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ABSTRACT
A three-year study was conducted from 2016 to 2018 to assess the water quality effects

of high fertilization rates on maize. The study was conducted in a 1.44 ha field located on the
University of Georgia’s (UGA) Tifton Campus, in the southeastern Coastal Plain of Georgia,
USA. Two fertilizer treatments were applied based on the University of Georgia Extension
Service (Cg) and the Georgia maize growers (Cs) recommendations for achieving high yields.
Conventional tillage was used in 2016 while conservation tillage was used during the following
two years. Throughout the course of the study, groundwater and surface runoff samples were
collected. Implementation of conservation tillage in the second and third growing seasons
resulted in reduced surface runoff and increased infiltration. Statistically higher NOs-N
concentrations in groundwater resulted from the Cg treatment and NOs-N concentrations in
groundwater increased over time. The data collected from the field study were used in to
simulate the water flow and solute transport with the HYDRUS-1D model. Groundwater data
from 2018 were used to calibrate the model while the data from 2016 and 2017 were used for
evaluating the model. In general, the correspondence between simulated and observed data was

good especially in 2016 and 2018. Additionally, after HYDRUS-1D was successfully calibrated



and evaluated, it was used in parallel with the DSSAT CERES Maize model to evaluate three
maize irrigation scenarios. The scenarios were the University of Georgia Checkbook Method, a
sensor-based method, and rainfed production. The simulation results indicated that the sensor-
based scheduling method could achieve higher maize yields along with lower water and NOs-N

leaching.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Introduction
Rapid population growth which is expected to reach 10 billion by 2050 has brought the
agricultural sector to the forefront of interest as the increased needs for food, feed and energy
must be met. To achieve that, yields of several crops must be increased. To some extent, this is
something that modern agriculture has already accomplished with the mechanization of many

operations, the use of new hybrids and agrochemicals such as pesticides and fertilizers.

Increasing vields and environmental consequences

Maize is one of the world’s most cultivated crops and the USA is the largest world’s
maize producer (USDA, 2018). Total production of maize in the USA for 2019/2020 was 345.89
million Mg with the USA the world’s largest maize exporter (Shahbandeh, 2020).
Approximately, 130K ha are used for maize production in Georgia with an average production of
10K kg ha* (Toffanin, 2019). Farmers, though, are always pursuing higher maize yields. One
way they attempt to achieve this goal is to use higher fertilizer rates. Although this practice may
lead to higher yields, it can also lead to unintentional environmental effects and more specifically
to water quality problems resulting from nonpoint source (NPS) pollution such as eutrophication
of surface waters and nitrate (NO3-N) contamination of ground waters from leaching (Addiscott
and Benjamin, 2006; Berg et al., 2017; Conley et al., 2009; Mehdi et al., 2015; Mencié et al.,
2016; Sogbedji et al., 2000). This is because maize, like most crops, does not used all of the

fertilizer applied. For example, nitrogen use efficiency (NUE) in maize production is less than



50% on average (Raun and Johnson, 1999), meaning that about half the nitrogen (N) applied is
not utilized by the plants but instead is lost to the environment.

Phosphorus (P) is also a concern in NPS pollution because it too can lead to
eutrophication problems. Total P in soil that moves through surface runoff is mainly transported
in particulate form bound to sediment particles, but it can also be lost as P in solution (Haygarth
et al., 1999). Agricultural production is responsible for more than 70% of total P being lost into
rivers (Yu et al., 2006). Conservation practices, such as reduced tillage methods and the
utilization of cover crops can reduce while when conventional practices are used the leaching can

reach up to 80 kg ha* (Gold et al., 1990a).

Simulation models

In general, the interactions between plants, water, soil, and management practices can
influence each other. Additionally, the agricultural decisions a consultant or farmer makes are
complex. For these reasons, the use of simulation models can be an important tool that can
provide essential insights to farmers which can lead to their financial and environmental
sustainability.

A large number of simulation models have been developed and are widely used around
the world. HYDRUS-1D is a finite-element model for simulating the one-dimensional movement
of water, heat, and multiple solutes in variably saturated media. The model numerically solves
the Richards equation for saturated—unsaturated water flow and convection—dispersion type
equations for heat and solute transport (Simtinek et al., 2016; Simunek et al., 2008). It has been
proven by other studies to successfully simulate the water movement along with NO3-N solute
transport. For instance, Wang et al. (2010) used HYDRUS-1D to simulate NO3-N leaching under

heavy rainfall and high intensity irrigation rates. Their results showed that rainy years can



produce higher NOz-N leaching while it was recommended to increase the irrigation times by
applying smaller water doses. Igbal et al. (2020) simulated soil water dynamics in sweet corn
production for two seasons under rainfed conditions. The results showed that HYDRUS-1D
successfully simulated the water balance components of the study while the water leaching
reached up 10.6% and 26.8% of total water input of the two seasons, respectively. HYDRUS-1D
was applied to simulate water movement and solute transport in two experiments which involved
irrigating maize with saline water by Ramos et al. (2011). The model performed satisfactorily,
showing that can be used for analyzing solute concentrations.

Although water and solute transport models like HYDRUS-1D include crop growth
functions, dedicated crop growth models are best used to simulate crop response to
environmental conditions and the response of yield to irrigation and fertilization management
practices. The Decision Support System for Agrotechnology Transfer (DSSAT) is a suite of
crop models that is widely used around the globe (Hoogenboom et al., 2012; Hoogenboom et al.,
2019; Jones et al., 2003). The DSSAT maize model known as CERES-Maize has been used
since 1986 for conducting experiments in a simulation environment (Jones, 1986). Saseendran et
al. (2008) calibrated and validated CERES-Maize for northeastern Colorado to assess irrigation
methods and to optimize irrigation WUE. The study included rainfed production. Kisekka et al.
(2016) used CERES-Maize model to simulate yield while evaluating management practices for

improving the use of limited water for irrigating maize.

Goals and objectives

The overall goal of this project was to evaluate the environmental and yield effects of
maize to high fertilization rates in the southeastern Coastal Plain of Georgia, USA. Specific

objectives were to



. evaluate the water quality effects of fertilization rates used to achieve high yield goals;

. use the HYDRUS-1D transport model to simulate the system and estimate N leaching
losses; and

. use the HYDRUS-1D and CERES-Maize models to evaluate maize irrigation scheduling

management scenarios that would result in high yields while minimizing NO3-N leaching.



CHAPTER 2

THE IMPACT OF HIGH INPUT MAIZE PRODUCTION IN WATER QUALITY?

! Pavlou, D., A. Orfanou, M.L. Cabrera, G. Hoogenboom, W.M. Porter, D.E. Radcliffe, and G.
Vellidis. To be submitted to Journal of Environmental Quality.



Abstract

A three-year study was conducted to evaluate the water quality effects of fertilization
rates used to achieve high maize yields in the southeastern Coastal Plain of Georgia, USA and
different management practices. The study included two fertilizer treatments, based on
University of Georgia Extension (Cg) and Georgia maize grower (Cg) recommendations for
achieving yields in excess of 22 Mg ha™* (350 bu ac™). Fertilizer application rates varied slightly
from year to year based on soil test results but averaged 348 kg N ha* and 514 kg N ha* for the
Ce and Cg treatments, respectively. Groundwater and surface runoff samples were collected
throughout the course of the project. Samples were analyzed for NO3z-N, NH4-N, PO4-P and CI-.
Surface runoff was also analyzed for total N (TN), total P (TP), and suspended solids. Yield
differences between the two treatments were not significantly different. During the first year of
the study, conventional tillage in combination with high irrigation application rates resulted in
runoff occurring with each irrigation event. In subsequent years, irrigation application rates were
reduced and conservation tillage in combination with a winter cover crop was used. This resulted
in significantly less runoff and lower concentrations of NOz-N in runoff in Years 2 and 3.
Concentrations and loads of nutrients in surface runoff were not statistically different between
the two fertilization treatments. Significantly higher NOs-N concentrations in groundwater
resulted from the Cg treatment and NO3-N concentrations in groundwater increased over time
under both treatments. Under the physical and management conditions used in this study, higher
fertilizer application rates did not result in increased maize yield but did result in increased
nonpoint source pollution that was somewhat tempered by adopting cover crops, conservation

tillage, and lower irrigation water application rates.



Introduction

Maize (Zea mays) is the world’s most productive grain crop in terms of yield
(Goldschein, 2011) and the most cultivated crop in the United States of America (USA) with
about 33 million hectares harvested in 2018 (Capehart and Olson, 2020). Demand for maize has
consistently increased due to its many uses including as livestock feed, processed foods,
industrial products, and biofuel. Growers in the USA Growers across the world are constantly
exploring management strategies that may lead to higher yields including use of irrigation,
planting hybrids better suited to their growing conditions, and using higher rates of fertilizers.
Intensification of inputs may lead to increased nonpoint source (NPS) pollution.

According to United States Environmental Protection Agency (EPA), NPS pollution
occurs through surface runoff, precipitation, atmospheric deposition, drainage, seepage or
hydrologic modification (EPA, 2017b). As runoff moves, it transports natural and anthropogenic
pollutants and deposits them into lakes, rivers, and groundwater. Pollutants associated with crop

production are typically fertilizers, pesticides, and sediments.

Nonpoint Source Pollution

The primary nutrients of concern in NPS pollution are nitrogen (N) and phosphorus (P).
Both are essential for plant growth, but when transported to receiving waters, they may lead to
eutrophication (Bricker et al., 1999). N exists in the environment in many forms. It changes
forms as it moves through the N cycle, for instance gaseous nitrogen, ammonia nitrogen, nitrates,
nitrites and organic nitrogen. Nitrate (NO3") is often seen as a worldwide agricultural pollutant of
groundwater (Addiscott and Benjamin, 2006; Bouchaou et al., 2008; Cruz-Fuentes et al., 2014;
Karr et al., 2001; Mehdi et al., 2015; Mencio6 et al., 2016; Tagma et al., 2009; Weyer et al.,

2001). Depending on management practices, soils, and geology, NO3z™ can become a significant



contaminant of both shallow and deep groundwater systems. Ammonium (NH4") is another form
of N sometimes found in groundwater (Hussain et al., 2015). Like with NOs", high
concentrations of NH4" in groundwater are typically associated with anthropogenic activities.

NOs and NH4* contribute to the eutrophication of aquatic ecosystems through surface
runoff (Galloway et al., 2008; Nolan et al., 1997; Rabalais et al., 2002). Eutrophication induces
overgrowth of phytoplankton, thus deteriorating water quality, depopulating aquatic species and
accelerating water scarcity (Sellner et al., 2003). As a result, the global concern about nutrient
overload into the environment has been increased and there are strict regulations for the
protection of water resources.

Soil P is composed of organic and inorganic P. These two forms together make up the
total soil phosphorus (TP). About 80% of TP is immobile and not available for uptake by the
plants. Inorganic P in the soil is found in three pools — plant available P in the soil solution,
sorbed P, and mineral P. Soil solution and P sorbed to sediments are the generally associated
with NPS pollution. (Gardner, 1990; Lane et al., 2011; Stewart and Tiessen, 1987). P in the soil
solution is in the form of HPO4? and H2PO4and are commonly referred to as orthophosphates
(Haygarth et al., 1999). P-sorption occurs when the orthophosphate ions bind to soil particles.
Because these ions bind readily to soils, they are not usually concerns for contaminating
groundwater. PO4* is the dissolved ionic form of P for which water samples are analyzed. P
bound to sediment that moves with surface runoff is the primary vector by which P contaminates
receiving waters.

Factors that influence the amount of P in surface runoff could are the local soils, geology,
and topography, the duration and intensity of a rain or irrigation event, the temperature and in

general the management practices that take place in each field (Yu et al., 2006; Zhang et al.,



2012). Over 70% of TP discharged into rivers originates from agricultural land (Yu et al., 2006)
and contributes to accelerated eutrophication of natural waters (Sims et al., 1998; Toor et al.,
2003).

Soil erosion by water is a major worldwide environmental problem. It results in the
degradation of quality of landscapes, has negative effects on agricultural productivity, influences
sustainable development and contributes to transferring sediment and contaminants into surface
waters (Novara et al., 2011; Palacio et al., 2014). Because of the ecological damage that soil
erosion can cause, it is crucial to find ways for minimizing it. Practices such as conservation
tillage and proper management of residues can help with the reduction of sediment movement
from agricultural fields, slow runoff and create small ponds where sediment can be deposited and

runoff can infiltrate the soil (Alberts and Neibling, 1994; Steiner, 1994).

Requlatory controls for NPS

The European Union’s (EU) Nitrate Directive 91/676/EEC was implemented to protect
receiving waters from NOs" derived from agricultural sources (EU, 2019). EPA has established a
drinking water standard of 10 mg L™* NOs-N (Oram, 2018a). NH4* concentrations in receiving
waters are generally not regulated because concentrations are typically below levels that pose
health concerns (WHO, 1996). However, the EU has set a NH4* threshold of 0.5 mg L™ (EU,
1998) primarily to serve as an indicator of fecal contamination. According to Water Research

Center the maximum level of phosphates to avoid accelerated eutrophication is 0.1 mg L.

NPS pollution from maize production

Phillips et al. (1993) tested four different management approaches in 100 croplands in
Illinois which included continuous maize and a rotation of maize with soybean under

conventional and no-till systems. The results showed that no-till could reduce N and P losses in



10

eroded soils. However, the concentrations of NO3z-N in groundwater samples exceeded the
threshold of 10 mg L*, something that indicates contamination. 10 to 30% lower soluble N
losses in surface runoff, subsurface flow and percolation were achieved with rotating maize and
soybean production compared to continuous maize under both tillage systems. The P losses of
maize soybean rotation in surface runoff were greater under no-till compared to conational
tillage probably because P fertilizer was not incorporated into the soil.

The management practices followed in a maize field can play an important role in NPS
pollution issues. A study which conducted in Minnesota compared two tillage methods and
showed that soluble nutrient losses through surface runoff and drainage can be greater in tillage
systems that do not incorporate plant residues. Conversely, sediment and particulate P losses can
be greater in tillage systems that thoroughly mix residues (Zhao et al., 2001). A study which took
place in maize fields in two areas in Wisconsin showed that when the P inputs exceed the plant
demand can increase the P concentrations and loads in runoff. Furthermore, by using sources

with high organic matter the P loads in runoff can be increased (Bundy et al., 2001).

Goals and Obijectives

In Georgia, a relatively small group of growers have been able to achieve maize yields
approaching and sometimes exceeding 31,000 kg ha* (500 bu ac™) by using high fertilizers rates
as well as intensive management practices (Miller, 2016). This has put pressure on other growers
to adopt these practices. The overall goal of this study was to evaluate the yield and environmental
response of maize production to high fertilization rates in the southeastern Coastal Plain of
Georgia, USA. The specific objective of the work reported here was to evaluate the water quality

effects of these production practices.
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Materials and methods

Field description

The study was conducted in the 1.44 ha NESPAL field located on the University of
Georgia’s (UGA) Tifton campus (31° 28.736'N, 83° 31.916'W) which is located in the Tifton—
Vidalia Upland portion of the Gulf-Atlantic Coastal Plain in the headwaters of the Suwannee
River basin. The climate of the Tifton—Vidalia Upland is humid subtropical providing abundant
rainfall and a long growing season. Average monthly temperatures range from 11°C in January
to 27°C in July and August with a 47-yr mean annual temperature of 19.2°C (Vellidis et al.,
2003). The average frost-free season is 253 d. Precipitation follows a definite seasonal pattern
with generally low rainfall from September through November and an increase in precipitation in
December through early May. Rainfall typically decreases again in May and early June. Summer
thunderstorms and tropical depressions cause July and August to be wetter months on average.
The study was conducted for three years from 15 March 2016 — 15 March 2019. Average annual
precipitation for the study period was 1236 mm.

The NESPAL field was divided into six blocks of cultivated land separated by grassed
berms. The berms prevent overland water flow between blocks and capture surface runoff. The
three western blocks were labeled W1, W2, and W3 and the three eastern blocks were labeled
E1, E2, and E3 as shown in Figure 2.1. Block size ranged from 0.18 ha to 0.34 ha. The blocks
were further divided into four or six plots depending on the size and shape of each block (Figure
2.2). This resulted in 32 plots ranging in size from 121 m? to 526 m?. Crop rows ran from west
to east. Each plot contained twelve 0.91-m wide (36 in) rows.

The soil series in blocks W1, W2, and W3 and the western half of blocks E1, E2, E3 is a

Tifton loamy sand with 2 to 5 % slope. The soil series in the eastern half of blocks E1, E2, E3 is
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an Alapaha loamy sand with 0 to 2% slope. There is a visible color difference between the two
soil series that is visible in Figure 2.1. Tifton loamy sand is described by the NRCS Soil Survey
as deep, well drained, and commonly found on ridgetops and hillsides. This soil is low in natural
fertility and organic matter and very strongly acid. Alapaha loamy sand is described as deep,
poorly drained nearly level soil found along the upper part of drainage ways. This soil is also low
in natural fertility and organic matter and very strongly acid. The eastern edge of the field is
bordered by a forested riparian area drained by a second order stream.

A tractor equipped with a Trimble RTK GPS was used to collect elevation data with
better than 50-mm x, y, and z, accuracy. A digital elevation model (DEM) of the field’s terrain
was created using ArcGIS (ESRI. ArcGIS Desktop, Redlands, CA: Environmental Systems
Research Institute). The field slopes from north to south but also to the southeast and to the
southwest along its north-south axis (Figure 2.3a). There is maximum elevation change of 8 m in
the field with the maximum elevation being approximately 103 m and the minimum 95 m ASL
(above sea level). The highest elevation is found at the northwest corner and the lowest at the
southeast corner. ArcGIS and the DEM were used to develop the hydrography of the field. The
lines in Figure 2.3b indicate surface runoff flow paths. Darker lines indicate less concentrated
flow while white lines indicate concentrated flow that occurs along the berms of the blocks. The
DEM-derived flow paths coincide well with the physical flow paths shown in the aerial

photograph underlying Figure 2.1.

