GROW-Low 229 232 84 0.36 3    

2015 GROW-Med 204 250 49 0.24 46    

 GROW-High 217 260 32 0.15 43    

 SMS-Low 203 238 60 0.29 35    
 SMS-Med 278 290 49 0.18 12    

 SMS-High 290 330 14 0.05 40    

 Irrigated   59   34 0.78 12.6 

 NON-Low 174 226 9 0.05 52    

 NON-Med 205 273 38 0.19 68    

 NON-High 191 274 49 0.25 83    

 Rainfed   35   69 0.80 35.5 

 All treatments   56   48 0.59 19.2 

          

Peanut  GROW-Low 482 474 53 0.11 8    

2016 GROW-Med 488 474 133 0.27 14    

 GROW-High 426 474 54 0.13 48    

 SMS-Low 443 452 78 0.18 9    

 SMS-Med 458 452 115 0.25 6    

 SMS-High 506 452 91 0.18 54    

 Irrigated   86   30 0.00 -0.9 

 NON-Low 442 367 39 0.09 75    

 NON-Med 356 368 37 0.10 12    

 NON-High 386 371 102 0.26 15    

 Rainfed   71   45 0.16 -6.6 

 All treatments   88   36 0.52 -2.6 

          

Corn  GROW-Low 200 163 24 0.12 37    

2017 GROW-Med 233 251 5 0.02 18    

 GROW-High 247 255 31 0.12 8    

 SMS-Low 217 236 75 0.35 19    

 SMS-Med 240 256 29 0.12 16    

 SMS-High 247 261 72 0.29 14    

 Irrigated   45   29 0.83 2.8 

 NON-Low 134 189 30 0.22 55    

 NON-Med 116 211 27 0.24 95    

 NON-High 137 226 30 0.22 89    

 Rainfed   28   64 0.00 62.2 

 All treatments   63   44 0.38 15.8 
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Table 4-12. Model performance indices (RMSE, R2 and PBIAS) for final aboveground 
biomass across all treatments, irrigated only and rainfed only per crop 
seasons (corn 2015, peanut 2016 and corn 2017). 

 
 
 
Season 

Treatment 

Mean 
Obs. 

values 
Simulated 

values STDObs 

 
 
 

CV 

RMSE  
per 

treatment 

RMSE 
(irrigated, 
rainfed or 

combined) R2 

 
 
 

PBIAS 
  --------- (kg/ha) -------- (%) ----- (kg/ha) ------  (%) 

Corn  GROW-Low 24711 23819 5520 0.22 892    

2015 GROW-Med 21529 24459 3175 0.15 2930    

 GROW-High 23786 24994 2777 0.12 1208    

 SMS-Low 22553 24132 4879 0.22 1579    

 SMS-Med 27008 25733 5356 0.20 1275    

 SMS-High 27526 26118 1780 0.06 1408    

 Irrigated   4305   1680 0.58 1.5 

 NON-Low 17389 19111 1072 0.06 1722    

 NON-Med 18212 19263 4649 0.26 1051    

 NON-High 18583 19298 4596 0.25 715    

 Rainfed   3499   1236 0.98 6.4 

 All treatments   5056   1547 0.86 2.8 

          

Peanut  GROW-Low 15374 16892 2822 0.18 1518    

2016 GROW-Med 16493 16895 4144 0.25 402    

 GROW-High 14652 16893 1300 0.09 2241    

 SMS-Low 14974 16303 2234 0.15 1329    

 SMS-Med 15358 16312 2892 0.19 954    

 SMS-High 16972 16293 2995 0.18 679    

 Irrigated   2668   1331 0.03 6.1 

 NON-Low 14823 12574 2079 0.14 2249    

 NON-Med 12451 12577 1857 0.15 126    

 NON-High 13520 12641 3583 0.27 879    

 Rainfed   2578   1396 0.01 -7.4 

 All treatments   2778   1353 0.52 2.1 

          

Corn  GROW-Low 19747 18667 2490 0.13 1080    

2017 GROW-Med 21148 24288 514 0.02 3140    

 GROW-High 23005 24491 2792 0.12 1486    

 SMS-Low 20581 23235 7220 0.35 2654    

 SMS-Med 22000 24170 2724 0.12 2170    

 SMS-High 21060 24280 5231 0.25 3220    

 Irrigated   3783   2428 0.55 9.1 

 NON-Low 10699 18336 2710 0.25 7637    

 NON-Med 9272 19565 2364 0.25 10293    

 NON-High 11129 20155 1681 0.15 9026    

 Rainfed   2233   9051 0.00 86.7 

 All treatments   7621   5589 0.62 24.3 
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Table 4-13. Model performance indices (RMSE, R2 and PBIAS) for grain/pod yields 
across all treatments, irrigated only and rainfed only per crop seasons (corn 
2015, peanut 2016 and corn 2017). 

 
 
 
Season 

Treatment 

Mean 
Obs. 

values 
Simulated 

values STDObs 

 
 
 

CV 

RMSE  
per 

treatment 

RMSE 
(irrigated, 
rainfed or 

combined) R2 

 
 
 

PBIAS 
  --------- (kg/ha) --------- (%) ---- (kg/ha) ----  (%) 

Corn  GROW-Low 11602 12356 1233 0.11 754    

2015 GROW-Med 11767 12976 1436 0.12 1209      

 GROW-High 12947 13465 1039 0.08 518      

 SMS-Low 10685 12667 1717 0.16 1982      

 SMS-Med 12282 13465 2141 0.17 1183      

 SMS-High 13066 13465 2518 0.19 399      

 Irrigated   1766   1139 0.65 8.4 

 NON-Low 8178 9626 1147 0.14 1448      

 NON-Med 8381 9658 4854 0.58 1277      

 NON-High 10421 9681 2168 0.21 740      

 Rainfed   3031   1194 0.74 7.4 

 All treatments   2662   1158 0.82 8.1 

          

Peanut  GROW-Low 7663 7903 635 0.08 240    

2016 GROW-Med 8399 7909 507 0.06 490    

 GROW-High 8399 7904 507 0.06 495    

 SMS-Low 7961 7085 754 0.09 876    

 SMS-Med 7556 7083 594 0.08 473    

 SMS-High 6995 7089 743 0.11 94    

 Irrigated   753   507 0.43 -4.3 

 NON-Low 4983 4202 396 0.08 781    

 NON-Med 5315 4271 1143 0.21 1044    

 NON-High 5092 4335 957 0.19 757    

 Rainfed   818   870 0.12 -16.8 

 All treatments   1499   651 0.95 -7.3 

          

Corn  GROW-Low 12244 8445 534 0.04 3799    

2017 GROW-Med 12135 12799 1564 0.13 664    

 GROW-High 13321 12937 767 0.06 384    

 SMS-Low 12144 12278 511 0.04 134    

 SMS-Med 12130 13098 910 0.08 968    

 SMS-High 12336 13099 973 0.08 763    

 Irrigated   942   1661 0.03 -2.2 

 NON-Low 5837 10167 1002 0.17 4330    

 NON-Med 5403 11229 1413 0.26 5826    

 NON-High 6097 11795 1862 0.31 5698    

 Rainfed   1362   5328 0.04 91.4 

 All treatments   3338   3362 0.12 15.5 
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Table 4-14. Simulated water balance for GROW, SMS and NON treatments during corn 
2015, peanut 2016 and corn 2017 growing seasons and fallow periods 2015-
16 and 2016-17. 

 

Period  

GROW 
Low 

GROW 
Med 

GROW 
High 

SMS 
Low 

SMS 
Med 

SMS 
High 

NON 
Low 

NON 
Med 

NON 
High 

Corn  Irrigation 321 321 321 151 151 151 15 15 15 

 2015 Precipitation 545 545 545 545 545 545 545 545 545 

  Drainage 326 326 326 159 158 158 87 88 86 

  Soil Evaporation 81 71 68 77 65 64 77 70 71 

  Transpiration 422 433 435 424 437 437 361 366 366 

  Potential ET 585 585 585 585 585 585 585 585 585 

Fallow  Precipitation 617 617 617 617 617 617 617 617 617 

2015- Drainage 371 370 370 371 370 371 370 370 370 

2016 Runoff 1 1 1 1 1 1 1 1 1 

 Soil Evaporation 252 252 252 252 252 252 252 252 252 

  Potential ET 837 837 837 837 837 837 837 837 837 

Peanut  Irrigation 544 544 544 193 193 193 18 18 18 

 2016 Precipitation 659 659 659 659 659 659 659 659 659 

  Drainage 673 672 673 366 366 366 306 306 306 

  Runoff 13 13 13 10 10 10 9 9 9 

  Soil Evaporation 120 119 120 88 88 88 80 80 80 

  Transpiration 442 442 442 435 435 435 339 339 339 

  Potential ET 673 673 673 673 673 673 673 673 673 

Fallow Precipitation 242 242 242 242 242 242 242 242 242 

2016- Drainage 103 103 103 100 100 100 91 91 91 

2017 Soil Evaporation 94 94 94 94 94 94 93 93 93 

  Potential ET 427 427 427 427 427 427 426 426 426 

Corn  Irrigation 548 548 548 303 303 303 48 48 48 

 2017 Precipitation 688 650 650 650 650 650 650 650 650 

  Drainage 706 675 675 440 437 436 268 258 251 

  Runoff 12 12 12 12 12 12 11 11 11 

  Soil Evaporation 155 88 86 105 80 79 85 76 72 

  Transpiration 362 420 423 394 423 424 332 351 362 

  Potential ET 658 600 600 600 600 600 600 600 600 

Fallow  Precipitation 584 622 622 622 622 622 622 622 622 

2017- Drainage 393 415 416 415 415 415 415 416 416 

2018 Runoff 32 32 32 32 32 32 32 32 32 

  Soil Evaporation 161 178 176 178 178 178 178 176 176 

  Potential ET 547 600 601 600 600 600 600 600 600 
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Table 4-15. Simulated nitrogen balance for GROW, SMS and NON treatments during 
corn 2015, peanut 2016 and corn 2017 growing seasons and fallow periods 
2015-16 and 2016-17. 