Experimental design

Two maize fertilization treatments based on high maize yield goals were selected for the
study. The first treatment was recommended by Georgia maize producers who have consistently

achieved high yields. This treatment was designated as Cg and had a yield goal of 28 Mg ha'*
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(450 bu ac?). The second treatment’s yield goal was based on recommendations from UGA
Extension specialists on what might be an aspirational statewide yield goal and was set to 22 Mg
ha! (350 bu ac™). It was designated as Ce. The fertilizer application rates associated with the
two treatments are shown in Table 2.1.

Three blocks were randomly assigned to the Cg treatment (W1, E2, and W3) and the
remaining three to the Ce treatment (E1, W2, and E3) as shown in Figure 2.2. All plots within
cach block were then assigned to the block’s treatment. As a result, there were eight plots
(replicates) of each treatment. Because of the project’s three-year duration, an annual maize-
soybean rotation was established among the plots of each block. Half of the plots in each block
were planted with maize and the other half with soybeans. Each growing season, the maize and
soybeans were rotated. Figure 2.2 shows the location of the maize (Cg and Cg) and soybean (S)
plots during the three growing seasons. The soybean plots were not fertilized.

Table 2.1 presents the crop production management practices used during the project and
Figure 2.4 presents a timeline of the project. Project years (Year 1, Year 2, Year 3) were defined
as shown in Figure 2.4. During each project year, maize was planted in March and harvested in
August. In 2016, because instrumentation was being installed in the field prior to the planting of
the first maize crop, a cover crop was not planted. As a result, conventional tillage was used for
the 2016 growing season. After the 2016, 2017, and 2018 growing seasons, a Cover crop was
planted. The field remained fallow with corn residue until October or November when a wheat or
rye cover crop was planted. Rye was the preferred cover crop, but seed was not available during
Year 1 and Year 3. The cover crop was planted with a seed drill into the maize residue and

fertilized as shown in Table 2.1. The cover crop was terminated using herbicides in late February
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in preparation for spring maize planting and strip tillage used to plant the corn in the cover crop
residue.

Management practices were adjusted during the study to address observed problems. The
field was irrigated by a center pivot irrigation system and runoff was observed consistently
during irrigation in 2016. To correct this problem, the sprinkler package on the pivot was
changed to reduce the intensity of water application (Table 2.1). Fertilizer side-dress applications
were reduced in amount but increased in frequency during Years 2 and 3 to increase yields.
Seeding rate was increased in the Cg treatment during Year 3 for the same reason. The factors

driving these changes are discussed in detail below.

Irrigation scheduling

The UGA Smart Sensor Array (UGA SSA), wireless soil moisture sensing system was
used to measure soil moisture continuously and schedule irrigation (Vellidis et al., 2013). A
UGA SSA sensor node consisted of three Watermark® sensors incorporated into a probe. The
sensors were located at depths of 0.2 m, 0.4 m and 0.6 m below the soil surface. A UGA SSA
sensor node was installed in each of the 16 maize plots. The nodes were installed near the center
of each plot within a row of maize. A field-average of soil water tension (SWT) at 07:00 each
morning was used to make irrigation scheduling decisions. Irrigation was initiated when the

field-average SWT was between 30-35 kPa (Orfanou et al., 2019).

Soil sampling

Intact 0.75 m soil cores were collected twice per year, in February before the maize was
planted, and in September, after the maize was harvested. The cores were segmented into 0.15 m
increments and were analyzed with Mehlich 1 by a commercial laboratory for analysis. The

semi-annual analyses included organic matter, pH, Total N (TN), NHs-N, NOs-N, P, and
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micronutrients. The initial analysis also included soil texture and cation exchange capacity
(CEC). The soil test results were used for making agronomic decisions such as liming and adding
phosphorus, potassium, and micronutrients. The results were also used to assess transport of

nutrients through the soil profile.

Sampling surface runoff and groundwater

To assess the water quality effects of the fertilization treatments, shallow groundwater
and surface runoff was sampled and analyzed for nutrients and suspended solids. In the
landscape where the study was conducted, a plinthic soil horizon (irreversibly hardened mixture
of iron sesquioxides and quartz) begins at a depth of 1 to 1.5 m. As a result, most of the excess
precipitation in the Tifton—Vidalia Upland moves either laterally in shallow saturated and
unsaturated flow or moves in surface runoff during storm events (Vellidis et al., 2003) and
creates a dense dendritic network of first and second order streams. The general hydrology of the
Tifton—Vidalia Upland is reflected at the NESPAL field.

Surface runoff was measured using 0.45-m H-flumes installed at the locations shown by
the circled “R” in Figure 2.1. A Druck pressure transducer (Baker Hughes, Houston, Texas,
USA) connected to a Campbell Scientific CR-10 data logger (CAMPBELL SCIENTIFIC,
Logan, Utah, USA) was used to measure pressure head in the flume’s stilling well (Figure 2.5).
Head data were converted to flow with a rating curve stored in the data logger’s memory.
Hydrographs were created from the flow data and used to estimate volumes of surface runoff for
individual precipitation or irrigation events.

Flow proportional water samples were collected with an ISCO 2910 compositing sampler
contained in a metal instrument house on a raised metal stand adjacent to the flume (Figure 2.5).

The data logger instructed the sampler to collect a sample when a predetermined volume of
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runoff passed through the flume. The volume of runoff was a function of block surface area and
differed for each sampler. Sample volume was set at 250 mL. Consequently, the ISCO sampler
collected samples more frequently when flow was high and less frequently when flow was low.
The individual samples were accumulated in a 10-L glass jar to create a single composite sample
for each runoff event. When feasible, manual grab samples were collected from the flumes
during runoff events as backups in case of instrument failure. The samples were analyzed for
NOs-N, NHs-N, TN, PO4-P, TP, and CI- by a commercial laboratory. Samples were analyzed for
total suspended solids (TSS) by project team members.

Loads of TN, TP, and suspended solids were calculated for individual runoff events by
multiplying estimated volume by concentrations of nutrients and TSS. Loads from individual
events were aggregated by crop and annually.

Groundwater was captured by installing drain tile along the western, southern, and
eastern boundaries of each block (Figure 2.1) prior to the 2016 growing season. Drain tile depth
ranged from 1.1 m at the center of the field to 0.6 m along the edges of the field to accommodate
the field’s slope. The drain tile also isolated the blocks from any shallow groundwater moving
laterally from higher positions of the landscape. Blocks W1 and E1 were located at the top of
the slope and were unlikely to receive shallow groundwater flows from the north (top of the
figure). The location of the drain tile is shown by the blue lines in Figure 2.1. Drain tile was also
installed along the length and in the middle of blocks E1, E2, and E3, to replace existing drain
tile that was cut during installation of the new tile. The circled “G” indicates where the drain tile
was sampled to collect ground water samples from each block. Groundwater samples were
collected manually twice per week in 1-L plastic bottles when there was flow. The first sample

was collected after the first fertilizer application in 2016 and the last was collected on 15" of
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March 2019. The samples were analyzed for NOs-N, NHs-N, PO4-P and CI" by a commercial

laboratory.

Statistical analysis

A statistical analysis was performed with JMP® Pro 14.1.0 (JMP®, Pro 14.1.0, SAS
Institute Inc., Cary, NC, 1989-2019) to determine significant differences in the response
variables between the fertilization treatments and management practices. The response variables
were surface runoff volume and analytes in groundwater and surface runoff. The comparison of
means was done using the Tukey-Kramer HSD test with @« = 0.05 and a = 0.1. In the cases that
the results of the statistical analysis were different between the a values, the connected letters
report of @ = 0.1 are represented with bold letters in Appendices and tables. There were not
many differences between the « values and for that reason the @ = 0.05 was used for describing

the results of the study.

Results
Surface runoff
A total of 540 surface runoff samples was collected of which 293 were collected during
the Year 1, 76 during Year 2, and 171 during Year 3 (Table 2.2). Figure 2.6 shows the
relationship between precipitation, irrigation, and number of samples collected annually. The
numbers within the bars of Figure 2.6 indicate the percentage of irrigation and precipitation
events that resulted in runoff. More samples were collected during Year 1 because the
combination of conventional tillage and the higher application rate of the pivot resulted in runoff
from all irrigation events. Crusting of the soil surface was observed throughout the field and

runoff began almost immediately after irrigation was initiated.
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Figure 2.7 shows the volume of runoff per unit area (dark blue bars) and total of water
received via irrigation or precipitation by block and cropping season. Also shown is the percent
of water received lost to surface runoff. A larger percentage of water received was lost to runoff
during the Year 1 maize cropping season than in the corresponding periods in Years 2 and 3
because of the issues described above. This trend continued during the fallow period (maize
residue — no irrigation) and during the wheat cover crop period. Irrigation was applied only to
promote germination of the cover crop during these two periods, so runoff was generated by
precipitation. Table 2.3 presents the percentage of precipitation and irrigation lost to surface
runoff by block during the maize cropping period for each of the project’s three years. Blocks
W3 and E3 which were located lower in the landscape lost a higher percentage of precipitation
and irrigation to runoff. Across all blocks, more precipitation than irrigation was consistently lost
to runoff.

Appendix A presents mean concentrations of TSS, NO3-N, NH4-N, TN, POs-P, and TP in
runoff by treatment, block, year, and cropping period. Across the entire study period, mean
concentrations between the Cg and Ce treatments were similar without significant differences.
Mean TSS concentrations showed a sharp decrease from Year 1 to Year 2 but increased just as
sharply during Year 3. This is likely due to the precipitation differences between years. There
were significant differences in mean TSS concentrations between cropping periods within blocks
and years. The nine highest mean cropping period concentrations ranged from 472 to 1325 mg L~
1 and were measured during the wheat cover crop of Year 3 and the maize crop of Year 1. The
Year 3 cover crop was planted in November 2018. Heavy rain after planting resulted in poor
germination and a poor stand. Because of the poor stand, the field was eroded by runoff over the

winter especially in the eastern blocks as shown in the aerial photo of the field from April 2019
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(Figure 2.1). High mean cropping period concentrations were measured in the Year 1 maize crop
because of the conventional tillage, soil crusting, and high intensity irrigation described earlier.

Mean NOs-N concentrations in runoff were greater during the maize cropping period of
Year 1 and Year 3 regardless of block and treatment, while there were cases that mean NOs-N
concentrations were greater during the residue and rye cropping periods of Year 2. The
combination of high rates of N fertilizers applied during the maize cropping period, along with
the large amount of water received via precipitation and irrigation explains the results of Years 1
and 3. Year 2 received the least precipitation and irrigation. In addition, the side-dress fertilizer
was split into more applications in the Cg treatment (Table 2.1). This strategy may have reduced
NOs-N losses during the maize cropping period. There were significant differences in mean
NOs-N concentrations between years, with Year 1 having the highest concentrations, regardless
of block and treatment.

Mean NHs-N concentrations in runoff were statistically higher in Year 3, regardless of
treatment or block perhaps because more precipitation events occurred more frequently after
fertilizer applications. The four highest NH4-N concentrations (1.5 — 1.7 mg L) were observed
during the fallow period and may have been the result of mineralization of maize residues.

Mean TN concentrations in runoff were consistently higher for the Year 1 maize
cropping period. There was a decrease in concentrations of TN from Years 1 to 3, regardless of
treatment. There were significant differences in concentrations of TN between years for all
treatments. The five highest TN mean cropping period concentrations were from the Year 2 rye
cover crop (7.4 —17.8 mg L1). These concentrations were all from different blocks.

Mean POs-P and TP concentrations in runoff were significantly higher during Year 2

regardless of block and treatment. This was likely the result of the greatest amount of P2Os
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fertilizer being applied during Year 2. The concentrations of PO4-P were significantly greater
during the residue periods in every year and block except for Year 3 in the W2 and E1 blocks.
TP concentrations were significantly greater during the residue periods apart from Year 3 in W2
block. Larger POs-P and TP concentrations during residue periods is likely the result of
decomposition and or transport of maize residue. The four highest PO4s-P (2.2 -5 mg L)
concentrations and the seven highest TP concentrations (2.5 — 5.4 mg L™) were also observed
during the residue periods.

Figure 2.8 shows cumulative runoff per unit area for the entire project period. The
greatest cumulative runoff was observed in blocks W3 and E3. The greatest annual cumulative
runoff was observed during Year 1 for all six blocks. Because of the changes in management
practices described earlier, and because there was less precipitation, runoff decreased sharply in
Year 2. More rain events resulted in increased runoff in Year 3 compared to Year 2 but in almost
all cases, the amount was less than half that of Year 1. The same trend was observed in the
annual cumulative loads of TSS, NOs-N, NHs-N, TN, PO4-P and is an indicator of how
management practices can reduce runoff-driven nonpoint source pollution.

Table 2.4 presents the loads of TSS, NOs-N, NHs-N, TN, PO4-P, and TP in surface runoff
by treatment, block, and year. Cumulative NO3-N and NHs-N runoff loads were higher in Ce
than in Cg treatment by 0.2 kg ha™ and 0.6 kg ha™, respectively. Conversely, cumulative TN was
higher in Cg than Ce by 1 kg ha™t. Cumulative PO4-P loads were higher in Cs than Ce by 0.1 kg
hat and TP loads were greater in C than Ce by 0.9 kg ha't. However, these differences between
treatments were not statistically significant.

Despite the much great fertilizer rates applied to the Cg treatment, only blocks W3 and

E2 had consistently higher nutrient losses than the Ce treatment blocks. This is primarily because
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the measured losses were affected by the response of individual blocks whose response was a
function of topographical position and soil type. For example, block W1 which is located in the
northwestern section of the field (Figures 2.1 and 2.2), had the least topographical relief (Figure
2.3). This resulted in block W1 producing the lowest volume of runoff and smallest loads of all
the six blocks. W3 and E2, the other two blocks of the Cg treatment had more topographical
relief (Figure 2.3) and had greater runoff volumes and larger loads. If the randomization of
treatments assigned to blocks had resulted in block W1 being assigned to the Cg, it is quite likely
that the Cg treatment would have resulted in consistently higher nutrient losses.

Table 2.5 presents the losses of runoff (%) in comparison to total water received via
precipitation and irrigation and losses of TN (%) and TP (%) through surface runoff in
comparison to total fertilizer applied. In all cases, block W1 had the lowest percentage of runoff
and TN and TP losses. The highest percentage of runoff was observed in block W3 while the
highest losses of TN and TP were in block W2. The percentage of runoff, TN and TP was higher
in Ce than Cg treatment during Years 1 and 3.

Appendix B presents the volumes of runoff and loads per unit area of TSS, NO3-N, NHa-
N, TN, POs-P, and TP in runoff by treatment, block, year, and cropping period. Across the entire
study period, mean volumes and loads between the Cs and Ce treatments were similar without
statistically significant differences.

In Years 1 and 3, mean runoff volume per unit area was highest during the wheat
cropping period of Years 1 and 3, while during Year 2 it was highest during the maize period. In
Year 2, rye was used as cover crop and it had a better stand and much more cover when
compared to the two wheat crops. This was especially true in Year 3 when poor wheat

germination resulted in a very poor stand and little cover in the field. The eight highest values of
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runoff were between 39 and 64 m® ha and occurred during wheat and residue periods in Year 1.
By block, the highest mean surface runoff volume per unit area was observed in W3 (14.2 m® ha”
1y and E3 (13.1 m® ha't) both located lower in the landscape, while the lowest was at W1 block
(6.9 m® hal) in the northern part of the field and with the highest elevation and lowest
topographical relief. Mean runoff volume per unit area was statistically higher in Year 1. A sharp
decrease was noticed in Year 2 due to less rainfall and irrigation combined with the utilization of
cover crop and conservation tillage. The increased rainfall and irrigation in Year 3 resulted in
higher runoff losses but not significantly different than Year 2. This was occurred in all
treatments and blocks.

Mean TSS loads matched the patterns of runoff volume. They were higher in Years 1
and 3 during the wheat period and during the maize period during Year 2. However, there were
no significant differences between the cropping periods. Similarly, TSS loads matched runoff
volume trends with the highest loads in Year 1 and the lowest in Year 2. However, there were no
significant differences between years. In contrast, blocks did not follow the same trends as years
and cropping periods. While blocks W3 and E3 had the highest mean runoff volume per unit
area, blocks E2 (18.3 kg ha ) and E1 (12.6 kg ha!) had the highest mean TSS loads. Both
blocks E1 and E2 had a sand soil texture at the top 15 cm while the soil texture of the other
blocks was loamy sand to sandy loam although this does not explain the observations.

In Year 1, mean NOz-N loads were higher during the residue period except for block W1,
in which mean NOz-N loads were greater during the wheat cropping period. In Years 2 and 3,
mean NOs-N loads were greater during the maize period. Significant differences were observed

between cropping periods only in the Ce treatment. The mean NOz-N loads were statistically
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greater in Year 1 for both treatments, something that can be related to the greater runoff volumes
per unit area in Year 1.

Mean NHs-N loads were higher during maize cropping periods for all the years of the
project likely because of the type of fertilizer applied but there were no significant differences.
By year, the NHs-N loads were significantly greater in Year 3. This is the same as for surface
runoff concentrations and likely due to the reasons described earlier.

Similar to mean NO3-N loads, mean TN loads were higher during the residue period in
Year 1. In Years 2 and 3, the losses of TN through surface runoff were greater during the maize
cropping periods. By year, mean TN loads were significantly greater in Year 1 for both
treatments.

During Year 1, mean PO4-P loads were significantly higher during the residue period. In
Year 2, mean loads were higher during the maize period but differences between cropping
periods were not statistically different. In Year 3, mean PO4-P loads were higher during the
maize period and there were statistical differences between some blocks. Although the values of
PO4-P loads were lower than 0.2 kg hal, regardless of cropping period, the three highest cases
ranged from 0.6 to 1.4 kg hal and were measured either during the maize residue period or the
wheat cropping period. Comparing the results by year there were no significant differences
except for block W1. A similar pattern to mean POs-P loads was observed in mean TP loads as
well. They were higher during residue periods in Year 1 but in Years 2 and 3 they were higher
during the maize cropping periods. The P205 fertilizers applied during Years 2 and 3 were
higher in both treatments compared to Year 1. Comparing the results by year, there were no

significant differences.
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Groundwater

A total of 932 groundwater samples were collected of which 285 were collected during
Year 1, 238 during Year 2, and 409 during Year 3 (Table 2.2). The number of samples reflected
the precipitation received in each of the three years.