 

Period   
GROW 
Low 

GROW 
Med 

GROW 
High 

SMS 
Low 

SMS 
Med 

SMS 
High 

NON 
Low 

NON 
Med 

NON 
High 

CORN  Soil NO3 initial  23 23 23 23 23 23 23 23 23 

 2015 Soil NH4 initial  16 16 16 16 16 16 16 16 16 

  Fertilizer N 157 245 336 157 245 336 157 245 336 

  Mineralized N 74 74 76 72 73 75 57 59 60 

  Leached N 16 83 161 8 41 89 5 37 108 

  N uptake 232 250 260 238 290 330 226 273 274 

  N immobilized 8 10 12 8 11 15 7 10 13 

FALLOW  Soil NO3 initial  8 8 9 9 9 10 9 15 32 

2015-16 Soil NH4 initial  1 1 1 1 1 1 1 1 1 

  Fertilizer N 0 0 0 0 0 0 0 0 0 

  Mineralized N 195 202 199 195 217 247 214 246 249 

  Leached N 66 65 68 67 74 96 81 130 149 

  N uptake 110 126 112 110 121 128 114 105 105 

PEANUT  Soil NO3 initial  25 18 26 25 29 32 26 25 25 

2016 Soil NH4 initial  1 1 1 1 1 1 1 1 1 

  Fertilizer N 17 17 17 17 17 17 0 0 17 

  Mineralized N 104 119 104 100 97 85 86 69 70 

  Leached N 54 50 55 35 39 40 38 36 37 

  N uptake 60 65 60 74 75 72 50 41 58 

  N immobilized 25 31 24 24 22 14 15 7 7 

FALLOW Soil NO3 initial  8 8 8 8 8 8 9 9 9 

2016-17 Soil NH4 initial  1 1 1 1 1 1 1 1 1 

  Fertilizer N 0 0 0 0 0 0 0 0 0 

  Mineralized N 190 179 190 198 198 193 187 195 195 

  Leached N 63 75 63 65 65 65 85 71 71 

  N uptake 70 54 70 74 73 69 45 60 60 

CORN  Soil NO3 initial  62 56 62 65 65 64 63 70 70 

 2017 Soil NH4 initial  2 2 2 2 2 2 2 2 2 

  Fertilizer N 174 262 353 174 262 353 174 262 353 

  Mineralized N 87 80 86 82 82 81 66 66 66 

  Leached N 124 118 204 56 119 200 89 156 227 

  N uptake 163 251 255 236 256 261 189 211 226 

  N immobilized 19 16 22 19 21 22 13 15 16 
1 N uptake in peanut corresponds to simulations of N uptake from the soil, without N fixed by the crop. 
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Figure 4-1. Irrigation applied in 2015 corn, 2016 peanut and 2017 corn seasons. 
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Figure 4-2. In season observed (dots) and simulated (line) biomass resulted in the SMS treatment across the high, 
medium and low N rates (top to bottom). Observed data averaged across four replicates (i.e. blocks). Error bars 
are one standard deviation of observed values across blocks.  

CORN 2017 PEANUT 2016 CORN 2015 
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Figure 4-3. Daily observed (dots) and DSSAT simulated (line) total soil water in profile (90 cm) in the GROW - High N 
treatment. Observed data corresponds to the average of three Sentek probes in different blocks. Error bars are 
a standard deviation across the three blocks. 

  

CORN 2015 CORN 2017 PEANUT 2016 
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Figure 4-4. Daily observed (dots) and DSSAT simulated (line) total soil water in profile (90 cm) in the SMS - High N 

treatment. Observed data corresponds to the average of three Sentek probes in different blocks. Error bars are 
a standard deviation across the three blocks.  

CORN 2015 CORN 2017 PEANUT 2016 
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Figure 4-5. Daily observed (dots) and DSSAT simulated (line) total soil water in the profile (90 cm) in the NON - High N 
treatment. Observed data corresponds to the average of three Sentek probes in different blocks. Error bars are 
a standard deviation across the three blocks.

CORN 2015 CORN 2017 PEANUT 2016 
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Figure 4-6. Total observed (circles, n=4) and DSSAT simulated (line) nitrate-N in the soil 

profile (0-90 cm) in the SMS, GROW and NON treatments and high N fertility 
rate during corn 2015-peanut 2016-corn 2017 crop rotation. Observed data 
corresponds to the average across four blocks. Error bars are the standard 
deviation across the replicates.  
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Figure 4-7. Total observed (circles, n=4) and simulated (line) nitrate-N in the soil profile 

(0-90 cm) in the SMS, GROW and NON treatments and medium N fertility 
rate during corn 2015-peanut 2016-corn 2017 crop rotation. Observed data 
corresponds to the average across four blocks. Error bars are the standard 
deviation across the replicates.  
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Figure 4-8. Total observed (circles, n=4) and simulated (line) nitrate-N in the soil profile 

(0-90 cm) in the SMS, GROW and NON treatments and low N fertility rate 
during corn 2015-peanut 2016-corn 2017 crop rotation. Observed data 
corresponds to the average across four blocks. Error bars are the standard 
deviation across the replicates
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Figure 4-9. Observed (boxplots, n=4) and simulated (dots) final aboveground (AG) N 
uptake in GROW, SMS and NON treatments across N rates (low, medium 
and high) during corn 2015, peanut 2016 and corn 2017 growing seasons. 
Boxplots: lower boundary of the box indicates the 25th percentile, a line within 
the box marks the median, and the upper boundary of the box indicates the 
75th percentile. Whiskers (error bars) above and below the box indicate the 
90th and 10th percentiles. Note, N rates were modified in 2017 due to leaching rain; 

additional 17 kg N/ha were applied to all rates.  
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Figure 4-10. Observed (boxplots, n=4) and simulated (dots) final aboveground (AG) 

biomass resulted in GROW, SMS and NON treatments across N rates (low, 
medium and high) during corn 2015, peanut 2016 and corn 2017 growing 
seasons. Boxplots: lower boundary of the box indicates the 25th percentile, a 
line within the box marks the median, and the upper boundary of the box 
indicates the 75th percentile. Whiskers (error bars) above and below the box 
indicate the 90th and 10th percentiles. Note, N rates were modified in 2017 due to 

leaching rain; additional 17 kg N/ha were applied to all rates.  
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Figure 4-11. Observed (boxplots, n=4) and simulated (dots) final grain/pod yields 

resulted in GROW, SMS and NON treatments across N rates (low, medium 
and high) during corn 2015, peanut 2016 and corn 2017 growing seasons. 
Final corn grain yield adjusted to 15.5% standard moisture and peanut pod 
yield adjusted to 10.5% standard moisture. Boxplots: lower boundary of the 
box indicates the 25th percentile, a line within the box marks the median, and 
the upper boundary of the box indicates the 75th percentile. Whiskers (error 
bars) above and below the box indicate the 90th and 10th percentiles. Note, N 

rates were modified in 2017 due to leaching rain; additional 17 kg N/ha were applied to all 
rates. 
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Figure 4-12. Simulated nitrogen dynamics (total soil N (0-90 cm), N uptake, N applied 

and N leached) in the SMS, GROW and NON treatments and high N fertility 
rate during corn 2015 – fallow – peanut 2016 – fallow – corn 2017 crop 
rotation. 
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Figure 4-13. Simulated nitrogen dynamics (total soil N (0-90 cm), N uptake, N applied 

and N leached) in the SMS, GROW and NON treatments and medium N 
fertility rate during corn 2015 – fallow – peanut 2016 – fallow – corn 2017 crop 
rotation. 

  



 

284 
 

 
Figure 4-14. Simulated nitrogen dynamics (total soil N (0-90 cm), N uptake, N applied 

and N leached) in the SMS, GROW and NON treatments and low N fertility 
rate during corn 2015 – fallow – peanut 2016 – fallow – corn 2017 crop 
rotation.   
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CHAPTER 5 
EFFECT OF INCREASING TEMPERATURE AND RAINFALL ON SIMULATED 

GROWTH AND YIELD IN A CORN – PEANUT ROTATION UNDER DIFFERENT 
MANAGEMENT PRACTICES 

Introduction 

Agriculture is one of the major contributors of the economy in the Suwannee 

County. According to the 2012 Census of Agriculture, the number of farms and the land 

in farms increased in 18% and 15%, respectively from 2007 to 2012. Then in 2012, the 

land in farms was distributed in 43.5% cropland, 26.1% woodland, 24.6% pastureland 

and 5.8% other uses. Hence, the market value of products sold (i.e. crop and livestock 

sales) was $296,320,000, representing a 50% increase since 2007 (NASS 2018). 

Excessive fertilizer applications leaving the rootzone are one of the major causes 

of eutrophication and water quality degradation. Research studies have shown the 

increase of nitrate-N in springs from background concentrations (≤0.1 mg/L NO3-N) to 

above 5 mg/L NO3-N during the last 40 years (Katz et al. 1999; Katz 2004). Steady 

increments of nitrate-N have been found in several spring waters within the Suwannee 

River Basin (SRB) in Florida (e.g. Convict spring with 8 mg/L NO3-N) (Upchurch et al. 

2007). Evidence that the greatest nitrate-N pollution found in the lower basin comes 

from fertilizer sources was reported by continued studies in the SRB area during the 

period 1940-1998 (Katz et al. 2009). Therefore, developing solutions to reduce N loads 

and maintain nutrients available for crop’s uptake is key to reduce N loads from 

agricultural fields.  

With the aim of protecting Florida’s groundwater resources and as a response to 

the increasing water demand and the excess of nutrient loading to waterbodies, several 

regulations have been developed through time. Agricultural Best Management Practices 
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(BMPs) are practices based on research, field testing and expert review developed to 

maintain or improve surface and groundwater water quality. Additionally, BMPs must be 

technically and economically feasible, and designed to prevent, reduce or treat pollutant 

discharges entering water resources, and to conserve water supply (FDACS 2015a).  

Due to the water use limitations and the potential environmental degradation 

issues associated with the use of nitrogen fertilizers and excessive water use to sustain 

agriculture, the implementation of N and irrigation best management practices (BMPs), 

and/or new regulations has become fundamental. In Florida, the adoption and 

implementation of BMPs aim to assist producers in priority watersheds statewide with 

the purpose of protecting water quality and reducing water use. These practices include 

upgrading irrigation systems to achieve greater efficiency, the implementation of 

equipment and tools to target fertilizer applications and possibly reduce losses to the 

environment, as well as, adopting efficient irrigation scheduling to help protect water 

resources. If a BMP program is established and in place, all growers adopting 

agricultural BMPs will benefit since they are considered to be operating under a 

‘presumption of compliance’ with water quality standards. Thus, if water quality 

standards are not met, growers will be protected from liabilities due to water quality 

degradation (FDACS 2015a). 

Cereal production (e.g. corn) plays an important role in a world with an increasing 

population.  Analysis of temporal patterns of historical crop yields might provide insights 

for future production variability and food security (Kucharik and Ramankutty 2005). 

Understanding the interaction of climate variables and their effect on crop growth for 

food production is key for making decisions on adaptation strategies to cope with those 
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impacts (Godfray et al. 2010) Thus, the quantification of the effect of separate climate 

variables on crop yields should be performed; since different strategies might be 

required based on the climate variable impacts (Reynolds et al. 2010).  

Although most cereals, such as maize are already well adapted to high 

temperature environments, further productivity challenges are posed due to warmer 

and/or drier than ‘average’ years potentially caused by effects of climate change around 

the world (Reynolds et al. 2010). Heat stress and drought cause a similar response in 

crops: acceleration in the life cycle while reducing photosynthetic capacity via restricted 

leaf area and duration. When temperatures fall outside the range of optimum 

temperatures for growth, metabolism is inhibited. Furthermore, seed set is reduced if 

stress occurs during critical developmental stages (e.g. reproductive stages in corn) 

(Reynolds et al. 2010). 

Most of the crop yield variations in the world are explained by rainfall and 

temperature fluctuations, which will further increase as climate changes (Jarvis et al. 

2010). However, further detriment in yields are more likely to be observed in scenarios 

with lack of irrigation to compensate lower rainfall or to mitigate the effects of high 

temperature via evaporative cooling (Reynolds et al. 2010). On the other hand, 

excessive rainfall might contribute to further increments in N leaching from the rootzone. 

Nevertheless, providing optimum management to maximize genetic potential might 

cope with future scenarios of climate change. 

Furthermore, the effects of excessive N fertilizer applications leaving the 

rootzone, irrigation demand along with potential biomass and yield impacts of future 

climate change (e.g. temperature and rainfall increases) are not known. Therefore, long-



 

288 
 

term analysis of the N and irrigation BMPs must be performed to further evaluate their 

effectiveness under different climatic conditions. 

As reported in previous studies, there is a need to focus on source reduction 

rather than sink enhancement, (Cohen et al. 2007). To reduce the nitrate flux to ground 

and surface waterbodies, a reduction or better management of the application of N 

fertilizers or N bearing materials is required (Upchurch et al. 2007). Hence, developing 

or optimizing N and irrigation BMPs could be a management strategy to target load 

reductions for water quality improvements. 

Focusing on a conventional corn-peanut crop rotation, two main BMPs are 

proposed: (i) a reduction in N fertilizer from conventional practices (336 kg N/ha) to a 

medium N rate (247 kg N/ha) close to the University of Florida/Institute of Food and 

Agricultural Sciences (UF/IFAS) recommendations for corn production (235 kg N/ ha) 

and; (ii) the use of soil moisture sensors (SMS) as tools for irrigation scheduling. The 

study of the interaction of crops and environmental variations to understand crop 

responses under future climate conditions can be performed using crop simulation 

models. The main goal of this chapter was to evaluate the long-term BMPs 

effectiveness to reduce N leaching from the root zone while optimizing crop yields when 

compared to conventional production practices using the crop simulation models within 

DSSAT. 

Objectives 

1. To evaluate the effect of rising temperatures and increase rainfall on yield and 
biomass in a conventional corn-peanut crop rotation. 

2. To evaluate the effectiveness of using SMS to schedule and reduce irrigation without 
impacts in yield compared to conventional practices. 
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Materials and Methods 

DSSAT Crop Simulation Models 

The total biomass (BT) of a crop is the product of the average growth rate (g) and 

the growth duration (d), whereas the economic yield is the fraction of the BT that is 

partitioned to the grain. Both, BT and economic yield, are affected by weather, genetics, 

management and environmental factors; which are considered in the models to simulate 

crop growth, development, and final yields (Ritchie, J. T. et al. 1998). Temperature is 

the main environmental factor affecting the duration of plant growth. It plays an 

important role in changes in stages of growth and biomass partitioning patterns; as well 

as, in the timing of development of various plant organs within the plant life cycle. The 

radiation use efficiency (RUE) method is used to calculate total biomass production. 

Then, calculated photosynthetic active radiation (PAR) is assumed to be half the input 

of solar radiation and is used to calculate the fraction intercepted by the plants (IPAR) 

which is a function of leaf area index (LAI). The actual daily biomass production is 

influenced by non-optimal temperature or deficits of water or nitrogen.  

The models use thermal time to predict plant development, quantify the 

physiological age and growth stages, which is affected if temperature is outside 

optimum ranges for crop growth. Grain numbers per unit area are usually the most 

critical determinant of crop yield. The genetic coefficient G2 along with the average rate 

of photosynthesis during the silking period are used to determine grain number in the 

model. The source-sink reserve procedure (i.e. model evaluates the sink capacity of the 

aboveground biomass to determine if the crop is sink-limited or source-limited) is used 

to calculate the filling rate per kernel. A sink capacity is determined based on 

temperature and the cultivar genetic coefficient G3 (potential single kernel growth rate 
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at optimal temperature. Unusual cool or hot temperatures will reduce the rate of kernel 

growth. During the grain filling period, the daily biomass production plus the assimilates 

in the stem are the source for grain filling. In this period, the filling rate is almost 

constant if average temperatures are relatively constant and within optimum ranges. 

However, the rate decreases if a shortage of assimilate, N, or stored carbohydrate ends 

before grain filling (Ritchie, J. T. et al. 1998). In the CERES-Maize model, air 

temperature affects several processes (e.g. leaf area growth, photosynthesis, grain 

filling rate, senescence and phenology). For maize, the optimum temperature for 

photosynthesis (i.e. the highest temperature at which development rate is still at its 

maximum) is 33°C during vegetative stages, and on average 28°C during grain filling 

period. Then, maximum temperature (i.e. at which development rate is zero) 

corresponds to 44°C and 36°C for those stages, respectively. Increases in air 

temperature accelerates phenological development, resulting in a shorter grower period 

and senescence occurs as the main stress response (Ritchie, J. T. et al. 1998). 

Water stress is calculated as a fraction of the available soil water in the root zone 

and it affects leaf growth, photosynthesis and other crop growth parameters. If this 

fraction falls to 0.05, leaf senescence is enhanced. Similarly occurs in the N crop 

simulations, where crop N demand is estimated as the difference between critical and 

actual N content, plus the N amount required for new growth per day. An N stress factor 

is calculated when N concentration falls below the critical concentration, causing similar 

effects as the water stress. Potential N uptake is a function of the root length density 

distribution, NO3 and NH4 concentrations and soil water content. 
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This study was conducted using the CERES ( Crop – Environment – Resource – 

Synthesis) – Maize  and the CROPGRO simulation models within the platform of the 

Decision Support Systems for Agrotechnology Transfer, DSSAT v4.7 (Jones et al., 

2003). The models use simplified functions to predict corn growth as influenced by 

weather, genetic, soils and management factors that might affect final yield. Thus, it 

calculates the ‘potential yield’ which is the maximum crop yield in a given environment 

not limited by pests, diseases, weeds and lodging, but limited by temperature, solar 

radiation, water and nitrogen supply. These models have been used in a wide range of 

environments (Li, Z. T. et al. 2015; Paredes et al. 2014; Paz et al. 1999; Yang et al. 

2013).  Minimum data sets of the major factors influencing yield were used (i.e. weather, 

genetic, soils and management). The methods used in DSSAT for long-term crop 

rotation simulations are described in Table 5-1. 

The Century model has been found to be an effective model for soil carbon 

(SOC) simulations (Gijsman et al. 2002; Yang et al. 2013). This model keeps three 

humic pools (i.e. microbial, active and stable) and two fresh organic matter pools (i.e. 

structural and metabolic). For successful modeling decomposition of the organic matter, 

along with the inorganic nutrient release or immobilization to the soil; accurate 

estimations of initial proportions in each pool are critical (Porter et al. 2010).Calculated 

SOC values from measured soil organic matter were used to adjust pools required in 

the Century model. 

Model Data Inputs – Crop Management 

This study was conducted using observed data from the three-year (2015 – 

2017) z crop rotation (corn – fallow – peanut – fallow – corn) field experiment located in 

the North Florida Research and Education Center – Suwannee Valley (NFREC – SV), 
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Live Oak, Florida. Details about data used in the model, results compared to observed 

data and model performance can be found in Chapter 3. 

Soil data and initial conditions. All simulations were performed using the 

‘Finesand LOUSUF007’ soil, which was developed in DSSAT using observed data. This 

soil file was constructed using four depths (0-15, 15-30, 30-60 and 60-90 cm), same as 

the soil N data collected in the experimental field. Measured soil characteristics and 

initial conditions from the experimental field located in the NFREC – SV were used for 

simulations (Table 5-2). 

Cultivar. Calibrated maize cultivar ‘McCurdy 84aa’ and ‘Geogia Green’ were 

used for corn and peanut simulations (see Chapter 3 for calibration details). 

Crop management. Selected planting dates were April 3 and May 19 for corn 

and peanut, respectively.  Plant density was 8 plants/m2 at 5 cm planting depth with a 

row spacing of 76 cm. In addition, corn and peanut planting and harvest dates from 

2015 experimental field were used for long-term simulations (Table 5-3). Three irrigation 

– N rate treatments from the experimental field were selected for long-term simulations. 

Treatments evaluated were:  

1. GROW – high: mimics conventional irrigation and fertility practices in corn and 
peanut. To simulate these practices in DSSAT, an automatic irrigation simulation 
option was selected using a fixed amount of 13 mm per event, a 40 cm irrigation 
management depth and 90% maximum allowable depletion (MAD). This option 
would apply enough water to avoid water stress during the crop season, mimicking 
conventional production practices in corn and peanut. 

In terms of N fertilization, the high N rate corresponds to a total of 336 kg N/ha; 
representing conventional N fertilizer applications performed in corn.  

2. SMS - medium: mimics an irrigation scheduling methodology using soil moisture 
sensors. An automatic simulation option with a fixed irrigation application rate of 10 
mm, a 50% MAD for a 30 cm irrigation management depth and with the previously 
described features was used. 
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The medium N rate corresponds to 247 kg N /ha, close to the University of 
Florida/Institute of Food and Agricultural Sciences recommend rate (235 kg N/ha) 
(Mylavarapu et al. 2015). 

3. NON – low: this treatment was selected as a representation of low inputs in which no 
irrigation and 157 kg N/ha were applied throughout the growing season. One 
irrigation event was applied one day before planting to provide adequate moisture 
conditions to ensure germination in the simulations. 

Fertilizer applications in the model were performed using 2015 – 17 observed 

data from experimental field. The total amount applied per N rates was distributed in 

seven fertilizer applications (one application at planting, two granular and four liquid 

sidedress applications. See details in Chapter 2).  

For peanut N, a minimal N application of 17 kg N/ha was applied following 

experimental and common practices in Florida. This amount and timing was equal for all 

treatments within the rotations. For model simulations, several sources of N were 

applied mimicking observed data. Fertilizer was applied banded and incorporated at 5 

cm beneath the surface. Fertilizer applications were applied as ‘days after planting’ 

following observed data. 

Climate Data 

Variations were made to weather conditions using a ‘baseline’ (1980-2010) and a 

sensitivity analysis for future climate change regarding projections to changes of 

weather parameters (i.e. additive changes in temperature and percent change in 

rainfall) obtained from two Representative Concentration Pathways (RCPs 4.5 and 

RCPs 8.5) (IPCC 2014). 