NOs-N concentrations of all collected groundwater samples are shown in Figure 2.9.
Concentrations ranged from a low of 0.01 mg L™* (block E1) to a high of 33.21 mg L™ (block
WS3). Concentrations most frequently exceed 10 mg L™ in block E3 which contained the sandiest
soils but also the shallowest water table due to its proximity to the riparian area on the east edge
of the field and the farm pond south of the field (Figure 2.1). Mean concentrations of NOs-N,
NHas-N, POs-P and Chloride (CI) in groundwater are presented in Appendix C by treatment,
block, year, and cropping period. By crop, mean NO3-N concentration was higher either during
the residue periods or wheat cropping periods in all blocks and years. In Year 1, the highest
mean NOs-N concentration was observed during the wheat cropping period however, there were
no rainfall events during the residue period, which led to no groundwater sample collections
(Figure 2.9). Rainfall began again at the end of November. In Year 2, the highest mean NOz-N
concentration was observed during the residue period while during Year 3, the highest mean
NOs-N concentrations were observed during the residue period and the wheat cropping period. A
likely explanation for these observations is that unused fertilizer remaining from the maize
fertilizer applications moved through the soil profile over time and began leaching. At the same
time, N from the maize residue was likely mineralized and contributed to leaching.

The western blocks (W1, W2, and W3) generally had higher mean NO3-N
concentrations. By treatment, Year 3 had higher NOz-N concentrations, but this was statistically

different only in the Cg treatment. Overall, the Cg treatment had statistically higher mean NO3z-N



25

concentrations than the Ce treatment that indicates that continuous use of high N fertilizer
applications contributed to higher NO3z-N concentration in groundwater over the long term.
Mean NHs-N concentrations in groundwater were consistently highest after the maize
cropping period. Specifically, in Year 1, the highest mean NH4-N concentrations in groundwater
were observed during the wheat cropping period, in Year 2 during the rye period, while in Year 3
during the residue period. The six highest mean NH4-N concentrations ranged from 0.9 to 1.2
and were observed during the residue cropping period of Year 3. By year, mean NHs-N
concentrations were significantly higher in Year 3, regardless of block and treatment. This
increase could be related to higher precipitation in Year 3 in combination with overall low soil
CEC values. Table 2.6 shows that CEC was low in the entire soil profile (0.75 m), independent
of the blocks, something that indicated low cation retention. The low CEC values in combination
with the high precipitation in Year 3 could have resulted in the increased mean NHs-N
concentrations in groundwater. Comparing the two fertilization treatments, no significant
differences were observed with a=0.05, while Ck is significantly higher than Cc with a=0.1.
Mean PO4-P concentration was higher during cover crop periods (wheat and rye) in Year
1 and 2, while in Year 3 the concentrations were higher during the residue period. By year, mean
PO4-P concentration was significantly higher in Year 3 while the lowest average concentrations
were observed in Year 1. Table 2.7 shows that available P in the soil was significantly higher in
the first 30 cm and then there was a decrease. Adding more P fertilizer during the course of the
study resulted in an increase of the amount of P. This, in combination with the increased
precipitation in Year 3, may have led to increased leaching. Mean PO4-P concentrations between

the two treatments were not significantly different.
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CI concentrations were used primarily to ensure that observed differences in
concentrations were not affected by dilution. Although overall mean concentrations in the Cg
treatment were significantly higher than the Ce treatment (Appendix C), the numerical difference
between the means was small (Ce = 35.0 mg L™ and Cg = 38.6 mg L). There were no
consistent trends in the data between cropping periods, blocks, years, or treatments that would
indicate dilution effects. Effects of fertilizers used were found in the CI" concentrations. For
example, Year 2 concentrations were significantly higher, and this could be attributed to a
combination of the use of MOP (Muriate of Potash), which contains 45% to 47% CI- and lower

precipitation.

Discussion and conclusions

The goal of this study was to evaluate the water quality effects of the fertilization
treatments used to achieve high maize yields in the southeastern Coastal Plains of Georgia, USA.
Adaptive management was implemented throughout the project’s duration to improve growing
conditions based on field observations. Although the intention from the beginning was to use
conservation tillage, installation of the drain tile prior to the initiation of the project required the
use of conventional tillage during the first cropping season. As described in the results, the
combination of conventional tillage and high application rates from the irrigation system caused
surface runoff to occur with all of the irrigation events in addition to excessive runoff during
precipitation events. Incorporating a cover crop with strip tillage the subsequent years reduced
the number of surface runoff events by 74% and 42% during Years 2 and 3, respectively. Runoff
volume per unit area was reduced by an average of 72% and 43%. The impact of cover crop and
conservation tillage is especially shown during Year 3 when 49% more rainfall was received

compared to Year 1 but 43% less surface runoff was measured.



27

Although many studies have documented reduced runoff and increased infiltration from
the use of cover crops and reduced tillage practices (Kaspar et al., 2001; Raczkowski et al., 2009;
Zhu et al., 1989), few studies have shown this for maize production in the southeastern Coastal
Plain. Furthermore, few studies have documented runoff reductions of this magnitude in sandy
soils. Zhu et al. (1989) found that cover crops and conservation tillage reduced runoff by 53%
when compared to conventional tillage in a plot study conducted in Missouri on heavier soils.
One of the problems encountered in this project by using conventional tillage during Year 1 was
soil crusting. Cassel et al. (1995) found that tillage practices that leave crop residues on the soil
surface (no tillage, in-row subsoiling and chisel plow) can reduce crusting, increase infiltration
and reduce surface runoff.

Surface runoff results in soil and nutrient losses. The volume of surface runoff affects
TSS concentrations but is not always a predictor of TSS concentrations. For instance, block W1
had the lowest mean TSS concentration and the least runoff among the blocks. However, blocks
E2 and E1 blocks had the highest mean TSS concentrations but the volume of surface runoff was
not as high as in other blocks. Consequently, higher runoff volume did not necessarily lead to
higher TSS losses. This was also shown in the study by Mailapalli et al. (2013), where the
highest amount of runoff did not contribute to the highest TSS losses. Other factors that affected
the TSS losses were the topographical location of each block, soil texture in the top 15 cm, and
slope. The east blocks and W3 had higher cumulative TSS losses compared to blocks W1 and
W?2 due to a steeper slope (Figure 2.3). The concentration of TSS in runoff samples was greater
during the first year of the project. The total load of TSS (kg ha*) was 97% and 80% less during
Years 2 and 3, respectively. The primary reason for this reduction was the use of cover crop and

conservation tillage after the Year 1 residue period. A study by Singh et al. (2018) found that
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TSS were reduced by 33% to 34% due to cover crops. This occurred because erosion was
reduced due to the presence of cover crop which does not allow water droplets to impact the soil
directly (Dillaha et al., 1988). Consequently, cover crops can reduce erosion and crusting and
increase infiltration. A study by Baker and Laflen (1983) showed that erosion was reduced by
half when the percentage of cover crop was increased by 9 to 16 %. Another possible reason for
the reduction in runoff is the rotation between maize and soybean. This rotation has been shown
to reduce TSS and TP concentration in Midwestern streams Mbonimpa et al. (2014).

Cover crops and conservation tillage improve water infiltration rates. Although these
rates were not directly measured in this study, the increase can be determined indirectly from the
number of groundwater samples collected. Even though Year 2 was considerably drier than Year
1, approximately the same number of groundwater samples were collected. Year 3 was the
wettest and the amount of groundwater samples collected was 44% and 72% higher than Year 1
and Year 2, respectively.

Mean concentrations of TN in runoff were 4.00 mg L and 4.53 mg L™ during Years 1
and 2 of the project, respectively. Mean TN concentration was reduced to 1.74 mg L™ in Year 3.
Although Georgia does not have nutrient criteria for streams, the adjacent state of Florida does.
The watershed in which the project was conducted as well as many of the watersheds in
southwestern Georgia drain to north-central Florida. The surface water criterion for TN there is
1.87 mg L1, (FDS, 2016). Although surface runoff concentrations are greatly diluted in receiving
waters, if many growers begin pursuing high maize yields by increasing fertilizer applications,
surface water quality in receiving waters may be adversely affected. However, conservation
practices like the ones used during Years 2 and 3 of the project may have long-term positive

effects on water quality. The ability of conservation tillage to reduce TN losses have been
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documented in other studies including (McDowell and McGregor, 1984) in northern Mississippi,
USA.

Soil residual N -- primarily NHs-N and NOs-N can be lost through leaching, surface
runoff, volatilization and N2O emissions. Under the best of circumstances, crops use between
50% - 70% of applied N (Sainju et al., 2018), so applying fertilizer to crops in large doses
increases the chances of losses to the environment and especially via leaching. The concentration
of NOs-N in groundwater samples was high during the three years of the project. There were
samples throughout the three years with concentrations exceeding 10 mg L™, which is the U.S.
EPA drinking water standard (Oram, 2018a). Although mean NOs-N concentrations increased
over time, the differences were not consistently statistically different. This is consistent with
other studies that have linked increased infiltration to increases in NOs-N leaching (Daryanto et
al., 2017; St. Luce et al., 2011). In this study, there was a statistically significant difference
between the two fertilization treatments indicating that a higher fertilization rate does increase
the concentration of NOs-N in groundwater.

Although the area in which the study was conducted is not a groundwater recharge zone,
much of southwestern Georgia where maize is grown is a major recharge zone for the Floridan
Aquifer that provides drinking water to major metropolitan areas as well as thousands of rural
communities and individual homeowners. In the recharge area, NOs-N leached from excessive
fertilizer applications can further contaminate the regional aquifer. Crandall et al. (2013) found
that NOs-N concentrations in the upper Floridan Aquifer underlying the Dougherty Plain in
southwestern Georgia, the Marianna Lowlands in the Florida panhandle, and the lower
Apalachicola—Chattahoochee—Flint River Basin (ACFB) in southeastern Alabama from 1993 to

2007 showed an upward trend in most cases and ranged from 0.37 to 12.73 mg L.
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Groundwater is the drinking water source for 37% of the U.S. population. In Georgia
92% of rural drinking water sources come from groundwater (Hawkins and Thomas, 2014).
Samples collected from rural drinking water wells in the Georgia-Florida coastal plain showed
that 25% of them exceeded the 10 mg NOs-N L threshold (Berndt et al., 1998).

The published maximum acceptable concentration of POs-P in fresh surface water bodies
to prevent eutrophication varies but 0.1 mg L is frequently used (Oram, 2018b). In this project,
the mean PO4-P concentration levels were above this threshold during all three years of the
project in surface runoff. This threshold was also exceeded in groundwater samples during Years
2 and 3. High concentrations in groundwater are relevant in the Tifton-Vidalia Upland because
shallow groundwater recharges the ecoregion’s many first and second order streams. In the
Floridan Aquifer recharges zone, groundwater feeds springs that discharge directly to streams
and rivers.

As P concentrations in topsoil are increased, its transport in surface runoff tends to
increase as well (Czapar, 2008). Conservation tillage practices generally reduce the loss of
particulate P in runoff but increases the concentration of dissolved P in runoff increases (Soileau
et al., 1994). The lowest TP and PO4-P concentrations were measured in surface runoff samples
collected during Year 1 which was the year with the smallest amount of applied P fertilizer but
also the year with the largest volume of runoff. Because of the large volume of runoff, Year 1
had by far the largest TP and POs-P loads. The most P fertilizer was applied in Year 2, which
had the highest mean TP and POs-P concentrations in surface runoff samples. Year 2 also had
the highest P concentrations in February soil samples up to 450 mm depth. According to
Sharpley et al. (1994), the amount and timing of fertilizer application in combination with a rain

event can lead to loss of soluble P through runoff. Another explanation for the increasing
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concentration of TP and PO4-P in runoff samples could be the release of P from maize and cover
crop residues (McDowell and McGregor, 1984).

Maize yields were not significantly different between treatments for each of the three
years of the study (Orfanou et al., 2020a). Although the NESPAL field is considered
representative of agricultural areas in the Tifton-Vidalia Upland of the southeastern Coastal
Plain, factors specific to this field that may have limited maize yield, simulation studies using
crop models did not identify specific variables that may have limited the yield of the treatments
(Orfanou et al., 2020b). The work described in this paper clearly shows that increased fertilizer
application rates resulted in increased NPS pollution that was somewhat tempered by adopting
cover crops, conservation tillage, and lower irrigation water application rates. Nevertheless, if
growers in southern Georgia, southeastern Alabama, and northern Florida pursue higher maize
yields through higher fertilizer applications, both surface and groundwater resources may see

increased concentrations of nutrients.
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Table 2.1 Management practices used during each of the project’s three years.

Year
Operation 2016 2017 2018
Ce Ce Ce Ce Ce Ce
Tillage Conventional Conservation Conservation
Soil core sampling 22 Feb 6 Feb 5 Feb
Maize planting date 16 Mar 21 Mar 28 Mar
Maize harvest dates 19 Aug 29 Aug 22 Aug
Variety P1794VYHR P1794VYHR P1794VYHR
Plant density (plants ha) 79000 79000 79000 79000 79000 97850
Irrigation SWT threshold (kPa) <35 <35 <35
Irrigation application rate (mm ht) 71 36 36
Total irrigation applied (mm) 408 235 261
Cover crop planting date 4 Nov, Wheat 27 Oct, Rye 28 Nov, Wheat
Cover crop termination 14 Feb 2017 19 Feb 2018 22 Apr 2019
Fertilizer Applications Date and application rate in kg N ha!
Pre-plant fertilizer (granular) 15 Mar, 110 15 Mar, 110 15 Mar, 90 15 Mar, 90 22 Mar, 30 22 Mar, 64
At planting fertilizer (liquid) 16 Mar, 47 16 Mar, 47 21 Mar, 48 21 Mar, 48 28 Mar, 48 28 Mar, 48
Side-dress fertilizer(liquid) 8 Apr, 100 8 Apr, 110 13 Apr, 123 13 Apr, 123 24 Mar, 112 24 Mar, 112
25 Apr, 100 25 Apr, 230 21 Apr, 123 21 Apr, 63 8 May, 56 8 May, 56
2 May, 63 23 May, 56 23 May, 112
12 May, 63 5Jun, 112
26 May, 63
2 Jun, 27
Cover crop fertilizer application 4 Nov, 34 27 Oct, 34 28 Nov, 34
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Table 2.2 Total water received through rainfall and irrigation and number of samples collected.

. Rainfall Irrigation Groundwater Runoff
Year Tillage
(mm) (mm) samples samples
1 Conventional | 1070 408 285 293
2 Conservation | 1034 235 238 76
3 Conservation | 1591 261 409 171

Table 2.3 Water lost through runoff due to rainfall or irrigation during maize cropping periods.

Trt Block Runoff (%)
2016 2017 2018
Rainfall | Irrigation | Rainfall | Irrigation | Rainfall | Irrigation
Co wi 6.86% 0.50% 5.12% 0.09% 7.75% 2.68%
W3 29.02% 1.42% 8.23% 0.90% 10.94% 2.64%
E2 21.37% | 6.62% 1.42% 0.21% 6.66% 1.23%
Ce W2 16.14% | 0.92% 5.47% 0.16% 5.71% 0.78%
El 10.67% | 3.30% 3.66% 0.00% 6.67% 1.89%
E3 27.36% 10.46% 2.69% 0.59% 12.96% | 4.65%

Table 2.4 Annual cumulative loads of TSS, TN, NOs-N, NHs-N, TP and PO4-P in surface runoff.
Volume and loads are reported in terms of unit area because the six blocks varied in size. Means
followed by different letters between treatments and within the same treatments between years

are significantly different (p<0.05) for «a=0.05 and =0.1.

Trt | Blocks | Year | Runoff TSS TN NOs3-N | NHs-N TP PO4-P
(m3ha? | (kg ha? | (kgha? | (kgha? | (kgha? | (kg ha? | (kgha?
By year
Ce | W2 1 3600 625.6 6.6 3.1 0.4 3.8 1.5
2 290 35.1 0.6 0.4 0.0 0.2 0.4
3 1300 239.1 1.5 1.2 4.4 0.8 0.7
Total | 5190 899.8 8.7 4.7 4.8 4.8 2.6
El 1 3200 1156.4 8.4 3.0 0.5 55 2.4
2 180 45.1 0.3 0.3 0.0 0.2 0.3
3 880 114.3 1.1 1.2 4.0 0.5 0.8
Total | 4260 13158 |9.8 4.5 4.5 6.2 3.5
E3 1 4100 12356 | 10.3 2.4 0.5 6.7 1.0
2 190 13.1 0.5 0.2 0.0 0.1 0.2
3 1700 259.5 1.7 1.8 4.0 0.6 1.1
Total | 5990 1508.2 | 125 4.4 4.5 7.4 2.3
Treat |1 3633 1005.9¢ | 8.42 2.82 0.5 5.32 1.62
ment |2 220P 31.1° 0.5 0.3° 0.0° 0.2° 0.3
3 1293¢ 204.3° | 1.4P 1.4° 412 0.6° 0.9%
Total | 5146 1241.3 | 10.3 4.5 4.6 6.1 2.8
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Trt | Blocks | Year | Runoff TSS TN NO3-N NHs-N TP PO4-P
(méha? | (kg ha? | (kg ha? | (kg ha? | (kg ha? | (kg ha? | (kg ha
Ce | W1 1 1900 3324 3.9 0.9 0.4 2.0 0.5
2 280 29.3 0.6 0.5 0.0 0.4 0.4
3 1000 87.6 1.4 0.8 1.3 0.7 0.6
Total | 3180 449.3 5.9 2.2 1.7 3.1 1.5
W3 1 4100 12455 | 11.2 2.3 1.2 7.7 1.4
2 470 43.1 1.4 0.8 0.0 0.8 0.7
3 1900 351.5 2.8 2.0 3.9 1.2 1.1
Total | 6470 1640.1 | 15.4 5.1 5.1 9.7 3.2
E2 1 3300 1898.5 | 11.7 43 0.5 8.0 3.2
2 76 17.4 0.2 0.1 0.0 0.1 0.1
3 910 259.7 0.8 1.0 4.8 0.3 0.6
Total | 4286 21756 |12.7 5.4 5.3 8.4 3.9
Treat |1 31002 1158.822 | 8.92 2.52 0.7%0b 5.9 1.72
ment |2 275P 29.92b | 0.7° 0.5 0.0°P 0.4° 0.42
3 1270° 232.92ab | 1 7P 1.32 3.32a 0.7 0.8
Total | 4645 14216 |11.3 43 4 7 2.9
By treatment
Ce 51462 1241.3% | 10.3? 452 4.6 6.12 2.82
Ce 46452 1421.6% | 11.32 4.3 42 72 2.9

Table 2.5 Percentages of surface runoff compared to the total amount of water received and TN
and TP lost through surface runoff compared to the amount of fertilizer received each year of the
project. Means followed by different letters between treatments and within the same treatments
between years are significantly different (p<0.05) for ¢=0.05 and a=0.1.