Baseline 

The historical baseline consisted of weather data from 1980 through 2010 and it 

was used to compare with future climate change impacts on corn and peanut biomass 
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and yield. This baseline period was selected using the AgMERRA and AgCFSR Climate 

Forcing Datasets for Agricultural Modeling (Rienecker et al. 2011; Ruane et al. 2015). 

To provide minimal required data for agricultural models, these datasets were created 

as an element of the Agricultural Model Intercomparison and Improvement Project 

(AgMIP), to provide daily time series with global coverage of climate variables required 

for the models. Thus, this climate period is considered satisfactory to perform a 

climatological analysis (Guttman 1989; Rosenzweig et al. 2013; WMO 1989). The 

baseline and future climate data were extracted from the grid cell where the 

experimental field is located in NFREC – SV, Live Oak, Florida (30.306057, -

82.900348).  

Sensitivity Analysis  

Due to the absence of measured data sets for full factorial scenarios of climate 

change impacts combined with irrigation and N supply, a sensitivity study was 

performed with the crop model to analyze interactive effects. Therefore, water deficit, N, 

individual climatic variables (temperature and rainfall) and their interactions were 

included in simulations. 

The Representative Concentration Pathways (RCPs) are greenhouse gas 

concentration trajectories for future climate adopted by the Intergovernmental Panel on 

Climate Change (IPCC 2014). The RCP 4.5 and RCP 8.5 were selected for mid-century 

(2050s) impact assessment for the future scenarios. These two RCPs provide regional 

weather changes for the selected period. The RCP 4.5 projected an air temperature 

increase of 2.1 °C (T+2.1°C) and a 5% increase in rainfall amounts (R+5%); whereas 

the RCP 8.5 projected a 2.8 °C air temperature increase (T+2.8°C) and a 7 % rainfall 

increase (R+7%) (IPCC 2014). Therefore, each Irrigation/N treatment was evaluated 
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under individual weather variable (temperature or rainfall increase) modifications per 

RCP; and a final interaction of the two main variables was tested across treatments (i.e. 

T+2.1°C * +5%R] and [T+2.8°C * +7% R]). Long-term simulations were performed 

across the seven scenarios using the same cultivars and soil type. 

Results 

Climate – Treatment Comparison during Baseline Weather Period (1980-2010) 

Temperature and rainfall for the baseline (1980-2010) showed temporal variation, 

where the highest mean maximum temperatures are reached during the months of June 

– August, and simultaneously, the greatest mean rainfall occurred compared to the 

other months of the year. These months correspond to the start and end of reproductive 

stages in corn, which are sensitive to high temperatures and water stress. On the other 

hand, rainfall contributions during the reproductive stages can reduced water stress and 

offset yield declines, particularly in the NON – low treatment (Figure 5-1). 

Corn-peanut rotations were simulated across the GROW – high, SMS – medium 

and NON – low  treatments using the baseline period (1980-2010 observed weather 

period) as a benchmark for comparison. In addition, treatments results on final biomass, 

yield, irrigation applied, drainage and N leaching per crop were compared against the 

GROW-high treatment, which represents conventional irrigation and fertility practices. 

Corn seasons. During the corn seasons (i.e. March – August) within the 

baseline period, average maximum temperature ranged from 25.8 °C (±4.3°C) to 35.3°C 

(±2.6°C), reaching maximum temperatures in the month of July. Corn is sensitive to 

high temperatures during reproductive stages, particularly during pollination, fertilization 

and the grain-filling period. Thus, yield reductions were observed across all treatments 

during the years showing the highest temperatures occurring during reproductive 
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stages. For example, a total of 34 days reached maximum temperatures above 36 °C 

during reproductive stages in 1998, resulting in yield declines across all treatments, 

particularly in the NON – low treatment (11,326, 11,326 and 2,988 kg/ha for the GROW 

– high, SMS – medium and NON – low  treatments, respectively). 

The 25% lowest irrigated yields observed during the baseline period occurred in 

1982, 1986 and 1998. During 1982 corn season, heavy rainfall events caused large 

amounts of N leaching (170, 84 and 35 kg N/ha in the GROW – high, SMS – medium 

and NON – low treatments, respectively) resulting in N stress and thus, lower yields 

(12,547, 12,522 and 11,076 kg/ha, for the same treatments, respectively). In 1986 and 

1998, corn resulted in N stress at the end of the season that resulted in lower yields. 

Nevertheless, in 1998, the high temperatures were the main cause of yield reductions. 

Similar trends in biomass and yield were found across the irrigated treatments due to 

weather conditions present during the baseline period. In contrast, the NON treatment 

biomass and yield were drastically affected due to low rainfall and high temperature 

years (Figure 5-2). 

The average corn biomass during the baseline period was 26,026, 25,388 and 

16,552 kg/ha for the GROW – high, SMS – medium and NON – low, respectively (STD 

= 1,933, 1,539 and 3,576 kg/ha, respectively). On average during this period, the SMS – 

medium treatment resulted in a 2% lower biomass compared to the GROW-high 

treatment. In comparison, the NON – low treatment mean biomass was on average 

36% lower than conventional practices (9% - 61% lower biomass range vs. the GROW 

treatment across the evaluated years) (Figure 5-2).  
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During the baseline period, corn yield means were 14,053, 13,585 and 8,440 

kg/ha for GROW – high, SMS – medium and NON – low treatments, respectively. The 

SMS – medium yield was 3% lower than the GROW-high treatment (STD = ranged from 

0% to 14% reduction in yield). In contrast, the NON – low treatment mean yield was 

40% lower than in the GROW treatment. Reductions in yield ranged from 12% to 74% 

compared to the GROW – high treatment during the baseline period (Figure 5-1). Based 

on field experiment results conducted in NFREC - SV, average reductions in yield of 3% 

resulted in no significant differences between irrigated treatments; whereas differences 

greater than 24% between irrigated and rainfed treatments resulted in significant 

differences (see details in Chapter 2). 

Although the GROW treatment resulted in slightly higher mean biomass and yield 

than in the SMS during the baseline period, it resulted in greater irrigation, drainage and 

N leaching compared to the SMS treatment. On average during the 15 corn seasons, 

the GROW irrigation applied 229 mm, drainage was 216 mm and N leaching was 99 kg 

N/ha. In contrast, the SMS treatment applied 107 mm, resulted in 125 mm of drainage 

and 29 kg N/ha leached on average per crop season. Thus, this treatment achieved on 

average 53% water savings and 71% lower N leaching amounts than conventional 

practices during the baseline period.  

As a comparison with previously treatments evaluated at NFREC – SV field 

experiment conducted during 2015-17, corn mean yields were 12,105, 12,705 and 

12,567 kg/ha in the GROW treatment; 12,011, 11,819 and 12,203 in the SMS treatment; 

whereas, 8,993, 7974 and 5,779 kg/ha in the NON treatment, respectively during 2015-

17 corn seasons. Significant differences were only found between the irrigated 
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treatments compared to the non-irrigated treatment during the three corn seasons. 

Irrigation applied in the GROW, SMS and NON was 320, 151 and 48 mm, respectively 

in 2015; 508, 291 and 25 mm in 2016 and;  546, 302 and 48 mm, respectively in 2017 

(further details in Chapter 2). Simulated N leaching for GROW – high, SMS – medium 

and NON – low treatments was 161, 41 and 5 kg N/ha in 2015, and 204, 119 and 89 kg 

N/ha in 2017 corn season, respectively. Thus, the SMS – medium resulted in 43% and 

45% average water savings and in 75% and 42% N leaching reductions during 2015 

and 2017 corn seasons, respectively in comparison to the GROW – high treatment 

(more details in Chapters 2 and 3). 

Peanut seasons. During the baseline period (1980-2010 observed weather), 

average peanut biomass and yield were less affected by weather changes across the 

years compared to corn. Mean biomass across treatments were 16,257, 15,249 and 

14,660 kg/ha GROW – high, SMS – medium and NON – low, respectively (STD = 614, 

697 and 1,044 kg/ha). The corresponding mean pod yields for these treatments were 

7,650, 7,424 and 6,836 kg/ha, respectively (STD = 365, 334 and 599 kg/ha, 

respectively) (Figure 5-4). 

Therefore, the SMS mean biomass and yield were on average 6% and 3% lower 

than in the GROW treatment during 1980-2010 baseline weather period. Based on 

results of previously evaluated treatments in field conditions, these percentages did not 

result in statistical differences across irrigated treatments. However, major differences 

were found on irrigation applied across irrigation treatments, which also was observed 

in field experiment. In the baseline period, the GROW treatment applied 186 mm on 

average per peanut season; whereas the SMS treatment applied 48 mm; representing a 
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74% average water savings by the SMS treatment compared to conventional practices. 

A minimal N application (17 kg N/ha) was equally performed across treatments during 

all peanut seasons. N leaching resulted in similar values across all treatments (39, 31 

and 29 kg N/ha for the GROW – high, SMS – medium and NON – low, respectively). 

Similar results were observed in peanut 2016 at the NFREC – SV field 

experiment. GROW – high and SMS – medium mean biomass were 14,652 and 15,358 

kg/ha, whereas mean pod yield was 8,399 and 7,556 kg/ha, respectively. No statistical 

differences in biomass nor yield were found between irrigated treatments. Likewise, 

SMS achieved 63% water savings compared to conventional practices. 

Despite variations in some of the peanut seasons, the NON – low treatment 

average biomass and pod yield were 14,660 and 6,830 kg/ha, which represents only a 

7% and 9% reductions compared to irrigated treatments. During the baseline, the 

highest rainfall amounts occurred during the months of June through August. Similar as 

corn, peanut is sensitive to water stress during reproductive stages, particularly during 

the pod-filling period. Thus, rainfall amounts contributed and avoided reductions in yield 

when occurred during sensitive stages of the crop, resulting in similar yields as in the 

irrigated treatments.  

Increasing Temperature 

Corn 

Effect of 2.1°C temperature increase in corn. Increasing average air 

temperature by 2.1 °C resulted in an accelerated anthesis date by three days and in 

maturity date by five days, on average across corn seasons. This acceleration in the 

growing season ranged from one to five days for the anthesis date, and from three to 

eight days for the maturity date. Consequences of this shortened period to flowering 
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and to reach physiological maturity has a direct impact on final biomass accumulation 

during the season, which will further decrease the glucose accumulation during grain 

filling; hence decrease final grain yields. Thus, increases in temperature by 2.1°C 

reduced corn biomass and yield by 5% and 12% in the GROW-high treatment on 

average across all seasons (Figure 5-4).  

Similar results were found in the SMS treatment, where average reductions in 

biomass and yield were 4% and 10% due to this increment in temperature (Figure 5-5). 