Trt | Plot Year | Runoff (%) | TN(%) | TP (%)
By year
Ce W2 1 24.7 6.8 9.3
2 2.3 0.4 0.7
3 7.0 1.4 25
Mean 11.33 2.87 4.17
El 1 22.3 6.1 7.0
2 14 0.2 0.4
3 4.9 1.0 2.2
Mean 9.53 2.43 3.20
E3 1 27.2 5.6 4.5
2 1.4 0.4 0.4
3 9.1 14 3.0
Mean 12.57 2.47 2.63
Mean 1 24.7° 6.282 72
2 1.7° 0.4°¢ 0.5
3 7° kb 2.5°
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Trt Plot Year Runoff (%0) TN (%) TP (%)
Co w1 1 12.4 1.6 0.7
2 2.2 0.3 0.5
3 5.3 0.6 0.8
Mean 6.63 0.83 0.67
W3 1 27.7 5.0 2.3
2 3.7 1.0 1.1
3 9.9 1.7 2.4
Mean 13.77 2.57 1.93
E2 1 22.4 7.7 5.2
2 0.6 0.1 0.1
3 4.9 0.4 1.0
Mean 9.30 2.73 2.10
Mean 1 20.82 4.8%a 2.7°
2 2.2° 0.42P 0.6°
3 6.7° 0.92P 1.42
By treatment
Ce 11.12 2.6° 3.32
Ceo 9.9? 22 1.62

Table 2.6 CEC levels at various depths for each block and sampling events. Means followed by
different letters between treatments and within the same treatments between years are
significantly different (p<0.05) for a=0.05 and a=0.1.

Depth CEC (cmol(+) kg)
(mm) Date Ce Ce
W2 El E3 w1 W3 E2

0-150 Feb 2016 | 3.3¢d 3.7 4% 3.4P 4.2b 3.8cdc
Sep 2016 | 3.9%dcd 4° 4.1% 4.5° 4.8° 4gbec
Feb 2017 60 b 4.4° 5.6° 4.4b 5.4° 5bb
Sep 2017 | 5.9°che 4.7° 5.2b¢ 4.8° 5.7° 4,30cbe
Feb 2018 4cdcd 3.6 3.4¢ 4° 5.1° 2.7dd
Sep 2018 | 7.6%2 8.42 7.52 72 8.12 6.9%2

150-300 | Feb 2016 3.5¢¢ 3.7° 4 5%abc | 3 gbchbe 4.1° 3.3°
Sep 2016 |  4Pcbe 3.8° 4.10be 4.3%cb 4.4° 3.6°
Feb 2017 | 4.9°P 4.3° 5.6%2 4 2bcbe 4.9° 4.6°
Sep 2017 bcc 4.2b 3.6°bc 4.3°b 4.6° 4,5°
Feb 2018 3.7¢¢ 3.8 3.40¢ 3.1¢¢c 3.9 3.5
Sep 2018 | 6.4%2 5.72 4.7 ab 6.322 7.92 5.72

300-450 | Feb 2016 | 4.6%cbe 3.82b 3.6%0be 4.8% 4,73 3.9%¢
Sep 2016 | 4.3°¢ 4.72ab 4,13 abc 5ab 4.62ab 4 62c
Feb 2017 | 5.6%2 5.42a 5.32a 5.2 5.12ab 5.2
Sep 2017 | 5.4%ab 4.72ab 4,13 abc 4.5 4.82ab 4.@bc
Feb 2018 | 4.4¢c 4.12ab 3.3%¢ 4P 3.92b 3.7°
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Sep 2018 | 5.6%2 4.82ab 5.23ab 5.6 5.522 5.42
450-600 | Feb 2016 5.3% 440D 5,120 abc 5.1°¢ 5P b 4.9°
Sep 2016 4.8° 4.8°b 4.2°¢ 5.32b¢ 5.72bab 5.1°
Feb 2017 5.4% 5.13bab 5.73bab 5.8% 6.322 5.6%
Sep2017 | 5.4*® 4.8%b 4.5Pbe 5.43b¢ 5.4 5.1°
Feb 2018 4.7° 4,.9%b 6.322 4.7° 5.1°b 6.5
Sep 2018 5.82 622 4.1Pc 6.22 6.322 4.8
600-750 | Feb 2016 6.72 5.42 6.22 6.1°P 6.7% 5.9
Sep 2016 5P 52 5.2° 5.3¢¢ 5.3¢ 4.8
Feb 2017 5.5 5.42 5.5 5.8Pbc be 6.3" 5.5%
Sep 2017 5.2° 4.9 5.2° 5.2¢¢ 5.4° 5.2%
Feb 2018 6.42 5.42 5.4P 6.922 7.28 4.9°
Sep2018 | 4.8 5.22 5.4 5 Ghoc 5.5 5P

Table 2.7 Soil P levels at various depths for each block and sampling events. Means followed by

different letters between treatments and within the same treatments between years are

significantly different (p<0.05) for =0.05 and a=0.1.

Depth Date P (kg hal)
(mm) CE CG
W2 El E3 W1 W3 E2
0-150 Feb 2016 | 108.5° 92.1°¢ 68.20c¢ 82.7°d 74.7°0 111¢dcd
Sep 2016 | 102.2° 94.4b¢ 57.3¢¢ 86.3°cd | 88.9°P 94cdd
Feb 2017 | 226.23° | 161.1°bc | 165.922 | 157.8°Pc | 146.5°P | 210%ab
Sep 2017 | 213.7° 174.6%ab | 114.9°P | 163.9°P | 173.7%b | 176.7bche
Feb 2018 | 140.1¢ 117.40bc | 71.9bcc 120.5Pbed | 140.1°P | 79.89d
Sep 2018 | 324.32 252.822 | 183.8%2 | 267.6%@ |288.82a | 279.8%2
150-300 | Feb 2016 | 138.1°¢b | 75.12 59.6" 91.5P 65 ab 106.5% be
Sep 2016 | 108.7°° | 68.7° 55.6° 64.7° 54.28b | gpbe
Feb 2017 | 220.6%a | 119.9 150.62 113.8%° 9g2bab 174.5%2
Sep 2017 | 136.7°° | 78.5° 58.9° 102.6%° | 73%ab 10720 be
Feb 2018 | 94.5¢P 62.82 54.4° 67.3" 49 50b 61.7°¢
Sep 2018 | 241.92 | 137.6° 59.6° 169.52 149.82a | 163.87ab
300-450 | Feb 2016 | 26.22 10.32 18.23ab | 12 82 12.12 2gabab
Sep 2016 | 28° 12.12 323ab 12.6° 11.8 17.8%0b
Feb 2017 | 622 25.22 53.8%2 34.22 12.32 4332
Sep 2017 | 12.1° 7.9 15.9%b 7.6° 4.9 9.3°b
Feb 2018 | 17.8? 12.32 33.42ab 10,12 5.22 13.3%P
Sep 2018 | 19.8° 11.28 17.43b 28.3% 15.3 16.1%b
450-600 | Feb 2016 | 42 42 9ab 3.42 3.62 5.4P
Sep 2016 | 11.22 4,22 10.62b 3.9 2.62 4.3°
Feb 2017 | 6.5° 5.62 22.2%ab | 4.2 3.7? 8.2b
Sep 2017 | 4.12 3.12 9.32b 3.6 3.22 3.7
Feb 2018 | 19.62 4,52 33.32a 5.62 452 32.12
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Depth Date P (kg hat)
(mm) CE CG

W2 E1l E3 W1 W3 E2

Sep 2018 | 6.9° 3.9 9.52b 4.8 112 4.5°
600-750 | Feb 2016 | 14.1%° 14.6° 10.1%°ab | 16.82P 13.9% 15.2°b
Sep 2016 | 5.4° 1.7° 3.7°b 2bc 1.5° 1.7¢d

Feb 2017 | 5.2° 5P 14.2%0ab | 3 gbc 4.5% gec
Sep 2017 | 3.9° 2.8° 5.8°P 2.20¢ 3.6° 2.4¢%dd
Feb 2018 | 39.6 18.8° 20,232 27.232 18.3° 21.322

Sep 2018 | 4.1° 1.4 7.3 2b¢ 112 3eded
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Figure 2.1 Ce (light green) and Cg (dark green) fertilization treatments, location of the drain tiles

outlets with blue lines. Sampling points for groundwater and runoff. Blocks of NESPAL field.



NESPAL Plot Plan 2016 & 2018

|..

(@)

38

NESPAL-Plot Plan 2017

===

& “.l-"'. — =
-“—Im
“--
e e

& ---

\

Google

(b)

Figure 2.2 Plot plans of NESPAL field during the (a) 2016 and 2018, and (b) 2017 maize

growing seasons.
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Figure 2.3 (a) Digital Elevation Model and (b) flow channels of NESPAL field.
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23 Aug - 27 Nov

Cover crop (wheat) Cover crop (rye) Cover crop (wheat)
4 Nov - 14 Mar 27 Oct - 21 Mar 28 Nov - 15 Mar

Figure 2.4 Project timeline, showing the beginning and end of the project, and the dates and

duration of maize, fallow and cover crops.
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Figure 2.5 (a) Equipment used for flow proportional runoff sampling and (b) pressure transducer.
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Figure 2.6 Total number of ground water and runoff samples collected in correlation to total
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Figure 2.8 Cumulative surface runoff per block, total amount of irrigation and rainfall received.

Arrows indicate fertilization events.
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CHAPTER 3
APPLICATION OF HYDRUS-1D MODEL FOR SIMULATING WATER FLOW AND NOs-N

SOLUTE TRANSPORT IN MAIZE?

2 Pavlou, D., A. Orfanou, M.L. Cabrera, G. Hoogenboom, W.M. Porter, D.E. Radcliffe, and G.
Vellidis. To be submitted to Agricultural Water Management.
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Abstract

Simulation models have become essential tools that provide insights on how an
agricultural production system responds to management practices. The goal of this study was to
use the HYDRUS-1D model to simulate water flow and N leaching losses measured in an
experiment conducted in the 1.44 ha NESPAL field located on the University of Georgia’s
(UGA) Tifton campus. In the experiment, maize was planted in six blocks for three consecutive
growing seasons (2016-2018). Two fertilization treatments based on the University of Georgia
Extension Service (Cg) and Georgia grower (Cg) recommendations for achieving high yields
were used. Experimental data collected from the NESPAL field during 2018 of the study were
used to calibrate the HYDRUS-1D model and data from 2016 and 2017 were used to evaluate
the model. Correspondence between simulated and observed data was better for the water flow
models than the NOs-N transport models. The simulation results generally fit the trends of the
observed data well in in Years 1 and 3 but the model overpredicted the trends in observed data
during Year 2. Because it received higher fertilizer rates, it was expected that the Cg treatment
would result in greater N leaching than the Ce treatment, but the simulation results indicated no
statistically significant differences between treatments. This was primarily because of high
variability between blocks of the same treatment. HYDRUS-1D predicted NO3-N leaching after
large precipitation events indicating that irrigation was not a driver of leaching in this landscape.
Overall, the HYDRUS-1D model was used successfully to simulate vertical water flow and NOz-

N transport and estimate NOs-N leaching to groundwater.
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Introduction

Fertilizers are applied to soils to provide nutrients that are essential for plant growth. One
of the most important and challenging to manage plant nutrients is nitrogen (N). N fertilizers are
typically applied as complex dry or liquid compounds. The United Nations Food and
Agricultural Organization (FAO) estimates that N fertilizer use exceeded 100 million tons in
2018 — an increase of 25% over the past 10 years (FAO, 2015; Udvardi et al., 2015). Through
biological and chemical processes in the soil, these compounds are eventually transformed to
nitrate (NO3") — an ionic form of N that is biologically available to plants. For plants to absorb
nitrate, it must be available in the soil solution — the water found in the pores or the soil matrix.
Nitrogen use efficiency (NUE) is the fraction of applied N fertilizer that is absorbed and used by
the plant. Under field conditions, NUE is at best around 50%. This means that up to 50% of the
N applied to soil as fertilizer may be lost to the environment (Udvardi et al., 2015). Excess
fertilizer not taken by the crop, can contaminate surface waters and lead to eutrophication
(Mueller and Helsel, 1996). Likewise, excess N in the form of NO3" can leach to groundwater.
This occurs because nitrate is highly soluble in water and easily transported below the crop root

zone by rain or excess irrigation. Nitrate that leaches below the root zone is lost to the crop.

Maize fertilization

Proper fertilization is a crucial factor for achieving high maize yield and avoiding NPS
pollution. Insufficient amounts of N could result in reductions of dry matter allocation and
reproductive structures, which negatively influence maize yield (Below et al., 2000; Ding et al.,
2005; Monneveux et al., 2005; O'Neill et al., 2004). A general recommendation for maize is to

use 1.12 kg N ha* to 1.35 kg N ha* for 25.4 kg of expected yield goal (Hollis, 2013).
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For many crops such as maize grown in the U.S., up to half of the N required by the crop
is applied prior to planting. The remaining N is applied with one or more in-season (also referred
to as side-dress) applications. Under these practices, more fertilizer than the crop needs is applied
to ensure that nutrients are available throughout the growing season. Under good management,
the amount of fertilizer applied is based on soil samples collected prior to planting and/or the
farmer’s yield goals (Kissel and Sonon, 2008). However, in areas with sandy soils, soil samples
are not routinely tested for N because it is assumed that the soils retain little N because of
leaching. As a result, the amount of N fertilizer applied is based only on the farmer’s yield goal.
In many regions of the country and the world, the amount of N applied before planting and
during side-dress events is not directly related to the nutrients available to the crop in the soil

solution.

NOs3" leaching

Management practices, weather conditions, soil type etc. are important factors which
affect the NOz™ losses below root zone (Bouchaou et al., 2008; Cruz-Fuentes et al., 2014; Mehdi
et al., 2015; Mencio et al., 2016; Tagma et al., 2009). NOs™ leaching is considered a worldwide
threat (Addiscott and Benjamin, 2006; Karr et al., 2001; Weyer et al., 2001). Concentrations of
NO3 in water are reported in terms of mg L™ of NO3-N. A study that took place on 144 farms in
Ontario, Canada, showed that at 23% of the sites, NO3-N concentrations exceeded the U.S. EPA
drinking water standard of 10 mg L (EPA, 2017a; Rudolph et al., 1998). Twenty-two percent of
cultivated areas in Europe have groundwater NO3-N concentrations that exceed the drinking

water standard. When maize is cultivated under conventional practices, NOs-N leaching loads as
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high as 100 kg ha* (Gold et al., 1990b) have been observed. Conservation management practices

have the potential to minimizing NOs™ leaching (Yadav, 1997).

Mathematical tools for simulating NOs-N transport

HYDRUS-1D (Rassam et al., 2018; Simunek et al., 2008, 2016) is a widely-used water
and solute transport simulation model. Li et al. (2014) used HYDRUS-1Dfor evaluating water
flow and losses in a direct seeded rice field during two seasons where there were different
amount of rainfall and irrigation management. In their study, the simulated pressure heads and
vertical fluxes had a good match with observed data. HYDRUS-1D was also used by Tan et al.
(2015) for simulating water movement, and N transport and transformations in experimental
paddy fields under different irrigation management practices during 2007 and 2008. They
concluded that HYDRUS-1D is an efficient tool for the simulation of water and N regime for
improving water and N management for sustainable rice production. Saso et al. (2012) used
HYDRUS-1D for simulating field measured chloride (CI") leaching and near-surface soil water
content in a Guelph loam and a Maryhill loam, planted with maize. The simulation accurately
predicted CI™ leaching and the timing of losses for both soil types. The model also predicted
shallow soil water content well in the Maryhill loam during the early part of the growing season
but it under-estimated shallow soil water content during the latter half of the growing season.
The model overestimated soil water content in the Guelph loam. Tafteh and Sepaskhah (2012)
used HYDRUS-1D for simulating water and NO3™ leaching in rapeseed and maize fields. More
specifically, in their experiment, different urea rates and variable and fixed alternate furrow
irrigation and continuous furrow irrigation were applied. Their results indicated that HYDRUS-

1D accurately simulated deep percolation and NOs™ leaching for both rapeseed and maize.
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However, the model did not predict crop N uptake well. This was explained as resulting from
excluding root N uptake in the measured values and not including N mineralization,

denitrification and microbial immobilization processes.

Goals and objectives

The goal of this study was to use the HYDRUS-1D model to evaluate the effect of high-
yield maize management system practices on water flow and solute transport in the soil profile.
Specific objectives were to simulate soil water flow through the soil profile, simulate NO3-N

concentrations in leachate leaving the soil profile, and estimate N loads lost through leaching.

Materials and methods

Field experiment description

This work was based on a field experiment conducted at the 1.44 ha NESPAL field
located on the University of Georgia’s (UGA) Tifton campus (31° 28.736'N, 83° 31.916'W).

The three-year experiment, beginning in 2016 and ending in 2018, was conducted to evaluate the
effect of high fertilization rates on maize yield and water quality. Tifton is located in the
southeastern coastal plain of the USA. The climate is subtropical providing abundant rainfall
and a long growing season. Average annual precipitation for the study period was 1210 mm.