However, yield reductions up to 28% were found in both treatments during 1998 

(GROW = 8,181 kg/ha and SMS = 8,130 kg/ha) (Figures 5-4 and 5-5). Particularly, 

during 1998 mean maximum temperatures reported in the baseline reached up to 

33.2°C and 36.8°C for May and June, respectively. During corn reproductive stages 

(June - August), a total of 34 days reached maximum temperatures above 36° C. June 

maximum mean temperature (36.8°C) surpassed the maximum temperature in the 

model at which the developmental rate at these stages is zero. Therefore, reductions in 

the crop growth cycle, grain filling rate and senescence were simulated, resulting in low 

yields in all treatments. 

Simulations in the NON – low irrigated showed the greatest impact in biomass 

and yield due to increases in temperature. Biomass reductions averaged 9% (STD = 

7%) across all seasons; whereas, yield reductions averaged 15% (STD = 13%). In 

1998, biomass and yield resulted in 27% and 47% reductions compared to the baseline, 

due to the 2.1 °C increase in temperature (Figure 5-6). 

Effect of 2.8°C temperature increase in corn. This change in temperature 

caused the largest negative impact in all treatments. Increasing average air temperature 
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by 2.8 °C resulted in further acceleration of the growing periods (i.e. anthesis and 

maturity dates) and further reductions in biomass and yield. The average anthesis date 

was accelerated by four days; whereas the maturity date by seven days compared to 

the baseline period. The range of accelerated days was two to seven days for anthesis 

date and four to ten days for corn maturity date. 

Corn biomass and yield were negatively impacted when air temperature 

increased by 2.8 °C across all treatments. The GROW average biomass and yield 

decreased by 9% and 19%, respectively (STD = 5% and 10% reductions respectively) 

(Figure 5-4). Similarly, the SMS treatment showed a 7% and 17% reduction in biomass 

and yield on average across all corn seasons due to this increase in air temperature 

(STD = 5% and 10% reductions, respectively) (Figure 5-5). The effect of temperature 

increase of 2.8 °C on the NON – low treatment resulted in 12% and 21% average 

reduction in biomass and yield, respectively compared to the baseline period (Figure 5-

6). 

Simulations of higher temperature in the 1998 corn season resulted in the lowest 

yield across all treatments. Reductions in yield up to 40%, 41% and 41% in the GROW 

– high, SMS – medium and NON –low resulted due to a temperature rise of 2.8 °C 

(Figures 5-4 – 5-6). 

Anthesis and maturity dates and therefore biomass and yield were negatively 

impacted when air temperature increased 2.1°C and 2.8°C. The greater the temperature 

increase, the shorter the growing periods; thus, the lower the biomass and final grain 

yield (Figures 5-4 – 5-6). 
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Figure 5-7 shows the projected corn mean yield and biomass change to baseline 

in the GROW – high, SMS – medium and NON – low treatments for rising temperatures 

(T+2.1°C and T+2.8°C). 

Peanut 

Effect of 2.1°C temperature increase in peanut. Peanut phenology was 

insensitive to increases of temperature. No changes in anthesis nor maturity dates were 

found across all treatments.  

 On average across the peanut seasons, the biomass in the GROW – high 

treatment increased in 1%, but average yield decreased in 6% due to the 2.1°C air 

temperature increase (Figure 5-8). The effect of SMS irrigation on peanut biomass in 

some years was positive (+2.7%) whereas in other years was negative (-2.2%) due to 

increments in temperature. Therefore, the average effect evened out across all years. 

Nevertheless, pod yield was negatively impacted resulting in an average 7% reduction 

compared to the baseline period (Figure 5-9). Similarly, the 2.1°C increase in 

temperature resulted in a positive effect up to 2.1% increase in biomass in the NON 

treatment, whereas in others, it resulted in a negative impact up to 1.3% biomass 

reduction. Thus, on average, the 2.1°C increase in temperature had no effect in 

biomass across the peanut seasons in comparison to the baseline weather period. 

However, average peanut pod yield was 7% lower than in the baseline due to this 

increment in temperature (Figure 5-10). 

Effect of 2.8°C temperature increase in peanut In the GROW-high treatment, an 

increase in air temperature of 2.8 °C resulted in a small increase in peanut biomass of 

2% averaged across all seasons relative to the baseline period. However, it had a 

negative impact in pod yield, resulting in 9% average reduction across all seasons (STD 
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= 4% reduction in yield) (Figure 5-8). The SMS – medium treatment resulted in 1% 

increase in biomass and 11% reduction in pod yield (STD = 4%), on average across all 

peanut seasons (Figure 5-9). By contrast, the NON-low treatment resulted in no 

average effect in biomass, but on an average reduction in pod yield of 10% (STD = 4%) 

(Figures 5-10). 

In general, despite the negative impact on biomass due to temperature increase, 

peanut pod yield was less sensitive to raising temperatures compared to the baseline. 

Figure 5-11 shows the projected peanut mean yield and biomass change to the 

baseline in the evaluated treatments for rising temperatures (T+2.1°C and T+2.8°C). 

Increasing Rainfall 

Increasing rainfall by 5% or 7% had no effect on the corn or peanut phenology. 

Anthesis nor maturity date were impacted by rainfall increases. In general, the effect of 

rainfall increase in corn and peanut was lower compared to the effect of temperature 

increase.  

Corn 

Effect of 5% and 7% rainfall increase in corn. The simulations of 5% higher 

rainfall amounts across all corn seasons resulted in similar biomass and yield than the 

baseline on the GROW – high and SMS – medium treatments (Figures 5-4 and 5-5). On 

average, biomass did not change and yield was reduced by 1% on both treatments 

(Figure 5-7). In general, higher rainfall amounts resulted in small increases in N 

leaching which resulted in slightly lower yields. In contrast, the NON – low treatment 

was positively impacted by the 5% and the 7% increase in rainfall during most of the 

seasons, resulting in very small and almost negligible (2% and 3%) average increases 

in biomass and yield (STD = 2% and 4%, respectively) compared to the baseline 
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weather period (Figures 5-9 – 5-11). Despite these positive effects, simulated rainfed 

corn yields were the lowest compared to the irrigated treatments yields. 

Peanut 

Effect of 5% and 7% rainfall increase in peanut. The increase in rainfall resulted 

in no effect on biomass nor yield in the GROW – high and SMS – medium treatments 

compared to the baseline period (Figures 5-8 and 5-9). In comparison, 5% and 7% 

rainfall increase had small positive effects in the NON – low treatment, resulting in a 1% 

yield increase on average across all seasons compared to the baseline (Figure 5-10). 

RCPs 4.5 and 8.5 – Combined Effects 

Corn 

Overall, the combined effect of projected temperature and rainfall increase 

resulted in similar negative impacts in simulated corn biomass and yield as the effects 

of temperature increase alone in the irrigated treatments (GROW – high and SMS – 

medium). Therefore, rainfall increments did not compensate for the negative impacts of 

temperature increase. In general, the models suggested negative corn biomass and 

yield impacts as temperatures increased. Irrigated biomass and yield simulations 

suggest declines of 5% and 12% (STD = 4% and 8%), respectively for the projected 

temperature and rainfall increase in the RCP 4.5; and declines of 8% and 18% (STD = 

5% and 10%), respectively for the RCP 8.5. Thus, the more pessimistic impact resulted 

in the RCP 8.5 (Figure 5-7). In contrast, in the NON – low treatment, simulated biomass 

and yield resulted in 7% and 12% declines (STD = 8% and 13%, respectively) due to 

the combined effect of projected temperature and rainfall changes in the RCP 4.5 

compared to the baseline. Slightly higher reductions of 9% and 17% in biomass and 

yield resulted in the projected changes in the RCP 8.5 (STD = 10% and 17%, 
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respectively) (Figure 5-7). Simulated rainfed corn biomass and yield impacts were 

highly variable due to the combined effect of projected temperature and rainfall 

changes, suggesting mostly negative impacts, but of a lower magnitude than rising air 

temperatures as an isolated effect. Thus, rainfall increments may contribute to offset the 

effects of temperature under rainfed conditions. Figure 5-7 shows simulated irrigated 

and rainfed corn biomass and yield changes due to projected changes for 2050. 

Peanut 

In peanut, the projected increments in temperature and rainfall of the RCPs 4.5 

and 8.5 had a major negative impact on yield, whereas, biomass simulations remained 

almost insensitive to the projected changes. Similar reductions in yield were projected 

for all treatments evaluated. On average, pod yield reductions of 6% and 9% were 

projected for the RCPs 4.5 and 8.5, respectively same as projected reductions caused 

by 2.1 °C and 2.8 °C temperature increase, respectively. Figure 5-11 shows simulated 

irrigated and rainfed peanut biomass and yield changes due to projected changes for 

2050. 

Effect of Temperature and Rainfall Increase on Irrigation, Drainage and N 
Leaching in Corn 

 Irrigation applied, drainage from the rootzone and N leaching across all 

treatments were simulated during the baseline weather period and compared to 

potential future changes on climatic variables (i.e. temperature increases, rainfall 

increases and the combination of both as stated in RCPs 4.5 and 8.5) (Figure 5-12). As 

well, treatments evaluated were compared against the GROW – high treatment to 

evaluate the effectiveness of management on water savings and potential 

environmental risks (e.g. N leaching) 
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The GROW treatment mean irrigation was 229 mm during the baseline period. 

Projected increases in irrigation of 1% resulted from temperature rising 2.1 °C and 2.8 

°C; whereas reductions of 2% and 3% for rainfall increases of 5% and 7%, respectively. 

The combined effect of increases in temperature of 2.1°C and 5% rainfall resulted in 

mean irrigation reductions of 2%; whereas the combined effect of temperature increase 

by 2.8 °C and 7% in rainfall had no effect compared to the baseline (Figure 5-12). 

Overall, low increases in irrigation resulted across all climatic scenarios in the GROW 

treatment. 

The SMS treatment applied 107 mm on average during the baseline period. In 

comparison, projected irrigation applied increased in 9% and 7% due to temperature 

rising by 2.1 °C and 2.8 °C, respectively. In contrast, projected mean SMS irrigation 

decrease in 5% for rainfall projections increases of 5% and 7%. Then, for the RCPs 4.5 

(T+2.1 °C * +5%R) and 8.5 (T+2.8 °C * +7% R), SMS irrigation resulted in 4% and 3% 

increase in irrigation applied, respectively compared to the baseline. In general, 

increments in temperature will also increment transpiration and soil evaporation, 

resulting in a greater depletion in available water in the soil for plant uptake. Therefore, 

it will increase irrigation amounts, since depletion might occur more frequently. The 

automatic function in the model will replenish the soil profile when reaching 50% MAD. 

The opposite occurs when more water is available due to rainfall contributions; less 

irrigation events will be required. 

When comparing irrigation amounts among treatments, the SMS achieved water 

savings ranging from 49% to 54% compared to the GROW – high treatment across all 

scenarios (i.e. baseline, T+2.1 °C, T+2.8 °C, R+5%, R+7%, ([T+2.1 °C * +5% rainfall] 
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and [T+2.8 °C * +7% rainfall]). Previously shown field experiment results conducted at 

NFREC – SV showed 53% and 45% water savings achieved in the SMS treatment 

compared to the GROW in 2015 and 2017 corn seasons, respectively. Main differences 

were due to rainfall amounts and distribution through the growing season. Despite that 

rainfall occurred during the 2017 corn season was 21% greater than in 2015, the SMS 

treatment applied significantly less irrigation than the GROW treatment (Chapter 2). 

During the baseline period, average drainage in the GROW – high and SMS – 

medium treatments was 216 mm and 125 mm, respectively. Irrigated corn simulations 

suggest drainage reductions due to projected warmer temperatures and greater 

drainage due to projected increase in rainfall. In the GROW treatment, simulated 

drainage was reduced in 4% and 6% due to projected increase in air temperature of 2.1 

°C and 2.8 °C, respectively compared to the baseline period. In contrast, GROW 

drainage increased by 9% and 12% due to rainfall increase of 5% and 7%, respectively. 

For the RCPs 4.5 and 8.5, simulated drainage increased in 5% and 8%, respectively 

compared to the baseline, indicating a dominant effect of projected rainfall increase over 

raising temperatures. 

Similar trends were found in the SMS – medium treatment simulations, in which 

average drainage decreased in 4% and 7% due to projected rising temperatures of 2.1 

°C and 2.8 °C, respectively. However, simulated SMS drainage increased in 14% in 

both scenarios of projected rainfall increase (5 and 7%) compared to the baseline. 

Similarly, simulations in the SMS treatment shows consistent increase in drainage in 

both RCPs. The interaction between climatic variables projected in the RCPs 4.5 and 

8.5 resulted in 11% and 13% increase in average drainage across the corn seasons, 



 

308 
 

respectively. Since the SMS treatment is already optimizing irrigation, increases in 

rainfall can contribute in reductions in irrigation; however, due to the intrinsic variability 

of rainfall amounts and distribution, it can also exceed the adequate moisture in the soil 

and result in greater drainage and N leaching. Nevertheless, drainage occurring in the 

SMS – medium treatment ranged from 114 to 145 mm across all evaluated scenarios, 

whereas the GROW – high ranged from 205 to 247 mm. Thus, the SMS average 

drainage resulted in a range of 49%-55% reduction in drainage amounts compared to 

the GROW – high treatment, across all scenarios. 

The NON-low treatment average drainage during the baseline period was 101 

mm. Rainfed corn simulations suggest drainage declines due to projected warmed 

temperatures and increases due to projected rainfall increases. The effects of rising 

temperatures by 2.1 °C and 2.8 °C resulted in a 6% and 9% lower projected average 

drainage in the NON – low treatment. In contrast, the effect of 5% and 7% increase in 

rainfall resulted in a projected drainage increase of 21% and 16% compared to the 

baseline. For the interaction of climatic variables projected in the RCPs 4.5 (+2.1 °C * 

+5%R) and 8.5 (T+2.8 °C * +7% R), simulated drainage in the NON – low treatment 

increased on average by 12% and 15%, respectively.  

In terms of N leaching, irrigated corn simulations suggest small increases in N 

leaching due to warmer temperatures and rainfall increase. Simulated N leaching in the 

GROW – high treatment resulted in similar mean values across all projected scenarios, 

ranging from 99 to 109 kg N/ha. Simulated N leaching during the baseline was on 

average 99 kg N/ha. Increases in 3% and 5% N leaching resulted due to projected 

temperatures (2.1 °C and 2.8 °C) as well as due to rainfall increases (5% and 7%), 
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respectively. The combined effect of temperature and rainfall changes projected in RCP 

4.5 and in RCP 8.5 resulted in 6% and 9% increase N leaching, respectively on average 

compared to the baseline period.  

Average N leaching in the SMS – medium treatment was 29 kg N/ha during the 

baseline period. Rising temperatures had a small effect on simulated N leaching in this 

treatment. Average increments in N leaching of 1% and 2% resulted due to projected 

temperature increase of 2.1 °C and 2.8 °C, respectively. Projected 5% and 7% rainfall 

increase resulted in a 6% increase simulated N leaching on average across all seasons. 

Similarly, a 6% and 10% increase in N leaching resulted from the combined effect of 

temperature and rainfall changes projected in RCP 4.5 and in RCP 8.5, respectively. 

Rainfed – low N corn simulations suggested larger N leaching across all 

projected scenarios. In the NON – low treatment, average N leaching was 19 kg N/ha 

during the baseline period. Increments of 7% in N leaching resulted from the four 

scenarios of temperature and rainfall increase compared to the baseline. However, 

average N leaching increased by 12% and 15% for the temperature and rainfall 

changes projected in the RCP 4.5 and 8.5, respectively. Temperature increases causes 

additional stress to this treatment, which already has water and N stress. Soil N 

availability in this treatment depends on rainfall. Thus, due to spatial and temporal 

rainfall distribution, high uncertainty on adequate moisture conditions is predominant in 

this treatment. Also, if N is not in a soluble form, then plants cannot take up, resulting in 

N leaching from the rootzone when heavy rainfall events occur.  

Based on previously reported results from field experiment conducted in NFREC 

– SV (Chapter 3), simulated N leaching in the GROW – high, SMS – medium and NON 
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– low treatments was 161, 41 and 5 kg N/ha, respectively in the 2015 corn season; 

whereas N leaching increased up to 204, 119 and 89 kg N/ha, respectively. The main 

difference among years was due to heavy rainfall events and non-uniform rainfall 

distribution occurred in the 2017 corn season (i.e. 21% greater rainfall than in 2015) that 

resulted in higher N leaching amounts across the treatments evaluated. 

Effect of Temperature and Rainfall Increase on Irrigation, Drainage and N 
Leaching in Peanut 

Figure 5-13 shows the effect of projected rising temperatures (T+2.1 °C, T+2.8 

°C), rainfall increase (R+5%, R+7%), and combined effect of temperature and rainfall 

increase projected by the RCPs 4.5 (T+2.1 °C * +5% rainfall) and 8.5 (T+2.8 °C * +7% 

rainfall) on irrigation applied, drainage from the rootzone and N leaching across all 

treatments. The management effectiveness in terms of water savings and potential 

reductions in N leaching in peanut production was evaluated across treatments.  

Average irrigation applied in the GROW treatment was 186 mm during the 

baseline period.  Simulations showed potential increases in irrigation of 5% and 6% due 

to projected temperature increase of 2.1 °C and 2.8 °C, respectively. In contrast, 

projected 5% and 7% increase in rainfall had a small or no effect on average irrigation 

applied in the GROW treatment (average 0 - 1% increase respect to the baseline). 

Similarly, the combined effect of climatic variables projected in the RCP 4.5 and 8.5, 

resulted in 1% and 3% increased irrigation simulations, respectively (Figure 5-13). 

Average SMS irrigation applied during the baseline period was 48 mm. Projected 

temperature rise of 2.1°C had no effect on the SMS irrigation simulations; however, 

projected rise of 2.8°C resulted in 4% increase average irrigation. On the other hand, 

reductions in average SMS irrigation resulted due to projected 5% and 7% rainfall 
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increase; whereas the combined effect of climatic variables projected in the RCP 4.5 

and 8.5, resulted in 3% and 4% less average irrigation applied in the SMS treatment, 

respectively. Thus, the SMS-medium achieved water savings ranging from 74% to 76% 

compared to the GROW – high treatment across all scenarios (i.e. baseline, T+2.1 °C, 

T+2.8 °C, R+5%, R+7%, RCP 4.5 and RCP 8.5) (Figure 5-13). 

Average drainage in the GROW – high and SMS – medium treatments was 347 

mm and 238 mm, respectively during the baseline period. The peanut growing seasons 

encompass the months in which greatest rainfall amounts occurred; thus, most of the 

drainage is due to rainfall and not due to irrigation applied. No major changes resulted 

in average simulated drainage due to projected temperature increases of 2.1 °C and 2.8 

°C. In contrast, average simulated drainage in the GROW treatment increased 9% and 

11% due to projected 5% and 7% rainfall increase, respectively. In contrast, 32% and 

36% drainage reductions resulted due to the combined climatic effect projected in the 

RPCs 4.5 and 8.5, respectively.  

Similarly, average drainage in the SMS – medium treatment decreased in 4% 

and 6% due to projected rising temperatures of 2.1 °C and 2.8 °C, respectively. 

However, SMS drainage simulations increased 10% due to projected 5% and 7% 

rainfall increase compared to the baseline. The combined effect of the climatic variables 

interaction projected in the RCPs 4.5 and 8.5, showed a 7% and 10% increase in 

average SMS drainage across the peanut seasons, respectively. In comparison to 

drainage occurring in the GROW-high treatment, the SMS average drainage ranged 

from 225 to 265 mm across all evaluated scenarios, whereas the GROW – high ranged 



 

312 
 

from 255 to 380 mm. Hence, the SMS average drainage represents a range up to 35% 

less drainage compared to the GROW – high treatment, across all scenarios. 

The average drainage occurred in the NON – low treatment was 224 mm during 

the baseline period. This large amount indicates high average drainage occurring during 

peanut growing seasons due to rainfall events. Most likely, higher drainage amounts 

occurred in the irrigated treatments due to lower storage for rainfall, since soil moisture 

is kept close to field capacity. However, from the total drainage, large drainage 

corresponds to rainfall events and not to irrigation. Projected increases in temperature 

by 2.1 °C and 2.8 °C resulted in 3% and 5% lower average drainage in the NON – low 

treatment; whereas projected 5% and 7% rainfall, increased simulated drainage on 

average by 13% and 11%. The combined effects of climatic variables changes effect 

projected in the RPCs 4.5 and 8.5 increased simulated drainage in 8% and 11%, 

respectively.  

In terms of N leaching, the GROW – high treatment (i.e. high N rate applied in 

previous corn rotation) resulted in similar average values across all scenarios (N 

leaching means ranging from 39 to 45 kg N/ha across all projected scenarios). In 

comparison to the baseline (average N leaching = 39 kg N/ha), increases in average N 

leaching of 8% and 9% resulted due to projected temperature increase of 2.1 °C and 

2.8 °C. As well, increases of 4% and 5% N leaching resulted due to projected 5% and 

7% increase rainfall, respectively. The combined effect of temperature and rainfall 

changes projected in RCP 4.5 and in RCP 8.5 resulted in 10% and 13% increase in 

average N leaching compared to the baseline period.  
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Average N leaching in the SMS – medium treatment (i.e. medium N rate applied 

in previous corn rotation) was 31 kg N/ha during the baseline period. Rising 

temperatures of 2.1 °C and 2.8 °C caused an increase of 7% and 9% compared to the 

baseline. Rainfall increase of 5% and 7% resulted in a 4% increase N leaching on 

average across all seasons compared to the baseline; whereas average N leaching 

increased 11% and 15% in the [T+2.1 °C * +5% rainfall] and [T+2.8 °C * +7% rainfall] 

scenarios, respectively. Although most of the N leaching is caused by rainfall drainage, 

the SMS treatment N leaching was on average 21% lower than in the GROW treatment 

across all scenarios evaluated. 