For the field experiment, the NESPAL field was divided into six blocks of cultivated land
separated by grassed berms to prevent overland flow between blocks. The three western blocks
were labeled W1, W2, and W3 and the three eastern blocks were labeled E1, E2, and E3 as
shown in Figure 3.1. Block size ranged from 0.18 ha to 0.34 ha.

The soil type in blocks W1, W2, and W3 and the western half of blocks E1, E2, E3 is a

Tifton loamy sand with 2 to 5 % slope. The soil type in the eastern half of blocks E1, E2, E3 is
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an Alapaha loamy sand with 0 to 2% slope. There is a visible color difference between the two
soil types that can be seen in Figure 3.1. Tifton loamy sand is described by the NRCS Soil
Survey as deep, well drained, and commonly found on ridgetops and hillsides. This soil is low in
natural fertility and organic matter and very strongly acid. Alapaha loamy sand is described as
deep, poorly drained nearly level soil found along the upper part of drainage ways. This soil is
low in natural fertility and organic matter and very strongly acid.

Two maize fertilization treatments based on high maize yield goals were used in the field
experiment. The first was a treatment recommended by Georgia maize producers who have
consistently achieved high yields. This treatment was designated as Cc and had a yield goal of 28
Mg ha® (450 bu ac™). The second treatment used the UGA Extension high yield goal of 22 Mg
ha! (350 bu ac!) and was designated as Ce. There were three replicates of each treatment.

Table 3.1 presents the management practices used during each year of the project. These
are pertinent to the modeling scenarios that are described below. Because instrumentation was
being installed prior to the planting of the first maize crop which resulted in soil disturbance,
conventional tillage was used for the 2016 growing season. A cover crop and strip tillage were
used for the remaining two years of the study. Plant density was the same for the two first years
of the project but increased to 97850 plants ha* for the Cg treatment in 2018. More fertilizer
side-dress events were used in 2017 and 2018 than in 2016. Pavlou et al. (2020a) described the

field experiment in detail.
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Data collection

Soil data

Four to six 750 mm soil cores were collected before planting and after the maize was
harvested from block depending on size. Each core was separated into five 150 mm segments
(482 cm?®) for analysis that included bulk density, soil texture, and NHs-N and NOs-N
concentrations. Samples were dried at a temperature of 100°C and its mass was used to calculate
bulk density (BD) in units of g cm™ was estimated (Eq. 1). The samples were also analyzed for
soil texture by following the Bouyoukos hydrometer method (Bouyoucos, 1962). NHs-N and
NOs-N concentrations were measured using KCL-Cadmium reduction method by flow injection
analysis. The soil texture and bulk density were used in the simulation models for estimating the
soil hydraulic parameters with Rosetta Lite v.1.1 which is a neural network model for estimating
soil hydraulic parameters with hierarchical pedotransfer functions that is incorporated into
HYDRUS-1D. The NH4-N and NOs-N concentrations were used in the initial conditions of the

soil profile.

Dry soil weight )
Bp = 2O 8 Eq. 1

Soil volume

At the beginning of each growing season, soil moisture sensor nodes were installed in
each block during the growing season. Nodes contained Watermark® soil moisture sensors
(Irrometer, Riverside, CA) at depths of 200 mm, 400 mm and 600 mm. Two nodes were installed
in blocks W1 and E1 while three nodes were installed in blocks W2, W3, E2 and E3. Soil matric
potential was measured hourly. The data were recorded in terms of soil water tension (SWT), the
absolute value of matric potential. A daily average volumetric water content was estimated for

each block and used in HYDRUS-1D as observed data. The observed data from the 2018
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growing season were used for calibrating the soil hydraulic parameters while the data from 2016

and 2017 were used for evaluating model performance.

Irrigation and meteorological data

Irrigation scheduling was based on SWT data at 07:00 AM daily. A weighted average
SWT was calculated by applying the SWT readings from the three sensor depths (200 mm, 400
mm and 600 mm) to equation (Eq. 2). The weighting factors B1, B2, Bs varied by crop
phenological stage and anticipated root depth at that stage as shown in Table 3.2. In general, as
the root system lengthened, more weight was given to the deeper sensors (Orfanou et al., 2019).
The weight was adjusted based on the growing degree days. The irrigation threshold was set at
30-35 kPa. This relatively low irrigation threshold was established because with sandy soils,
SWT increases sharply after 35 kPa as plant available soil water is rapidly depleted. To avoid
large SWT values and the associated crop water stress, the entire field was irrigated when the

weighted SWT of at least one block was in the range of 30-35 kPa.

SWT Weighted Average = 1 * SWT,00mm + 2 * SWT400mm + B3 * S WTeoomm EO. 2

Where,

B1, B, and B are the weighting factors based on the phenological stage of the maize as

reported in Table 3.2.

Daily meteorological data, i.e., minimum and maximum air temperature (°C), solar
radiation (MJ m), relative humidity (%) and wind speed (m s*) were retrieved from the Tifton

campus University of Georgia Weather Network (UGAWN) weather station which was
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approximately 1.5 km from the field. Sunshine (hr) was retrieved from the Weather Atlas
webpage. Precipitation was measured with an automated tipping bucket rain gage located
approximately 100 m from the field. Irrigation data and meteorological and were used to define

the boundary and meteorological conditions in the simulation models.

Maize growth data

Maize crop height and leaf area were measured during the V3, V4, V5, V6, V7, V8, V10,
V12, V14, VT vegetative stages and the R1, R2, R3, R4, R5 and R6 reproductive stages during
the 2018 growing season (Orfanou et al., 2020a). Leaf area was used to estimate the Leaf Area
Index (LALI). Crop height and LAI were used in HYDRUS-1D to separate potential

evapotranspiration (PET) into evaporation and transpiration.

Groundwater data

Groundwater was captured by installing drain tile along the western, southern, and
eastern boundaries of each block (Figure 3.1) prior to the 2016 growing season. The drain tile
also isolated the blocks from any shallow groundwater moving laterally from higher positions of
the landscape. Blocks W1 and E1 were located at the top of the slope and are unlikely to receive
shallow groundwater flows from the north (top of the figure). The circled “G” indicates where
the drain tile was sampled to collect the ground water samples from each block. Groundwater
samples were collected manually twice per week in 1 L plastic bottles when there was flow.

Groundwater samples were collected manually twice per week in 1 L plastic bottles when
there was flow. The first sample was collected after the first fertilizer application in 2016 and the

last was collected on final day of the project. The samples were analyzed for NO3-N and NH4-N
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by a commercial laboratory. The NOs-N and NH4-N concentrations were used as observed data

in the simulation models for calibrating the solute transport parameters.

Model description

HYDRUS-1D is a public domain windows-based modeling environment for analysis of
water flow and solute transport in variably saturated porous media. This model was developed to
simulate the vertical movement of soil water, solute and heat while it neglects the fluxes in the
horizontal direction. HYDRUS-1D was chosen in this study to simulate water flow and solute
transport since it has been used with success in other research studies (Li et al., 2014; Ramos et
al., 2011). A graphical representation of the setup of the model is shown in Figure 3.2.

Soil water flow was simulated from the date that fertilizer was applied prior to planting
maize until harvest during each growing season. Simulations were not conducted during the
period between maize crops because soil moisture sensors were not installed during that time and
data were not available for calibrating and evaluating the models during those periods. Solute
transport was simulated from the day that the soil core samples were collected in February until
harvest. Simulation of solute transport began earlier than because groundwater samples were
collected throughout the project period. The start and end dates of the three simulation periods
are shown in Table 3.3. Because of differences in soil texture, elevation, and yield, for modeling
purposes, each block was treated as a different field. Consequently, models for soil water flow
and solute transport were run individually for each block. This resulted in calibrating and
validating six soil water flow and six solute transport models. To match the soil cores, the soil
profile was set at 750 mm with five soil materials or layers each 150 mm in depth. The soil

profile was separated into 101 nodes with 1 mm density at the top.
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Soil water flow

The Richards equation (Eg. 3) governs variably saturated water flow in the unsaturated zone

(Richards, 1931). The equation accounts for the effect of capillarity and gravity on water

movement.

Where,

4),

Where,

98(h)

e~ 3 KO- (7 +1)] - o -

0 is the volumetric soil water content (cm® cm),
h is the pressure head (cm),

t is the time (day)

z is the gravitational potential head (cm),

K is the hydraulic conductivity (cm day™), and

Q is the root water uptake (cm day™)

Initial conditions in the Richards equation were specified in terms of pressure head (Eq.

h(z t) = h;(z 0) Eq. 4

h; are the initial values for pressure head (cm)
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Water flow parameters

The water retention curve was defined using the van Genuchten-Mualem model (van

Genuchten, 1980) (Eg. 5) with a non-hysteretic approach.

Bs — 0, Eq.5
h
o) ={ " T+ (camyrm 20
0 h>0
Where,
0, is the saturated water content (cm3cm),
0, is the residual water content (cm3cm),
a (cm™), m (dimensionless), and n (dimensionless) are empirical parameters and it is
assumed that
m=1_2 Eq. 6
n
The unsaturated hydraulic conductivity function was described by the van Genuchten
(1980) equation:
K(h) = K O(h) — 6, R PO i il s
5| g — 8, 0 — 0,
Where,

K, is the saturated hydraulic conductivity (cm day™),
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Rosetta Lite v.1.1 (Schaap et al., 2001) is a neural network model for estimating soil
hydraulic parameters with hierarchical pedotransfer functions that is incorporated into
HYDRUS-1D. It was used to estimate soil hydraulic properties (65, 6., @, n and K) that were
not measured experimentally. The first function, based on textural classes, contains a table for
average hydraulic parameters for each textural class, while the other four are based on neural
network analysis (Schaap et al., 1998) and use more input variables. In this project, the third
function was used, which includes the percentage of sand, silt and clay along with the bulk
density of the core samples that were collected. The texture and bulk density data of each soil
layer and block are presented in Table 3.4. Table 3.5 presents the hydraulic properties estimated

using Rosetta Lite.

Water flow boundary conditions

The upper water flow boundary conditions were set as an “atmospheric boundary with
surface runoff”. This condition is based on a system-dependent boundary since the potential fluid
flux is controlled by external conditions, such as precipitation and evapotranspiration. When the
precipitation rate exceeded the infiltration capacity of the soil, surface runoff was generated. This
condition was implemented mathematically in HYDRUS-1D by using the Neuman et al. (1974)

approach by satisfying two conditions (Eq. 8 and Eqg. 9).

oh .
|K(h)—+1|SE Fq.8
0z

Where,

E is the maximum potential rate of infiltration or evapotranspiration (cm day™)
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Where,

hy is the minimum pressure head

hg is the maximum pressure head

Instead of entering atmospheric fluxes into the model, i.e. PET, the PET was separated
into evaporation and transpiration in the HYDRUS-1-D model by the input of crop height and
LAI The lower water flow boundary conditions were set as free drainage, which can occur in

non-saturated conditions.

Solute transport

Solute transport and reaction parameters

The solute transport component of the HYDRUS-1D model was used to simulate N
transport and transformation. Solute transport was estimated by the advection dispersion

equation (ADE) (Eg. 10) which involves linear adsorption and chemical equilibrium.

Eq. 10

d(8c+ ppKygc) 0 (
ot ot hwe

oD aC) Ouc—S
egg) T OHETSC

Where,

c is the dissolved concentration of the solute (g cm)
K4 is the adsorption coefficient (cm™ mg™?)

Jw 1s the flux of water from Darcy’s law
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D, is the effective dispersion coefficient (cm? day™)
z represents the vertical dimension (cm)
w is the first-order rate constant for solute transformation processes (day™)

S is any source or sink

Essentially the model simulated a simplified version of the N cycle that included
nitrification of NHs-N to NOz-N resulting from the application of N fertilizer and the
denitrification of NOs-N to atmospheric N (N2). Processes such as the mineralization of plant
residues, nitrification from NO2-N to NO3-N and the volatilization of NHs-N were not
considered. Plant uptake of N was accounted for separately and is described further below. The
first-order reaction rate for nitrification and denitrification processes are presented in Eq. 11 and

Eq. 12 respectively.

Jd(NH, — N .
9(NH, — N) = —k(NH, — N) Eq. 11
ot
Where,
k is the nitrification coefficient (day™)
Jd(NO, — N .
T =0 k(NH, — N) — (N0 — ) =012
Where,

i is the denitrification coefficient (day™)
According to Bradshaw et al. (2013), the initial values of K4 were set at 10 cm? g* for

NH4-N and 0.78 cm?® g for NOs-N. According to the literature, the initial values of k for all the
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soil layers and blocks were set at 0.2 day* (Hanson et al., 2006). The initial p values were also
set at 0.2 day™’. It was assumed that there was complete denitrification under saturated
conditions. The longitudinal dispersivity, A (cm), for field soils can range from 5-20 cm
(Radcliffe and Simunek, 2018). In this study, A = 20cm gave the best fit.

The water content dependence of degradation coefficients is utilized in HYDRUS-1D by
a modified function of Walker (1974) (Eq. 13).

Eqg. 13

Y(0) = P (Brep) min ll' (eif)Bl

Where,

Y and v, are the values of the reaction rate constant (day™)
0 is the actual water content

w, is the reaction rate constant (day™)

Br¢r IS the reference water content

B is the solute dependent parameter

Solute transport boundary conditions

The upper solute transport boundary condition was set at concentration flux, while free

drainage (zero concentration gradient) was used for the lower boundary conditions.

Root water uptake

The Feddes (1982) water uptake reduction model (Eq. 14) was used with threshold

pressure heads selected for maize from a database (Wesseling, 1991). Eq. 14 shows the root
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water uptake (Q) as a function of soil water pressure head (h) which is used with threshold

pressure heads selected for maize.

Q(h) = a(h)Q, Eq. 14

Where,

Qp is the potential water uptake rate, and

a(h) is a dimensionless stress response function of the pressure head (0<=a<=1)

Table 3.6 presents the root water uptake parameters for maize (Wesseling, 1991), i.e. the
parameters for the water stress response function (Feddes, 1982). Water uptake is assumed to be
zero in two cases, close to saturation (h,) and for pressure heads less than the wilting point (hs).
Water uptake is optimal between hq, and h,. The pressure head h, can be adjusted based on the
transpiration rate (r,). Water uptake decreases (or increases) linearly with pressure heads when

pressure heads are between h, and h;.

Root uptake of solute N

Root nutrient uptake is a combination of passive and active nutrient uptake. In general,
passive uptake depends on diffusion mechanisms, which allows ions dissolved in the soil
solution to be taken up when the concentration inside the root cell is lower than the external
concentration. Active nutrient uptake requires the root cells to spend energy by using the
hydrolysis of ATP. The partitioning of passive and active nutrient uptake is controlled by the
maximum allowed concentration of root nutrient uptake. When the soil solution concentration

values are below the maximum allowed concentration, passive nutrient uptake is simulated by
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multiplying the dissolved nutrient concentration with root water uptake. Plants typically take up
N in the form of NH4* or NO3". The assimilation of NH4" occurs near the roots and lower
amounts of NH4" are absorbed, compared to NOs', for avoiding the toxic effect of high NH,*
(Bloom et al., 2012). For that reason, it was assumed that there was no passive root uptake of
NH4". Plants can store high NO3™ concentrations without toxic effect (Bloom et al., 2012).
Furthermore, in passive nutrient uptake, it is likely that roots take up all NO3s™ dissolved in water.
In HYDRUS-1D, the active nutrient uptake is implemented only for one solute, in this case, NO3’
. Active nutrient uptake is simulated by using Michaelis-Menten kinetics. Reduced potential
solute uptake due to reduced water uptake was selected to provide a more realistic approach to

the root nutrient uptake (Simtinek and Hopmans, 2009).

Input data

Initial conditions

The initial conditions for pressure head in the models varied for each observation node,
block and growing season based on the initial average daily readings of the soil moisture sensors.
The soil moisture sensors were installed at depths of 200 mm, 400 mm and 600 mm. The value
of the sensor located at 200 mm was assumed to be the same for the first 300 mm of the soil
profile, the value of the sensor at 400 mm was the same from 300 mm to 500 mm depth. The
initial conditions for pressure head from 500 mm to 750 mm depth were the value of the sensor
placed at 600 mm.

The initial conditions of NHs-N and NOs-N concentrations in the soil profile were based
on groundwater samples collected before the start of simulation in each growing season.

Measured concentrations were reported in the model in units of g cm™,
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Water and fertilizer

Figure 3.3 shows the SWT readings on the primary y-axis and the water received either
through irrigation (light blue bar) or rainfall (dark blue bar) on the secondary y-axis. The red
dashed line represents the irrigation threshold of 35 kPa. Figure 3.3(a) shows the data from
blocks W1, W3 and E2, the three blocks fertilized with the Cg treatment. Figure 3.3(b) shows the
data from W2, E1 and E3 blocks, the three blocks fertilized with the Cg treatment. The total
amount of water applied through irrigation and precipitation, during the maize growing seasons,
is shown in Table 3.7. The precipitation data are from the Tifton campus UGAWN weather
station.

In all three years, fertilizer was applied prior to planting and at planting for both
treatments. The number of in-season (side-dress) fertilizer applications varied from year to year
and by treatment. In 2016, there were two side-dress applications for both treatments. In 2017,
there were two side-dress applications for the Ce treatment and six for the Cg treatment. In 2018,
there were three and four side-dress applications for the Ce and the Cg treatments, respectively.
The amount of fertilizer applied (g cm) was entered into the model in units of g cm= by

dividing amount of fertilizer applied by amount of water flux.

Meteorological conditions

A summary of meteorological data for the project period from the Tifton campus
UGAWN weather station are presented in Table 3.8. According to Weather Atlas, the daily
period of sunshine (hr) in Georgia is 6.1 hr during February, 7.1 hr during March, 8.7 hr during

April, 9.3 hr during May, 9.5 hr during June, 8.8 hr during July and 8.3 hr during August.
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Potential evapotranspiration was calculated in HYDRUS-1D with the Penman-Montheith
equation (Eg. 15) using parameters related to crop growth (crop height and root depth) and LAL.
Crop height and LAI were collected from the field during the growing seasons.