In the NON – low treatment, average N leaching was 29 kg N/ha during the 

baseline period. Temperature increases had a small effect on N leaching; whereas 

rainfall increases resulted in 5% N leaching compared to the baseline. Similarly, 

average N leaching increased 4% and 5% due to projections in the RCP 4.5 (T+2.1 °C * 

+5% rainfall) and RCP 8.5 (T+2.8 °C * +7% rainfall), respectively.  
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Conclusions 

Irrigated corn simulations indicated biomass and yield declines due to projected 

warmer temperatures, and almost null effect due to projected rainfall increase. The 

combined effect of climatic variables changes projected in the RCPs 4.5 and 8.5 

resulted in similar negative impacts in biomass and yield as in warmer temperatures. In 

contrast, rainfed corn biomass and yield impacts were highly variable and more 

negatively impacted due to warmer temperatures. A small positive effect was found due 

to projected rainfall increase, which may contribute to offset the effects of temperature. 

Projected air temperature increase of 2.1°C resulted in an accelerated anthesis 

date (i.e. earlier flowering) by three days and in maturity date (i.e. shorter grain filling 

period) by five days on average during the 15 corn seasons within crop rotations. This 

acceleration of the crop life cycle had a direct negative impact on biomass and yield. It 

reduced average corn biomass in 5%, 4% and 9% and reduced yield in 12%, 10% and 

15%, respectively in the GROW – high, SMS – medium and NON – low treatments. 

Moreover, projected air temperature increase of 2.8°C reduced corn biomass in 9%, 7% 

and 19% and corn yield in 19%, 17% and 21% in the GROW – high, SMS – medium 

and NON – low treatments, respectively on average compared to the baseline weather 

period. Therefore, simulations indicate more negative effects in corn biomass and yield 

as temperature increased. In contrast, projected increases in rainfall of 5% and 7% 

resulted in negligible effects on irrigated corn biomass and yield and in small positive 

effects on rainfed corn (2% and 3% increase, respectively). Simulated corn biomass 

and yield suggested yield declines of 6% and 12% due to increases in temperature of 

2.1°C and 5% increase rainfall, whereas simulated declines of 8% and 18%, 

respectively resulted due temperature increase by 2.8°C and 7% rainfall increase on 
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average across all treatments evaluated. The combined effect of temperature increase 

by 2.8°C and 7% rainfall increase resulted in the pessimist declines in irrigated and 

rainfed corn growth and yield. 

On the other hand, irrigated and rainfed peanut simulations showed negligible 

effects in biomass due to projected temperature increases of 2.1°C and 2.8 °; whereas 

pod yield declines of 6% and 10%, respectively across all treatments evaluated. Similar 

results resulted in biomass and yield due to temperature and rainfall changes on 

average across all treatments evaluated. 

The long-term effectiveness of using SMS to schedule irrigation and reduce N 

leaching without impacts in yield compared to conventional practices was evaluated 

using a baseline weather period (weather data from 1980 to 2010). On average across 

all corn seasons, results showed water savings of 53% and 71% lower N leaching 

amounts than conventional practices (average irrigation applied 229 and 107 mm and N 

leaching 99 and 29 kg N/ha in the GROW – high and SMS – medium, respectively). A 

further sensitivity analysis was performed across various projected changes in climatic 

variables (scenarios of raising temperatures: 2.1 °C and 2.8 °C, increase in rainfall: 5% 

and 7%, and the interaction of both (T+2.1 °C * +5% rainfall) and (T+2.8 °C * +7% 

rainfall). This analysis also demonstrated water savings achieved by the SMS ranging 

from 49% to 54% compared to the GROW – high treatment across all scenarios. 

Furthermore, similar average biomass and yields were found in the GROW – 

high and SMS – medium across all simulated corn seasons within the baseline period. 

Average reductions of 2% and 3% on biomass and yield, respectively resulted in the 

SMS – medium versus the GROW – high during this period. However, reductions in 
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26% fertilizer applied and in 71% N leaching were achieved on average in the SMS – 

medium treatment compared to conventional practices during the baseline period and 

across all climatic scenarios evaluated. 

When evaluating irrigation applied, drainage and N leaching across various 

climatic scenarios, small differences were seen across scenarios within the same 

treatment. However, major differences were observed when comparing the treatments 

evaluated across these variables. Overall, the SMS showed average reductions of 52% 

irrigation applied, 41% drainage and 71% N leaching compared to the GROW -high with 

low impacts in yield across all scenarios. In comparison, the NON – low treatment 

resulted in average reductions of 52% in drainage and 81% in N leaching compared to 

the GROW – high treatment, but with negative impacts in yield. 

Over the long-term analysis, the NON – low treatment showed the highest 

variability and the most negative impacts on yield essentially due to the large variability 

in rainfall amounts and distribution within the corn seasons. Furthermore, in a scenario 

of rising temperatures (2.1°C or 2.8°C), higher water stress will impact corn biomass 

and yield particularly in the NON – low scenario; whereas, irrigated treatments might 

offset temperature stress and result in lower reductions, on average.  On the other 

hand, peanut biomass and yield were less severely impacted by the changes in the 

climatic variables across all treatments evaluated. Thus, this crop might be more 

tolerant to temperature and rainfall changes. Sensitivity analysis performed throughout 

crop simulation models is a useful tool that can provide insights of the interaction of crop 

growth and yield formation processes that are sensitive to climate variables; however, 

crop responses may differ from using climate change projections (i.e. monthly 
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temperature changes for a 30-year future period) obtained from General Circulation 

Models or GCMs, which are considered the most advanced tools currently available for 

simulating the response of the global climate system to increasing greenhouse gas 

concentrations. 
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Table 5-1. Methods used in DSSAT for long-term crop rotation simulations. 
 

Processes Simulation Method 

Evapotranspiration FAO 56 
Infiltration Soil Conservation Service 
Photosynthesis Leaf photosynthesis response curve 
Hydrology Ritchie water balance 
Soil Organic Matter (SOM) Century method (Parton) 
Soil evaporation method Suleiman-Ritchie 
Soil layer distribution Unmodified soil profile1 

1 Soil profile created using 4 depths: 0 – 15, 15 – 30, 30 – 60 and 60 – 90 cm. 
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Table 5-2. Soil characteristics and initial conditions from field experiment used in the DSSAT for the long term crop 
rotation simulations. 

 

Depth, base 
of layer 

Bulk 
Density, 
moist 

Organic 
Carbon 

Total 
Nitrogen 

pH in 
water 

Phosphorus 
extractable 

Stable 
Organi
c 
Carbon 

Volumetric 
water 
content 

Ammonium 
(NH4) Nitrate (NO3) 

(cm) g/cm3 % %   mg/kg % cm3/cm3 
g(N)/Mg 
(soil) g(N)/Mg (soil) 

15 1.5 0.76 0.05 6 61.9 0.68 0.1 1.8 2.5 
30 1.5 0.67 0.04 6 49.8 0.55 0.1 1.7 1.7 
60 1.5 0.66 0.02 5.9 39 0.53 0.1 1 1.6 
90 1.5 0.34 0.01 5.7 33.5 0.3 0.1 0.9 1.4 
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Table 5-3. Planting and harvest dates from 2015-16 field experiment used in the DSSAT 
CERES-Maize model for the long-term crop rotation simulations. 

 

Activity Crop Date 

Harvest date Fallow 2015 4/1/2015 
Planting date Corn 2015 4/3/2015 
Harvest date Corn 2015 8/18/2015 
Harvest date Fallow 2015-16 5/12/2016 
Planting date Peanut 2016 5/13/2016 
Harvest date Peanut 2016 10/4/2016 

The fallow periods were harvested one or two days before the following crop planting date. 
The model assumes the day after harvest as the fallow planting date (input not required).  
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Figure 5-1. Monthly mean rainfall (bars) and monthly mean maximum and minimum 
temperature (lines) during 30 years baseline weather period (1980-2010). 
Error bars are one standard deviation above and below the mean rainfall and 
temperature value. 
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Figure 5-2. Long-term simulated corn biomass (top) and yield (bottom) during the 

baseline weather period (1980-2010) across the GROW-high, SMS-medium 
and NON-low treatments.  

 
 



 

323 

 
 
Figure 5-3. Long-term simulated peanut biomass and yield during the baseline weather 

period (1980-2010) across the GROW – high, SMS – medium and NON – low 
treatments. 
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Figure 5-4. Effect of rising temperatures (2.1 °C and 2.8 °C, red lines) and increase 

rainfall (+5% and +7%, blue lines) on corn biomass (top) and yield (bottom) in 
the GROW – high treatment compared to the baseline observed weather 
period (1980-2010).  
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Figure 5-5. Effect of rising temperatures (2.1 °C and 2.8 °C, red lines) and increase 

rainfall (+5% and +7%, blue lines) on corn biomass (top) and yield (bottom) in 
the SMS – medium treatment compared to the baseline observed weather 
period (1980-2010). 
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Figure 5-6. Effect of rising temperatures (2.1 °C and 2.8 °C, red lines) and increase 

rainfall (+5% and +7%, blue lines) on corn biomass (top) and yield (bottom) in 
the NON – low treatment compared to the baseline observed weather period 
(1980-2010). 
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Figure 5-7. Projected mean corn biomass (left) and yield (right) change (to baseline, 

1980-2010) in the GROW – high, SMS – medium and NON – low treatments 
for temperature increase (T+2.1 °C and T+2.8 °C), rainfall increase (R+5% 
and R+7%) and combined effects (T+2.1 °C * R+5% and T+2.8 °C * +R+7%).  
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Figure 5-8. Effect of rising temperatures (2.1 °C and 2.8 °C, red lines) and increase 

rainfall (+5% and +7%, blue lines) on peanut biomass (top) and yield (bottom) 
in the GROW – high treatment compared to the baseline observed weather 
period (1980-2010).  