900 Eq. 15
0.4084(Rp — G) + ¥ o3 Ua(ea — €4) 9
A+y(1+ 0.34U,)

ETO ==

Where,

ET, is the reference crop evapotranspiration (mm day™)

A is the slope of the vapor pressure curve (kPa °C™)

R,, is net radiation at the crop surface (MJ m day™)

G is soil heat flux (MJ m2day™?)

y is the psychometric constant (kPa °C™)

T is the average air temperature (°C)

U, is the wind speed at 2 m height (m s)

(eq — eq) is the vapor pressure deficit (kPa)

e, 1S the saturation vapor pressure at temperature T (kPa)

eq s the vapor pressure at due point (kPa)
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Root estimation

The planting depth was at 40 mm. The maize root depth increased linearly up to a
maximum of 1530 mm in 86 days after planting (Mengel and Barber, 1974). This concept was
implemented in the model for simulating root depth. The root distribution was simulated in a
way that 70% of the roots were included in the top 200 mm of the soil profile while after that

point there was a liner decrease for the remaining 30% (Mengel and Barber, 1974).

Inverse solution

Observed data from the 2018 growing season were used for calibrating the models, while
observed data from 2016 and 2017 were used for model evaluation. Each block was calibrated
and evaluated individually.

Inverse procedures were used for estimating the soil hydraulic and solute transport
parameters from specified observed data weighting by standard deviation. Through inverse
solution, HYDRUS-1D fits several analytical functions to soil water retention data by searching
for new values that will minimize the least square errors of the objective function (Eq. 16)
(Radcliffe and Simunek, 2018).

N Eq. 16
Fb) = ) w0, - 8.

Where,
b is the set of parameter estimates

6, observed water content
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B, is the fitted water content

N is the number of retention data points

w; is the weighting coefficient

Observation nodes were set at 200 mm, 400 mm and 600 mm based on the depths that the
soil moisture sensors were installed. The average daily observation data of the soil moisture
sensors were used for performing the inverse solution. The parameters that were calibrated were
a, n, and K.

Solute transport parameters were calibrated based on the observed data of NO3z-N
concentrations measured from groundwater samples. An observation node was set at the bottom

of the soil profile (750 mm). The parameters that were fitted were Ky, k and p.

Statistical analysis

To assess the performance of the model, the experimental data were compared to the
simulation results using three statistical indices: the coefficient of determination, mean absolute

error (MAE, Eq. 17) and root mean square error (RMSE, Eq. 18).

1 Eq. 17
1=

Where,
0; is the observed value for the i measurement,
P, is the predicted value for the i measurement,

N is the number of field observations
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N—-1
Results
As described earlier, simulations of soil water flow and solute transport began in March
and February, respectively, each year and ended in August. ET, amount of water received
through irrigation and rainfall, and solar radiation were the same for all six blocks. Observed and
simulated data of pressure head were compared at 200 mm, 400 mm and 600 mm. Observed and
simulated data of NOs-N concentrations were compared at 750 mm. Results are described in

detail below.

Meteorological data

ET was estimated based on the Pennman-Monteith equation included in HYDRUS-1-D
and is presented in Figure 3.4. HYDRUS-1D also estimates the amount of evaporation and
transpiration separately by using measured plant physiological parameters such as height and
LALI. Those results are also shown in Figure 3.4. When the plants were small, ET was dominated
by evaporation from the soil. As the plants grew and leaf area increased, transpiration became
the dominant component of ET. This was especially true after canopy closure. As the plants
matured and began to dry down, transpiration was reduced, and evaporation again became the
dominant component. ET was lower during the 2018 growing season with a peak rate of
approximately 10 mm day™. In 2016 and 2017, the peak ET rate was approximately 12 mm day”
! respectively. In general, the 2018 growing season was wetter (Table 3.7 and Figure 3.5) with

lower total solar radiation (Table 3.8 and Figure 3.6).
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Despite the sandy soil, crusting was observed throughout the field during the 2016
growing season because maize was planted using conventional tillage. The crusting resulted in
reduced water infiltration and excessive runoff during irrigation and precipitation events. This
also resulted in irrigation events not adequately wetting the soil profile as documented by the soil
moisture sensor data. The dense cover crop in combination with strip tillage that was used during
the 2017 and 2018 growing seasons resulted in irrigation decreasing by 42% in 2017 and 36% in
2018. Although 2018 was a wetter year with 61% more precipitation during the growing season
than in 2017, 11% more irrigation water was applied. This may be the result of the higher plant

density in the Cg treatment blocks which increased from 79000 to 97850 plants ha™.”

Calibration and validation of water flow parameters

The observed SWT data from 2018 were converted to units of pressure head and used for
calibrating the soil hydraulic parameters of each block individually. The initial values of the soil
moisture sensors were used to initialize pressure head and therefore, initial values of pressure
head differed between blocks and years. When comparisons between the experimental data and
the simulation results were satisfactory, the calibrated soil hydraulic parameters were used to
validate the models with data from the 2016 and 2017 growing seasons. Calibration and
validation was an iterative process that was ended when the statistical indices were considered
satisfactory for both calibration and validation runs of the models. The final values of the water
flow parameters are shown in Table 3.9 while results of the statistical indices are presented in
Table 3.10.

The comparison between simulated and observed data for pressure head is presented in

Figure 3.7. The solid lines indicate simulation results at each depth (200, 400, 600 mm) while the
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open circles indicate observations. The observations are the average of all pressure head data
within a block at a given depth over a 24 hr period. In general, the simulated results matched the
trends of the observations well although there were individual blocks and years where the fit
between the two were either better or worse than the overall. The results show that even during
the years in which cover crops and strip tillage were used; pressure head data indicate a drier
profile than simulation results. These sensor data were perplexing even during the growing
season when on occasion, soil moisture sensors at 400 and 600 mm did not respond to irrigation
events while they responded to comparable precipitation events. This phenomenon has been
observed by the authors in several other studies with maize. In this study, the soil moisture
sensors were installed in the row and the irrigation sprinklers were on drops and well within the
canopy once the corn exceeded 2 m in height. One possible explanation of the phenomenon is
that during irrigation events, the corn canopy shed the irrigation water away from the row and
towards the furrows between rows. Visual observations of irrigation events tended to support
this hypothesis but it was not confirmed with destructive soil sampling. Validation results were
better in 2016 than 2017 because there was better fit between simulated and measured pressure
head data.

Validation results were better for blocks W2, E1 and E3, i.e. the blocks in which the Ce
treatment was applied possibly because the plant density was the same for all three growing
seasons. During the 2018 growing season which was used for calibration, the plant density of the
Cg treatment was 97850 plants ha™* compared to 79000 plants ha™* in the Ce treatment. However,
the difference in LAlmax between the two plant densities was less than 1 cm? cm which did not
result in differences in the ET results of the model. This was also observed by Ramos et al.

(2011).
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The consistent disagreement between experimental and simulated data at 200 mm likely
occurred because the pressure head near the soil surface exhibits high inter daily variations
because of differing evaporation, transpiration, root extraction rates, and redistribution of soil
water during the night. Because the model operated on a daily time step, it used a constant flux
for each simulated day.

The results of the indices used to evaluate the fit between the simulations and the
experimental data are presented in Table 3.10. The numbers in the table combine the results for
all three depths (observation nodes). The two indices used to evaluate the simulation results did
not respond uniformly but MAE and RMSE results consistently showed a good fit. MAE and

RMSE were used to determine when to terminate the iterative calibration process.

Calibration and validation of solute transport parameters

After the soil hydraulic parameters were calibrated and validated, the next step was the
calibration and validation of the solute transport parameters, i.e. the adsorption coefficients K4,
the nitrification coefficients k, and the denitrification coefficients u using the same iterative
approach described earlier. Their final values are presented in Table 3.11.

Figure 3.8 shows the fit between observed concentrations in ground water samples and
simulated concentrations at the bottom of the soil profile (750 mm) during each growing season.
The open circles represent the concentrations of NOs-N in groundwater samples (observed data),
while the solid lines show the model predictions (simulated data). The number of groundwater
observations differ between blocks and seasons because sampling was contingent on flow from
the drain tile of each block. With the exception of block E3, fewer samples were collected from

the blocks at higher elevations than the blocks at lower elevations. Because the drain tile outlet
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of E3 emptied into the pond at the southeastern edge of the field, samples were not collected
when the pond level was high to avoid contamination of the samples by surface water.

As described by Pavlou et al. (2020), the concentration of NOs-N in groundwater samples
ranged from 0 mg L™ to approximately 33 mg L™ during the project period. Mean concentrations
ranged from 2.46 mg L™ to 8.05 mg L™ and 4.96 mg L to 8.14 mg L* for all blocks of Ce and
Cc treatment respectively during each year. This indicates that both fertilization treatments
resulted in excessive leaching. The simulation results generally fit the trends of the observed data
well in 2018 and 2016 but did not fit the trends in observed data from 2017. Possible
explanations for this discrepancy could be the differences in management practices and weather
conditions that might have affected model performance. In addition, the model does not simulate
important biological processes such as the mineralization of crop residues and soil humus and the
nitrification of NO2-N to NOz-N that are not simulated by the model.

The 2017 simulation results consistently over-predicted the observed NO3z-N
concentrations. The poorest simulations were the models for blocks W2 and E2. A possible
explanation for this discrepancy is that the highest amount of N fertilizer was applied during the
2017 growing season (11% and 7% more for Cg treatment, and 7% and 26% more for Ce
treatment compared to 2016 and 2018, respectively) and this coincided with drier conditions than
in 2016 and 2018. The water received through rainfall and irrigation during the 2017 growing
season was 30% and 46% less than the 2016 and 2018 growing seasons, respectively. As a result,
fewer ground water samples were collected during 2017 and there were longer periods without
samples. The discrepancy between the model results and observations may have been caused by
the overall drier conditions. The observed data are groundwater samples collected at the drain

tile outlets while the simulated results are from the bottom of the soil profile. If the volume of
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leachate leaving the bottom of the soil profile was small (see Figure 3.9 and discussion below), it
may not have reached the drain tile or may not have traveled through the drain tile to sampling
point.

Table 3.12 presents the results of the indices used to evaluate the fit between the
simulations and the experimental data. The results reflect the differences described in Figure 3.8.
MAE and RSME are about an order of magnitude larger than those for the soil water flow

models but still good for 2016 and 2018.

Water and NOs-N leaching

Figure 3.9 shows the water flux at the bottom of the simulated soil profile of each block
for each year of the project. It is clear from the graphs that the amount of leachate draining below
the bottom of the soil profile in 2017 is much less than in 2016 or 2018. Consequently, the
discrepancy between the observed data and simulated data in Figure 3.8 can be explained.

The water fluxes are similar for the 2016 and 2018 growing seasons with the exception
that in 2018 most leaching occurred late in the growing season while in 2016 it occurred early in
the growing season. These patterns match the occurrence of large precipitation events in those
years (Figure 3.3). Comparison of Figure 3.9 to Figure 3.3 also indicates that leaching events
were driven primarily by precipitation events and not irrigation events. However, a difference
that is observed is the period that bottom fluxes took place. In 2018 the main fluxes started after
150 days and finished close to the end of the simulations, while in 2016 the fluxes occurred after
the first 50 days and finished at 100 days after the simulations. These peaks in the bottom fluxes,

in both years, occurred due to heavy rainfall events that took place close to the day that the peaks
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are observed. This means that the precipitation exceeded the water holding capacity of the soil. It
is obvious that the bottom fluxes were more affected by rainfall than irrigation events.

Figure 3.10 shows the NOz-N solute flux at the bottom of the simulated soil profile of
each block for the three years of the project. Clearly, the NO3-N solute flux is a function of the
water flux. An interesting observation is that blocks with the same treatments had different solute
fluxes indicating that the soil properties and soil moisture measurements directly affected
leaching.

In most cases, 2017 had the least cumulative flux while 2016 and 2018 had similar results
(Figure 3.11). The shape of the curves is affected by water and solute bottom fluxes and
therefore there are periods when the cumulative solute fluxes are relatively stable and periods
with steep increases indicating a leaching event. Every steep increase in the curves is the result
of precipitation events.

During the 2016 growing season, conventional tillage resulted in much more runoff than
in 2017 and 2018. As a result, it was expected that less N would be lost to leaching during 2017
and 2018 compared to in 2016. However, a large increase of solute flux was simulated on the 01
April 2016 (92" day) caused by a 72 mm precipitation event. This was the largest precipitation
event of the entire project period and resulted in a large amount of leachate draining below the
simulated soil profile. Furthermore, while the cumulative NO3-N solute flux in 2018 was similar
to that of 2016, in many cases, it was lower. A possible reason for this result is the higher
number of fertilizer applications in smaller amounts during 2018.

Table 3.13 presents the simulated loss of N in kg ha™ from leaching and the percent of N
lost in leaching compared to total N applied. In general, there is a trend for higher leaching

losses from the Cg treatment blocks, apart from W2 block, but there are no significant
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differences between treatments. This may have been caused by high leaching loss from block

W?2 that belongs to the Ce treatment. There are no statistical differences between years.

Discussion and conclusions

The use of simulation models such as HYDRUS-1D is becoming a more common
approach for understanding the soil, water, and nutrient interactions of a system because models
are inexpensive, detailed, and methodical. Models can provide insights regarding the
environmental impact of agricultural practices. Physics based models, meaning models that are
based on numerical solutions of the Richards equation can be very beneficial in cases in which
there are efforts to understand the movement of water, increase water use efficiency and
minimize the risk of leaching. However, to address these issues, as accurately as possible, the
models require large inputs of data and complex parameterization. Due to the variability that
exists in fields, different weather conditions, soil hydraulic properties, etc., the calibration and
evaluation processes are essential and necessary for accurately representing reality.

In this study, soil hydraulic parameters were estimated by using pedotransfer functions
included in HYDRUS-1D by providing % of sand, silt and clay, and bulk density. Because these
parameters were not measured experimentally, they could be a significant source of error in the
simulation results as they are critical in estimating fluxes in the soil profile. Nevertheless, using
pedotransfer functions is an accepted practice in simulation modeling. For instance, Espino et al.
(1996) used the pedotransfer functions created by Vereecken et al. (1989) to define the soil
hydraulic functions of 6(h) and K(h). Their results showed that the model overpredicted the
moisture content but predicted the pressure heads at shallow depths well. Another study

conducted by Skaggs et al. (2004) used the pedotransfer functions of HYDRUS-2D in order to



75

obtain the values of the soil hydraulic parameters for simulating the water content distribution
under drip irrigation technology, with good results. Ventrella et al. (2019) used HYDRUS-1D to
simulate soil water fluxes in a drip irrigated watermelon cultivation and the values of 6, and
K were acquired by using pedotransfer functions. They stated that the values of 6, a and n can
be obtained successfully with laboratory or field methods described in literature. In this study,
the initial soil hydraulic parameters were estimated by applying the soil characteristics of sand
(%), silt (%), clay (%) and bulk density, which were acquired from the soil core samples. There
are studies which have shown that more input data can produce more accurate predictions
(Schaap and Bouten, 1996; Schaap and Leij, 1998). However, the appropriateness of the
parameters predicted through the Rosetta Lite v.1.1 depends on accuracy of the collected data.
During the calibration process of the soil hydraulic and solute transport parameters, it was
assumed that by running the inverse optimization process with a limited number of parameters,
and not all of them simultaneously, would be beneficial for minimizing parameters’ variation and
more accurate for calibrating the model. This idea is in agreement with the work of Hopmans et
al. (2018). However, in a study by Sonnleitner et al. (2003), it was found that by using more
variables in the objective function, meaning in the inverse solution, better predictions, regarding
the water flow, were obtained. Hopmans et al. (2002) suggests that if various parameter sets
produce similar model outcomes, the soil hydraulic parameters may be unidentifiable and the
inverse optimization may be ill-posed. According to Konikow and Bredehoeft (1992) when a
model can produce data in a subjectively acceptable level of agreement then it is successfully
calibrated. In this study, the calibration of the soil hydraulic parameters was considered to be
good since the simulated trends match the observed trends with MAE and RMSE values close to

0.00 in all cases. Furthermore, the calibration of the solute transport parameters was also
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successful. MAE and RMSE values were less than 1 for the models in 2016 and 2018. In general,
the correspondence between observed and simulated data was better for the water flow models
than the NO3-N transport models. This result is common in other studies as well (Moriasi et al.,
2015; Tafteh and Sepaskhah, 2012).

The calibration process itself should not be considered adequate for showing if the model
can predict a different set of experimental values. The validation process was necessary to
confirm that the calibrated model can predict different datasets (Ji, 2017). According to Ji
(2017), if the validation is not successful, the calibrated parameters should be changed to provide
better results with the validation dataset. The new parameters should be tested again with the
calibrated dataset. In this study, an iterative process was necessary to have acceptable validation
results. Harrison (1990) and Mitchell (1997) showed that the statistical indices should not be
used as deterministic but as descriptive tools. They showed that the regression of yield between
simulated and experimental data could possibly lead to invalid conclusions. In these cases,
graphs that compare trends between simulated and observed results can provide a better
understanding of the calibration and validation success.

The models predicted NOz-N leaching after large precipitation events indicating that
irrigation was not a driver of leaching in this landscape. The total cumulative NO3-N leaching
that HYDRUS-1D predicted varied from 3.82 kg ha* to 49.96 kg ha™* per year. Similar results
were found by Tafteh and Sepaskhah (2012), that tested HYDRUS-1D to predict NO3-N
leaching during maize growing season under different fertilizer rates and irrigation conditions.
At the beginning of the project, it was expected that the Cg treatment would result in higher N
leaching than the Ce treatment. Although in general the simulation results indicate that this might

be the case, the differences between treatments were not statistically significant due to the high
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variability between blocks of the same treatment. It is also likely that differences were masked
by the high N application rates used on both treatments even though the Cg rates were 30%, 34%
and 50% higher than the Ck rates during 2016, 2017 and 2018 growing seasons, respectively. In
a study by Donner and Kucharik (2003), NO3z-N leaching was increased by 53% when there was
an increase by 30% of N fertilization.