 

329 

 

 

 
Figure 5-9. Effect of rising temperatures (2.1 °C and 2.8 °C, red lines) and increase 

rainfall (+5% and +7%, blue lines) on peanut biomass (top) and yield (bottom) 
in the SMS – medium treatment compared to the baseline observed weather 
period (1980-2010).  
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Figure 5-10. Effect of rising temperatures (2.1 °C and 2.8 °C, red lines) and increase 
rainfall (+5% and +7%, blue lines) on peanut biomass (top) and yield (bottom) 
in the NON – low treatment compared to the baseline observed weather 
period (1980-2010).  
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Figure 5-11. Projected mean peanut biomass (left) and yield (right) change (to baseline, 

1980-2010) in the GROW – high, SMS – medium and NON – low treatments 
for temperature increase (T+2.1 °C and T+2.8 °C), rainfall increase (R+5% 
and R+7%) and combined effects (T+2.1 °C * R+5% and T+2.8 °C * +R+7%). 
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Figure 5-12. Effect of temperature, rainfall increase and combined effects for the RCP 

4.5 (T+2.1 °C * +5% rainfall) and RCP 8.5 (T+2.8 °C * +7% rainfall) on 
irrigation, drainage and N leaching across treatments evaluated in corn 
compared to the baseline weather period (1980-2010). Boxplots: lower 
boundary of the box indicates the 25th percentile, a line within the box marks 
the median across 30 years, and the upper boundary of the box indicates the 
75th percentile. Whiskers (error bars) above and below the box indicate the 
90th and 10th percentiles.   
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Figure 5-13. Effect of temperature, rainfall increase and combined effects for the RCP 

4.5 (T+2.1 °C * +5% rainfall) and RCP 8.5 (T+2.8 °C * +7% rainfall) on 
irrigation, drainage and N leaching across treatments evaluated in peanut 
compared to the baseline weather period (1980-2010). Boxplots: lower 
boundary of the box indicates the 25th percentile, a line within the box marks 
the median across 30 years, and the upper boundary of the box indicates the 
75th percentile. Whiskers (error bars) above and below the box indicate the 
90th and 10th percentiles. 
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CHAPTER 6 
SUMMARY AND FINAL REMARKS  

Best Management Practices have been proposed to reduce inputs (i.e. irrigation 

and N fertilizer rates) in corn production to maintain N in the rootzone for crop uptake; 

hence reduce N leaching, one of the main causes of water quality and environment 

impairment in the Suwannee River Basin. The proposed irrigation scheduling strategies 

were: SWB, a daily soil water balance or the ‘checkbook’ method; SMS, soil moisture 

sensors with irrigation scheduled using field capacity and 50% maximum allowable 

depletion thresholds; Reduced, applied 60% of GROW treatment.  Two lower N fertilizer 

rates (i.e. low = 157 kg N/ha and medium = 247 kg N/ha) were evaluated in comparison 

to conventional practices (i.e. GROW, uses a calendar-based irrigation scheduling 

method and high N rate = 336 kg N/ha; mimicking growers irrigation practices). 

Irrigation had a significant effect on the final biomass and N uptake in corn stems 

and ears during the three years of evaluation. Irrigated treatments (GROW – Reduced) 

did not differ significantly; however, significant differences were found versus the NON 

treatment, which resulted in significantly lower biomass and N uptake. In contrast, N 

fertility rates did not have a significant effect on final biomass nor N uptake (the low, 

medium and high N rates biomass means were 23,007, 23,047, 24,014 kg/ha in 2015; 

21,456, 21,106 and 21,928 kg/ha in 2016; and 18,374, 19,228 and 19,920 kg/ha in 

2017, respectively. Final N uptake means in the low, medium and high rates were 219, 

231 and 238 kg N/ha in 2015, 224, 230 and 245 kg N/ha in 2016, 194, 214 and 224 kg 

N/ha in 2017, respectively). Furthermore, the medium rate resulted in no differences in 

final grain yield (mean yield during 2015-17 ranged from 10,979 to 11,322 kg/ha), when 

using any of the irrigation strategies proposed (SWB, SMS or Reduced) compared to 
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the high N rate (mean yield 2015-17 = 11,486 – 12,314 kg/ha). The low rate did not 

differed than the medium rate during the three corn seasons (mean yields were 10,534, 

10,839, 10,716 kg/ha in 2015-17). In 2016, no statistical differences were found across 

the three evaluated N rates.  

The total ear N uptake and total N biomass ratio was on average 0.81, 0.77 and 

0.78 in 2015 – 17 corn seasons. At harvest, only the grain N is removed from the field 

and stems, leaves and roots are left aboveground. Approximately 20% of N is contained 

in these plant sections, which after mineralization processes can be released in the top 

soil layers. This important amount of N is generally not considered in the fertilization 

program of the following crop and it is left in the fields. Thus, during the fallow period 

(off-season), this N is potentially leached by excess precipitation. 

The main results comparing N fertility rates showed that a reduction in 26% on 

conventional fertilization practices could be implemented without impacting corn yield 

when following rates similar to UF/IFAS fertilizer recommendations (medium N rate = 

247 kg N/ha). 

During the three corn growing seasons, the use of BMPs with different irrigation 

strategies (i.e. SWB, SMS and Reduced) resulted in yields without statistical differences 

than the conventional irrigation practices. However, substantial water savings were 

achieved. The implementation of a soil water balance (SWB), soil moisture sensors 

(SMS), and or, a reduced strategy (Reduced) achieved a total water savings of: 42%, 

53% and 34% in 2015, 39%, 43% and 37% in 2016; and 42%, 45% and 36%, 

respectively in 2017 compared to conventional practices (GROW), without negative 

impacts on yield. 
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Crop simulation models within the DSSAT platform were used to simulate water 

and N balances in a corn-peanut conventional rotation and to evaluate the effectiveness 

of the irrigation treatments on final yield and N leaching. In 2015 and 2017 corn 

seasons, the GROW – high rate resulted in the largest N leaching (161 and 204 kg 

N/ha, respectively). In comparison, N leaching in the SMS – low, medium and high rates 

in 2015 corn was 48%, 51% and 45% lower than the GROW across the same rates, 

respectively. In 2017 corn, heavy rainfall events resulted in greater N leaching across all 

treatments; thus, SMS – low, medium and high rates simulated N leaching was 55%, 

0% and 2% lower than the GROW across the same rates, respectively. Magnitude and 

distribution of rainfall events can impact crop growth and final yields in corn – peanut 

rotation systems. Rainfall was the main driver of N leaching; however, frequent irrigation 

applications could result in the same effect.   

The simulated N balance provided a better understanding of processes and fate 

of this element. During harvest, only grain N is removed from the field; leaving the rest 

of the biomass aboveground in open fields. This biomass mineralizes soon after its 

incorporation in the top soil layers. Therefore, during fallow periods, important N 

contributions resulted after mineralization processes occurred; however, during these 

“off periods”, N uptake is reduced to zero due to the lack of a crop. Therefore, if N 

available is not taken up, is potentially leached after excessive precipitation. Due to the 

intrinsic dynamics of the processes of the N balance (i.e. mineralization, immobilization, 

uptake, leaching), at the end of the fallow periods, simulated initial soil N resulted in 26 

kg N/ha and 64 kg N/ha, on average across the treatments, which constitute the initial 

soil N available for the subsequent crop. Despite model over estimations after peanut 
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residue, existing soil N should be considered in the fertilizer program of the subsequent 

crop season, further reducing N inputs and increasing grower’s profits. 

Due to high mobility of N in the soil and the risk of N leaching, a sensor-based 

irrigation scheduling methodology was proposed for corn producers. Besides scheduling 

irrigation, the use of soil moisture sensors provide insights of soil-water-plant dynamics. 

The “stair step” pattern allows observation of the VWC dynamics by day after rainfall 

and/or irrigation events. Continuous monitoring of soil moisture using multisensor 

capacitance probes allows determination of the effective rainfall and/or irrigation that 

has entered the soil profile, in addition to drainage occurring between soil layers (i.e. 

downward water flux across layers) or leaving the soil profile (i.e. increments in VWC 

detected by sensors located in depths deeper than root zone). Thus, during the growing 

season, optimal irrigation management can be achieved throughout the use and 

continuous monitoring of these sensors. 

It is important to recognize some challenges for scheduling irrigation using soil 

moisture sensors. Soil moisture in experimental fields is influenced by the inherently 

complicated space-time relationships involved in the soil-water uptake process by 

plants, as well as, soil variability (i.e. texture, depth), microclimates among other 

variables. Moreover, the temporal and spatial rainfall variability is the main challenge for 

any irrigation scheduling methodology in Florida. Rainfall uncertainty may result in 

under or over irrigation and thus, it might incur in water stress or drainage leaving the 

rootzone. 

Nevertheless, using the proposed SMS irrigation scheduling methodology, 

cumulative drainage during the 2015 – 17 corn growing seasons was reduced by 54%, 
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59% and 37%; whereas water savings of 43%, 53% and 45% were achieved with no 

statistical differences in final grain yield in comparison to the calendar-based irrigation 

scheduling method during the three years of field evaluation. Using this methodology, 

producers can maintain adequate moisture the managed root zone, as well as, reduce 

the loss of water via drainage. A better understanding of soil-water dynamics after 

rainfall or irrigation events can provide insights of crop water uptake/consumption, root 

development and drainage. Determining how to manage irrigation within the proposed 

thresholds (i.e. FC and % 50 MAD) could reduce production costs (e.g. fuel, time, labor, 

fertilizer) and negative environmental impact (e.g. N leaching). 
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Furthermore, due to projected warming temperatures and increase in rainfall, 

challenges in crop production are expected. Thus, a sensitivity analysis was performed 

using crop simulation models to explore crop responses under future climate 

projections. Overall, simulations indicated negative impacts in corn-peanut rotation 

biomass and yield under projected changes in temperature and rainfall. Irrigated corn 

simulations showed biomass and yield declines due to projected warmer temperatures, 

and almost no effect due to rainfall increase. The combined effect of temperature and 

rainfall increase was similar as of warmer temperatures alone. Rainfed corn simulations 

suggested high variability in biomass and yield, as well as, greater negative impacts 

than in irrigated corn. However, a positive effect in biomass and yield resulted due to 

projected increase in rainfall which may contribute to offset the effects of temperature, 

according to the sensitivity analysis performed. Similarly, simulations in peanut showed 

overall declines in yields and no effect in biomass; however, of a lower magnitude on 

average. Sensitivity analysis performed throughout crop simulation models is a useful 

tool that can provide insights of the interaction of crop growth and yield formation 

processes that are sensitive to climate variables; however, crop responses may differ 

from using climate change projections (i.e. monthly temperature changes for a 30-year 

future period) obtained from General Circulation Models or GCMs, which are considered 

the most advanced tools currently available for simulating the response of the global 

climate system to increasing greenhouse gas concentrations. Nevertheless, long-term 

simulations also showed significant reductions in N and irrigation applied, and in N 

leaching, when following proposed BMPs compared to conventional practices. Thus, the 
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implementation of BMPs may contribute to the reduction of N leaving the rootzone, 

improve N uptake without impacts in yield while improving grower’s profits. 

Future work might focus on the long-term effectiveness evaluation of BMPs using 

GCMs for better predictions, as well as, considering the incorporation of cover crops as 

an alternative to reduce N leaching during fallow periods and rotations with alternative 

crops. In addition, N fertilization programs should be adjusted considering the N 

contributions from previous mineralization processes. Reductions in the N fertilizer 

applications can potentially reduce N leaching. 
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