The HYDRUS-1D model was used successfully in this study to carry out the vertical
water flow and NOz-N transport and estimate NOz-N leaching to groundwater during 2016, 2017
and 2018 maize growing seasons in Tifton, GA. The models predicted that leaching occurred in
large precipitations events, when precipitation exceeded the water holding capacity of the soil.
However, it would be interesting to observe the NOz-N leaching that the models would predict
long term, i.e. after harvesting maize during fallow seasons and when cover crops were planted.
For doing this, soil moisture sensors should be installed in the field to record soil water content

and growth data of cover crops to be recorded.
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Year
Operation 2016 2017 2018
Ce Ce Ce Ce Ce Ce
Tillage Conventional Conservation Conservation
Soil core sampling 22 Feb 6 Feb 5 Feb
Maize planting date 16 Mar 21 Mar 28 Mar
Maize harvest dates 19 Aug 29 Aug 22 Aug
Variety P1794VYHR P1794VYHR P1794VYHR
Plant density (plants ha) 79000 79000 79000 79000 79000 97850
Irrigation SWT threshold (kPa) <35 <35 <35
Irrigation application rate (mm ht) 71 36 36
Total irrigation applied (mm) 408 235 261
Fertilizer Applications Date and application rate in kg N ha!
Pre-plant fertilizer (granular) 15 Mar, 110 15 Mar, 110 15 Mar, 90 15 Mar, 90 22 Mar, 30 22 Mar, 64
At planting fertilizer (liquid) 16 Mar, 47 16 Mar, 47 21 Mar, 48 21 Mar, 48 28 Mar, 48 28 Mar, 48
Side-dress fertilizer(liquid) 8 Apr, 100 8 Apr, 110 13 Apr, 123 13 Apr, 123 24 Mar, 112 24 Mar, 112
25 Apr, 100 25 Apr, 230 21 Apr, 123 21 Apr, 63 8 May, 56 8 May, 56
2 May, 63 23 May, 56 23 May, 112
12 May, 63 5Jun, 112
26 May, 63
2 Jun, 27




Table 3.2 Weighted percentages of each sensor according to the GDDs.
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GDDs (°C) Stage B1 (200 mm) B2 (400 mm) B3 (600 mm)
0-354 VE-V4 0.80 0.20 0.00
355-724 V5-V8 0.60 0.30 0.10
725-878 VO-Vil 0.50 0.30 0.20
879-1099 VI2-VT 0.50 0.25 0.25
1100-end of | o1 pjack layer 0.40 0.30 0.30
|rr|gat|0n

Table 3.3 Simulation periods for the soil water flow and solute transport models.

Year Simulation begun Simulation terminated
Water flow Solute transport Water flow Solute transport
2016 15 Mar 22 Feb 19 Aug 19 Aug
2017 15 Mar 6 Feb 29 Aug 29 Aug
2018 22 Mar 5 Feb 21 Aug 21 Aug

Table 3.4 Texture and bulk density data of each soil layer and block used in neural network
rediction, Rosetta Lite v.1.1 (June 2003), for predicting the soil hydraulic properties.

Soil layer Sand Silt Cla Bulk Densit

Trt | Block (mm% Texture (%) (%) (% ;’ (g cm) y
0-150 Loamy Fine Sand 82.0 8.3 9.7 1.1
150 - 300 | Loamy Fine Sand 85.5 9.7 4.8 1.4
W2 300 — 450 Sandy Loam 74.7 7.6 17.7 1.4
450 - 600 | Sandy clay loam 65.2 8.9 25.9 1.3
600 — 750 | Sandy clay loam 68.5 8.8 22.7 1.3
0-150 Fine Sand 87.7 8.5 3.9 1.1
150 - 300 | Loamy Fine Sand 84.9 10.2 4.9 1.4
Ce El 300 — 450 Sandy Loam 66.5 14.5 19.1 1.4
450 - 600 | Sandy clay loam 67.8 8.7 23.5 1.4
600 — 750 | Sandy clay loam 66.5 9.1 24.4 1.3
0-150 Loamy Fine Sand 85.5 7.7 6.8 1.1
150 — 300 Fine Sand 90.1 7.2 2.7 1.4
E3 300 — 450 Sandy Loam 74.9 11.3 13.9 15
450 — 600 Sandy Loam 73.20 7.40 19.40 1.4
600 — 750 | Sandy clay loam 71.80 6.47 21.73 1.4
0-150 Sandy Loam 79.40 10.20 10.40 1.1
W1 150 - 300 | Loamy Fine Sand 86.2 7.5 6.3 1.4
300 —-450 | Sandy clay loam 70.9 8.2 20.9 1.4
Co 450 — 600 | Sandy clay loam 58.3 16.1 25.6 1.4
600 — 750 | Sandy clay loam 66.1 9.1 24.8 1.4
W3 0-150 Sandy Loam 79.5 8.5 12.1 1.1
150 - 300 | Loamy Fine Sand 78.9 12.4 8.7 1.4
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Soil layer Sand Silt Cla Bulk Densit
Trt | Block (mm% Texture (%) (%) (% 3/ (g cm) y

300 — 450 Sandy Loam 70.7 9.8 19.5 1.3
450 —600 | Sandy clay loam 60.1 10.3 29.5 1.3
600 — 750 | Sandy clay loam 61.7 7.9 30.4 1.3
0-150 Fine Sand 89.5 6.4 4.1 1.1
150 — 300 Fine Sand 88.5 8.5 3.1 1.4
E2 300 — 450 Sandy Loam 71.1 11.6 17.3 1.4
450 — 600 Sandy Loam 71.7 10.9 175 1.4
600 — 750 | Sandy clay loam 70.4 6.2 23.4 1.4

Table 3.5 Initial values of the water flow parameters predicted by Rosetta Lite v.1.1 (June 2003)
of each block and soil layer.

Soil layer Or 0s a Ks

Trt| Block (mm) (cm3*cm®) | (cmicm?®) | (cm?) " (cm day™?) I
0-150 0.05 0.52 0.04 1.53 270.3 0.5
150 — 300 0.05 0.41 0.04 2.11 247.6 0.5
W2 300 — 450 0.07 0.45 0.03 1.52 81.71 0.5
450 — 600 0.08 0.46 0.02 1.40 55.38 0.5
600 — 750 0.07 0.46 0.02 1.44 62.98 0.5
0-150 0.05 0.51 0.05 1.74 442.5 0.5
150 — 300 0.05 0.42 0.04 2.02 252.8 0.5
Ce El 300 — 450 0.06 0.44 0.02 1.45 56.42 0.5
450 — 600 0.07 0.45 0.02 1.43 53.72 0.5
600 — 750 0.07 0.46 0.02 1.42 57.78 0.5
0-150 0.05 0.50 0.04 1.70 341.9 0.5
150 — 300 0.05 0.40 0.04 2.66 453.4 0.5
E3 300 — 450 0.06 0.41 0.03 1.55 68.98 0.5
450 — 600 0.07 0.44 0.03 1.49 66.46 0.5
600 — 750 0.07 0.45 0.03 1.46 63.81 0.5
0-150 0.05 0.51 0.04 1.50 237.6 0.5
W1 150 — 300 0.05 0.43 0.04 2.07 280.8 0.5
300 — 450 0.07 0.44 0.03 1.46 55.30 0.5
450 — 600 0.07 0.45 0.02 1.40 33.74 0.5
600 — 750 0.07 0.44 0.02 141 44.84 0.5
0-150 0.06 0.52 0.04 1.50 222.4 0.5
Ceo 150 — 300 0.05 0.42 0.04 1.68 129.0 0.5
W3 | 300-450 0.07 0.45 0.03 1.47 68.66 0.5
450 — 600 0.08 0.46 0.02 1.37 44,13 0.5
600 — 750 0.08 0.48 0.02 1.37 53.72 0.5
0-150 0.05 0.52 0.05 1.81 476.9 0.5
E2 150 — 300 0.05 0.41 0.04 2.42 385.5 0.5
300 — 450 0.06 0.44 0.03 1.49 69.76 0.5
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Soil layer Or 0s a Ks

Trt| Block (mm) (cmicm®) | (cmcm?®) | (cm?) " (cm day™) I
450 — 600 0.06 0.44 0.03 1.49 72.90 0.5
600 — 750 0.07 0.45 0.02 1.44 61.29 0.5

Table 3.6 Root water uptake parameters and the values selected based on the database for maize.

Parameters Description Values
(mm)
h Below this pressure head value roots start to extract water from the 150
0 soil (mm).
h Below this pressure head value roots start to extract water at the
Opt . . -300
maximum possible rate (mm).
Value of the limiting pressure head, below which roots cannot
h,y extract water at the maximum rate (assuming a potential -3250
transpiration rate of r,y) (mm).
Value of the limiting pressure head, below which roots cannot
h,p extract water at the maximum rate (assuming a potential -6000
transpiration rate of r,;) (mm).
hs Bellow this pressure head value root water uptake stops (cm). -80000
Iy Potential transpiration rate (mm day™) 5
Iy, Potential transpiration rate (mm day™) 0.5

Table 3.7 Irrigation and precipitation received at the NESPAL field during the 2016, 2017 and
2018 growing seasons. Total indicates irrigation + precipitation.

Rainfall Irrigation Total
Year
(mm) (mm) (mm)
2016 630 408 1038
2017 495 235 730
2018 797 261 1058

Table 3.8 Weather data during the maize growing seasons from 2016 to 2018 in Tifton, GA,
where this study was conducted. The growing seasons were from middle of March to end of

August.
Min. temperature Max. temperature Avg Avg

Y (°C) (°C) relative | wind | 2\Vgsolar

ear humidity speed radiation

. . -2

Min | Max | Avg | Min | Max | Avg (%) (m s (MJ m=)
2016 | 2.59 | 23.90 | 17.96 | 15.26 | 35.82 | 29.37 73.51 2.10 20.52
2017 | 3.91 | 24.71 | 18.70 | 16.32 | 35.36 | 29.95 75.55 2.09 19.54
2018 | 457 | 24.25 | 18.86 | 16.84 | 35.29 | 29.67 77.25 2.13 18.69
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Table 3.19 Calibrated values of hydraulic parameters based on the van Genuchten equation for
water retention used in the HYDRUS-1D model for each block of NESPAL field.

Soil layer Or 0s o Ks

Trt | Block (mm); (cmicm®) | (cm3cm®) | (cm?) " (cm day™) !
0-150 0.05 0.52 0.04 1.06 180.2 0.5
150 — 300 0.05 0.41 0.02 2.11 176.3 0.5
W2 300 — 450 0.07 0.45 0.01 1.13 62.32 0.5
450 — 600 0.08 0.46 0.05 1.26 51.35 0.5
600 — 750 0.07 0.46 0.01 1.17 17.83 0.5
0-150 0.05 0.51 0.05 1.74 442.5 0.5
150 — 300 0.05 0.42 0.05 2.02 174.3 0.5
Ce El 300 — 450 0.06 0.44 0.02 1.06 50.00 0.5
450 — 600 0.07 0.45 0.01 1.10 45.37 0.5
600 — 750 0.07 0.46 0.01 1.07 19.32 0.5
0-150 0.05 0.50 0.03 1.57 258.8 0.5
150 — 300 0.05 0.40 0.15 1.23 897.9 0.5
E3 300 — 450 0.06 0.41 0.01 1.14 250.0 0.5
450 — 600 0.07 0.44 0.07 1.10 149.6 0.5
600 — 750 0.07 0.45 0.04 1.43 19.72 0.5
0-150 0.05 0.51 0.04 1.14 150.0 0.5
W1 150 — 300 0.05 0.43 0.03 2.06 411.9 0.5
300 — 450 0.07 0.44 0.01 1.09 26.79 0.5
450 — 600 0.07 0.45 0.01 2.00 59.78 0.5
600 — 750 0.07 0.44 0.01 1.08 10.00 0.5
0-150 0.06 0.52 0.05 1.26 210.4 0.5
150 — 300 0.05 0.42 0.02 1.31 576.7 0.5
Ce W3 300 — 450 0.07 0.45 0.01 1.13 168.5 0.5
450 — 600 0.08 0.46 0.05 1.11 54.69 0.5
600 — 750 0.08 0.48 0.01 1.11 10.00 0.5
0-150 0.05 0.52 0.04 1.63 350.0 0.5
150 — 300 0.05 0.41 0.03 2.00 546.3 0.5
E2 300 — 450 0.06 0.44 0.01 1.09 250.0 0.5
450 — 600 0.06 0.44 0.01 1.17 59.43 0.5
600 — 750 0.07 0.45 0.08 1.19 10.23 0.5

Table 3.210 Statistical analysis between observed and simulated pressure head data for all the
blocks of NESPAL field and maize growing seasons.

Treatment Blocks Year MAE RMSE
2018 0.04 0.04
w2 2017 0.04 0.05
Ce 2016 0.05 0.05
£1 2018 0.04 0.05
2017 0.05 0.06
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2016 0.03 0.04

2018 0.03 0.04

E3 2017 0.08 0.09
2016 0.03 0.04

2018 0.03 0.04

wil 2017 0.05 0.06
2016 0.05 0.06

2018 0.03 0.04

Ceo w3 2017 0.07 0.09
2016 0.03 0.04

2018 0.04 0.04

E2 2017 0.09 0.11
2016 0.04 0.05

Perfect fit 0 0

*MAE: Mean weighted Absolute Error, RMSE: Root Mean Square Error

Table 3.311 Calibrated values of solute transport parameters after using the inverse solution in
HYDRUS-1D model for each block of NESPAL field.

. Adsorption coefficient Nitrification rate | Denitrification rate
Trt | Block Soil layer 3 1 k n
(mm) (cm? 1) (day™) (day)
NHs-N NOs-N

0-150 6.71 1.99 0.00 0.14
150 — 300 14.28 0.17 0.00 0.72
w2 300 — 450 31.22 0.10 0.30 0.31
450 — 600 5.18 1.58 0.05 0.10
600 — 750 9.64 1.00 0.06 0.20
0-150 82.66 0.25 0.00 0.11
150 — 300 7.78 0.01 0.25 1.00
Ce El 300 — 450 21.16 1.00 1.00 0.24
450 - 600 26.27 2.00 0.23 0.08
600 — 750 12.60 0.10 0.05 0.31
0-150 100 1.40 0.09 1.00
150 — 300 1.03 1.86 0.21 0.89
E3 300 — 450 7.39 0.85 0.70 0.28
450 — 600 2.58 1.97 0.10 0.06
600 — 750 0.25 2.00 0.61 0.21
0-150 99.17 1.32 0.00 0.08
150 — 300 51.3 0.15 0.10 1.00
Co w1 300 — 450 58.69 0.25 0.32 0.02
450 — 600 100 0.75 0.02 0.04
600 — 750 100 0.33 0.08 0.43
W3 0-150 49.35 0.23 0.00 0.20
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. Adsorption coefficient Nitrification rate | Denitrification rate
Trt | Block Soil layer }éd | K "
(mm) (cm*g?) (day) (day)
NHas-N NOs3-N
150 — 300 51.68 0.61 0.71 0.20
300 — 450 87.72 0.07 0.86 0.20
450 - 600 46.88 0.78 0.27 0.20
600 — 750 10.00 0.48 0.13 0.30
0-150 12.52 1.93 0.03 0.01
150 — 300 0.15 1.08 0.20 0.90
E2 300 — 450 100 2.00 0.00 0.61
450 - 600 16.03 2.00 0.24 0.03
600 — 750 1.45 0.39 0.03 0.10

Table 3.12 Statistical analysis between observed and simulated NOs-N concentrations data for all

the blocks of NESPAL field and maize growing seasons.

Treatment Blocks Year MAE RMSE

2018 0.09 0.13

W2 2017 3.31 3.78

2016 0.15 0.18

2018 0.08 0.12

Ce El 2017 0.44 0.47
2016 0.18 0.21

2018 0.10 0.14

E3 2017 0.38 0.45

2016 0.33 0.39

2018 0.21 0.24

wil 2017 0.89 1.04

2016 0.24 0.37

2018 0.17 0.20

Ceo W3 2017 0.84 0.88
2016 0.94 1.10

£2 2018 0.07 0.11

2017 2.98 3.27

2016 0.28 0.35

Perfect fit 0 0

*MAE: Mean weighted Absolute Error, RMSE: Root Mean Square Error
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Table 3.413 Simulated loss of N from leaching and percent of N lost in leaching as a function of
N applied during 2016, 2017 and 2018 growing seasons. Means followed by different letters
between the years are significantly different (p<0.05).

Treatment Block Year To(tizlj EI;B)'N Lost (%)
By year
2016 27.68 7.75
w2 2017 49.96 13.01
2018 27.99 9.27
2016 11.07 3.10
El 2017 9.55 2.49
Ce 2018 5.8 1.92
2016 13.89 3.89
E3 2017 7.27 1.89
2018 13.67 4.53
2016 17.55% 4,92
Mean 2017 22.252 5.79
2018 15.822 5.24
2016 15.39 3.10
w1 2017 3.82 0.71
2018 15.11 3.00
2016 27.62 5.56
w3 2017 10.51 1.95
Co 2018 18.6 3.69
2016 9.47 1.91
E2 2017 4.19 0.78
2018 13.59 2.70
2016 17.492 857
Mean 2017 6.172 1.14
2018 15.772 3.13
By treatment
Ce Mean 18.542
Co Mean 13.142
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Figure 3.1 Map of the NESPAL field showing the six blocks, the two fertilization treatments
(dark green for Cg and light green for Cg), the drain tile (blue lines) and the location of

groundwater collection sites (G).
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Figure 3.2 (a) Representation of the model based on transient soil water flow processes and (b)

graphical representation of the soil profile.
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Figure 3.3 Daily SWT and amount of water received through applied irrigation or rainfall during

the three growing seasons for (a) Cs and (b) Ce blocks.
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Figure 3.4 ET, evaporation, and transpiration estimated by HYDRUS-1D based on crop height

and LAl data for 2016, 2017 and 2018.
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growing seasons.
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Figure 3.6 Daily short-wave radiation during 2016, 2017 and 2018 growing seasons.
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Figure 3.7 Fit between observed and simulated pressure heads during 2016, 2017 and 2018

growing seasons for Ce treatment (a) W2, (b) E1, (c) E3 and Cg treatment (d) W1, (e) W3, (f)

E2.
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Figure 3.9 Daily simulated water fluxes from at 750 mm depth during 2016, 2017 and 2018 for

Ce treatment (a) W2, (b) E1, (c) E3 and Cg treatment (d) W1, (e) W3, (f) E2.
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Figure 3.10 Daily NO3-N solute fluxes at 750 mm depth during 2016, 2017 and 2018 for Ce

treatment (a) W2, (b) E1, (c) E3 and Cg treatment (d) W1, (e) W3, (f) E2.
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Figure 3.11 Cumulative NOs-N solute fluxes at 750 mm depth during 2016, 2017 and 2018 for

Ce treatment (a) W2, (b) E1, (c) E3 and Cg treatment (d) W1, (e) W3, (f) E2.
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CHAPTER 4
SIMULATING THE EFFECT OF IRRIGATION SCHEDULING ON NITROGEN LEACHING

AND MAIZE YIELD?

3 pavlou, D., A. Orfanou, M.L. Cabrera, G. Hoogenboom, W.M. Porter, D.E. Radcliffe, and G.
Vellidis. To be submitted to Agricultural Water Management.
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Abstract

In the southeastern U.S., irrigation is essential for crop production. However, used in
excess, irrigation can lead to surface runoff and leaching. The goal of this study was to use
HYDRUS-1D and DSSAT CERES Maize models to compare two maize irrigation scheduling
management strategies to rainfed production and evaluate their effect on the amount of water
used for irrigation, maize yield, and NOs-N leaching. The irrigation scheduling management
strategies were the University of Georgia Extension Checkbook method (hereafter referred to as
the Checkbook method) and a sensor-based method that used a matric potential threshold of -35
kPa for triggering irrigation. The three strategies were evaluated under two high fertilization
management scenarios used by growers pursuing high yields. The modeling study was based on
an experiment conducted at the 1.44 ha NESPAL field located on the University of Georgia’s
(UGA) Tifton campus. The simulation results showed that the sensor-based method resulted in in
the lower water use and less NOs-N leaching as well as higher maize yields compared to the
University of Georgia Extension Checkbook Method. The simulation results also showed that
irrigation scheduling strategies influenced NOs-N leaching more than fertilization treatments.
The study indicates that irrigation scheduling methods that use real-time data to schedule
irrigation, especially in sandy soils such as the ones used in this study, result in better overall

management of resources.

Introduction
Farmers depend on irrigation and N fertilizers to increase yields (Erisman et al., 2008).
Increasing use of irrigation water and fertilizers results in higher yields but may also result in

unintended environmental problems. For example, Maize production in the USA uses an average
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of 157 kg N ha'* making it the largest consumer of N fertilizer in the country (USDA, 2013). The
use of N fertilizer has resulted in significant maize yield increases but nitrogen use efficiency
(NUE) is below 50% (Zhang et al., 2015) resulting in nonpoint source pollution and especially
NOs-N leaching below the root zone contaminating surface waters and groundwater (David et
al., 2010). Similarly, water use has been increasing at more than twice the rate of population
increase (UN, 2020). A major factor in this increase is water used for irrigation. Seventy percent
of fresh water use worldwide is for agriculture (AQUASTAT, 2016). In the USA, 25% of the

total irrigated acreage is used for maize production (USDA, 2019).

Irrigation scheduling methods

Data-driven irrigation scheduling methods have been shown to significantly improve
irrigation water use efficiency (WUE) but also to result in higher profitability (Bhattarai et al.,
2020; Vellidis et al., 2016a). The most commonly used methods by farmers in the USA are soil
moisture sensors and evapotranspiration (ET) based water use models. Many farmers in Georgia
(USA) utilize an ET-based method that uses historical average weekly ET rates to recommend
weekly irrigation applications. This method is commonly referred to as the “checkbook” method
and will be described in more detail later. Sensor-based scheduling is becoming more popular as
wireless telemetry allows farmers to view data remotely on smartphone platforms. Orfanou et al.
(2019) assessed these two methods by testing final maize yield under different plant densities
and tillage systems in two locations in Georgia. The results of this study showed that less water
was applied with the sensor-based method than with the checkbook method with similar yield

results.
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Increased NO3z'N leaching is sometimes the unintended consequence of irrigation as
excess irrigation water can push soluble nitrogen below the root zone (Gheysari et al., 2009;
Spalding et al., 2001). Relatively few field studies have been conducted which quantify both the
yield response of irrigation and the resulting environmental effects — especially in the
southeastern coastal plain of the USA where soils are mostly sandy and require both high rates of
fertilization and regular irrigation to produce high yields. This is primarily because of the

expense and difficulty of conducting such multivariate studies.

Mathematical simulation models

Mathematical simulation models can be used to evaluate a wide variety of management
scenarios provided the models are calibrated and validated appropriately. HYDRUS-1D
(Rassam et al., 2018; Simunek et al., 2016) is a widely-used water and solute transport
simulation model. It uses the Richards equation to simulate water flow and the Advection
Dispersion Equation (ADE) to simulate solute transport. HYDRUS-1D has been used in different
studies for irrigation management assessments. For instance, Tafteh and Sepaskhah (2012) used
HYDRUS-1D for simulating water and NOs'N leaching by testing different irrigation methods
and fertilization rates in rapeseed and maize production. In a cotton study, the AquaCrop model
(Raes et al., 2009) was used in conjunction with HYDRUS-1D to develop the optimum and
deficit irrigation schedule under shallow groundwater conditions (Akhtar et al., 2013). Zhang et
al. (2020) applied HYDRUS-1D to simulate water movement and NOs-N leaching in the
unsaturated zone with success. A study by Shahrokhnia and Sepaskhah (2018) showed that the
use of HYDRUS-1D can be beneficial for evaluating management practices such as irrigation,

planting methods, and N fertilization rates regarding safflower.
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Although water and solute transport models like HYDRUS-1D include crop growth
functions, dedicated crop growth models are best used to simulate crop response to
environmental conditions and the response of yield to irrigation and fertilization management
practices. The Decision Support System for Agrotechnology Transfer (DSSAT) is a suite of
crop models that is widely used around the globe (Hoogenboom et al., 2015; Hoogenboom et al.,
2019; Jones et al., 2003). The DSSAT maize model known as CERES-Maize has been used
since 1986 for conducting experiments in a simulation environment (Jones, 1986). Saseendran et
al. (2008) calibrated and validated CERES-Maize for northeastern Colorado to assess irrigation
methods and to optimize irrigation WUE. The study included rainfed production. Kisekka et al.
(2016) used CERES-Maize model to simulate yield while evaluating management practices for
improving the use of limited water for irrigating maize.

The goal of this study was to use the HYDRUS-1D and DSSAT-CERES Maize models to
evaluate the environmental and yield effects of maize irrigation scheduling management

strategies under two different fertilization regimes in the southeastern coastal plain of the USA.

Materials and Methods

Field experiment description

This work was based on a field experiment conducted at the 1.44 ha NESPAL field
located on the University of Georgia’s (UGA) Tifton campus (31° 28.736'N, 83° 31.916'W).
The three-year experiment, beginning in 2016 and ending in 2018, was conducted to evaluate the
effect of high fertilization rates on maize yield and water quality. Tifton is located in the
southeastern coastal plain of the USA. The climate is subtropical providing abundant rainfall

and a long growing season. Average annual precipitation for the study period was 1210 mm.
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For the field experiment, the NESPAL field was divided into six blocks of cultivated land
separated by grassed berms to prevent overland flow between blocks. The three western blocks
were labeled W1, W2, and W3 and the three eastern blocks were labeled E1, E2, and E3 as
shown in Figure 4.1. Block size ranged from 0.18 ha to 0.34 ha.

Two maize fertilization treatments based on high maize yield goals were used in the field
experiment. The first was a treatment recommended by Georgia maize producers who have
consistently achieved high yields. This treatment was designated as Cc and had a yield goal of 28
Mg ha® (450 bu ac). The second treatment used the UGA Extension high yield goal of 22 Mg
ha! (350 bu ac) and was designated as Ce. There were three replicates of each treatment.

Table 4.1 presents the management practices used during each year of the project. These
are pertinent to the modeling scenarios that are described below. Because instrumentation was
being installed prior to the planting of the first maize crop which resulted in soil disturbance,
conventional tillage was used for the 2016 growing season. A cover crop and strip tillage were
used for the remaining two years of the study. Plant density was the same for the two first years
of the project but increased to 97850 plants ha for the Cg treatment in 2018. More fertilizer

side-dress events were used in 2017 and 2018 than in 2016.

Field data collection

Four to six 750 mm soil cores were collected before planting and after the maize was
harvested from block depending on size. Each core was separated into five 150 mm segments for
analysis that included bulk density, soil texture, and NHs-N and NOs-N concentrations. Soil
moisture data was collected hourly with a wireless soil moisture sensor network (Orfanou et al.,

2020a).
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Maize crop height and leaf area were measured during the V3, V4, V5, V6, V7, V8, V10,
V12, V14, VT vegetative stages and the R1, R2, R3, R4, R5 and R6 reproductive stages during
the 2018 growing season (Orfanou et al., 2020a). Leaf area was used to estimate the Leaf Area
Index (LAI).

Daily meteorological data, i.e., minimum and maximum air temperature (°C), solar
radiation (MJ m), relative humidity (%) and wind speed (m s*) were retrieved from the Tifton
campus University of Georgia Weather Network (UGAWN) weather station which was
approximately 1.5 km from the field. Sunshine (hr) was retrieved from the Weather Atlas
webpage. Precipitation was measured with an automated tipping bucket rain gage located
approximately 100 m from the field.

Groundwater was captured by installing drain tile along the western, southern, and
eastern boundaries of each block (Figure 4.1) prior to the 2016 growing season. The drain tile
also isolated the blocks from any shallow groundwater moving laterally from higher positions of
the landscape. Blocks W1 and E1 were located at the top of the slope and are unlikely to receive
shallow groundwater flows from the north (top of the figure). The circled “G” indicates where
the drain tile was sampled to collect the ground water samples from each block. Groundwater
samples were collected manually twice per week in 1 L plastic bottles when there was flow.

(Pavlou et al., 2020a) described the field experiment in detail.

Simulation Scenarios

HYDRUS-1D and CERES-Maize were calibrated using the inputs, management
practices, and field data from the 2018 growing season and evaluated using 2016 and 2017

growing seasons. Because of differences in soil texture, elevation, and yield, for modeling
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purposes, each of the six blocks in the NESPAL field were simulated as individual field to
increase model performance (Pavlou et al., 2020b). For the simulation scenarios described
below, inputs and management practices were held constant except for the parameter being

evaluated during the simulation.

HYDRUS-1D

HYDRUS-1D was used for simulating water flow, solute transport, and predicting water
and NOs-N bottom fluxes (leaching) during the maize growing seasons. As explained earlier,
individual HYDRUS-1D models was used for each block. The management practices and field
data described earlier were used to represent the natural system (Pavlou et al., 2020b). Soil water
flow was simulated from the date that fertilizer was applied prior to planting maize until harvest
during each growing season. Solute transport was simulated from the day that the soil core
samples were collected prior to planting until harvest (Table 4.2). To match the soil cores, the
models’ soil profile was set to 750 mm with five soil materials or layers each 150 mm in depth.
Water and solute fluxes exiting the profile at this depth were considered leachates.

The models of water flow and solute transport were calibrated by optimizing the soil
hydraulic and solute transport parameters for each block individually. The soil hydraulic
parameters consist of residual water content 6, water content at saturation 6s, parameters o. and n
and soil hydraulic conductivity Ks. The solute transport parameters include adsorption
coefficients for ammonium and nitrate Kgq, nitrification rate k and denitrification rate p. The soil
hydraulic parameters were optimized for the water flow models by fitting the simulated to
observed pressure heads. The observed data were obtained hourly by soil moisture sensors

installed at 200, 400 and 600 mm. These data were averaged by day and block. When a good fit
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was achieved, the optimized soil hydraulic parameters were used in the solute transport model.
The solute transport parameters were optimized when there was good correspondence between
simulated NOz-N data in leachate at 750 mm depth and NOz-N concentrations in groundwater
samples. The optimized parameters are presented in Tables 4.3 and 4.4. More details about the

setup, calibration and evaluation of model can be found in Pavlou et al. (2020b).

CERES-Maize

CERES-Maize was used by Orfanou et al. (2020b) to simulate growth, development of
maize at the NESPAL field as a function of soil, plant, and atmosphere dynamics during the
2016, 2017 and 2018 growing seasons. Individual models was used for each block. The models
were calibrated by adjusting the P1, P2, P5, G2, G3 and PHINT cultivar coefficients to achieve a
good fit between simulated and observed data for leaf number, leaf weight, vegetative N
concentration and final yield. The 2018 data were used for calibration while 2016 and 2017 data
were used for model evaluation. Orfanou et al. (2020c) used models of the three years to evaluate
different scenarios and identify the limiting factors for achieving high yields. This model, as
calibrated by Orfanou et al. (2020b), was used in this study for predicting maize yields resulting

from the different management scenarios evaluated for this study.

Management scenarios

The response of leaching to the two irrigation scheduling management strategies
(Checkbook method and a sensor-based method) as well as rainfed production for the two
fertilization treatments (Cc and Cg) was evaluated using the HYDRUS-1D model.

The Checkbook method is a calendar method for scheduling irrigation that provides the

user with the amount of water needed by the crop for each week after planting. The weekly water
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requirements were developed by using the FAO-56 crop coefficient (Kc) (Allen et al., 1998)
values for maize and a 30-year weekly average of evapotranspiration (ET) from the southeastern
coastal plain region of Georgia (Figure 4.2). ET data were retrieved from the historical record of

the University of Georgia Weather Network (http://weather.uga.edu/). Maize weekly and daily

water requirements for Georgia are published in the University of Georgia’s annual Corn
Production Guide (Lee, 2019). To apply this method, the user subtracts rain received from the
weekly requirement and provides the rest through irrigation. Daily crop water use is determined
by dividing the weekly crop water use by seven.

To minimize leaching, the amount of irrigation water applied during each irrigation event
during the Checkbook method simulations was based on the soil’s water holding capacity. The
soil type at the NESPAL field is a Tifton loamy sand with a water holding capacity of 0.1 mm
per mm of soil. The amount of water applied at each event was 50% of water holding capacity.
During peak water use periods, multiple irrigation events were applied each week to achieve the
amounts recommended by the Checkbook method.

The sensor-based scenario used a matric potential threshold to schedule irrigation. The
University of Georgia Smart Sensor Array (UGA SSA) (Vellidis et al., 2008) was used to
measure matric potential (soil water tension). The UGA SSA is a wireless soil moisture sensing
system that collects soil water tension (SWT) data continuously using Watermark® (Irrometer,
Riverside, California, USA) soil moisture sensors. UGA SSA nodes consist of a probe with three
Watermark® sensors and an electronics package to process and transmit data. This was also the
method used to schedule irrigation in the field during the field experiment. A probe consisting of
three Watermark® sensors was installed in each of the 16 maize plots. The sensors were centered

at depths of 200, 400 and 600 mm. Irrigation scheduling was based on SWT at 07:00 daily. A


http://weather.uga.edu/

115

weighted average SWT was calculated by applying the SWT readings from the three sensor
depths (200, 400 and 600 mm) to equation (Eg. 19). The weighting factors a, 3, and y varied by
crop phenological stage and anticipated root depth at that stage as shown in Table 4.5. In general,
as the root system lengthened, more weight was given to the deeper sensors (Orfanou et al.,
2019). An irrigation threshold of 35 kPa was established based on past research. Although this is
a relatively low irrigation threshold, it was established because with sandy soils, SWT increases
sharply after 35 kPa as plant available soil water is rapidly depleted. To avoid large SWT values
and the associated crop water stress, the entire field was irrigated when the weighted SWT of at

least one block was in the range of 30-35 kPa.

SWT Weighted Average = o * SWT,5cm + B * SWTyoem + Y * SWTgoem Eq.

19

Where,

a, B and y are the weighting factors based on the phenological stage of the maize as
reported in Table 4.5.

Figure 4.3Figure 4. shows the measured response of SWT in each of the field
experiment’s six blocks during the three maize growing seasons. The primary y-axis shows SWT
while the secondary y-axis shows water received through irrigation (light blue bar) or rainfall
(dark blue bar). The red dashed line represents the irrigation threshold of 35 kPa. For reasons
described by Pavlou et al. (2020a), SWT exceeded the 35 kPa irrigation threshold on some

occasions. Actual irrigation events were used in this modeling scenario.
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The third management scenario was the rainfed method where no irrigation was applied
and the only source of water was precipitation. Only 23% of Georgia’s maize fields are rainfed
with most of those located in northern Georgia. However, rainfed treatments are typically used as
a benchmark when comparing the response of maize to irrigation scheduling methods.

The amount of water applied by irrigation and received via precipitation during the three
growing seasons for each of the scenarios is shown in Table 4.6. The sensor-based irrigation
scheduling scenario resulted in 65%, 48%, and 33% more water received (irrigation +
precipitation) than the rainfed scenario for 2016, 2017, and 2018, respectively. The Checkbook
scenario resulted in 78%, 114%, and 49% more water received than the rainfed scenario for
2016, 2017, and 2018, respectively. Figure 4.4 shows the temporal distribution of irrigation and

precipitation events during the simulation periods.

Results

HYDRUS-1D water bottom fluxes

The cumulative water bottom fluxes (leachate from the bottom of the 750 mm soil
profile) are summarized in Figure 4.5 and Table 4.7 in units of cm. Both show the response of an
individual block to the three irrigation scheduling scenarios during the three maize growing
seasons. As a reminder, blocks W1, W3, and E2 received the Cg treatment while blocks W2, E1,
and E3 received the Ce treatment. Figure 4.5 shows the response over time while Table 4.7
shows the total amount of leachate. The leachate results correspond to the amount of water used
by each scenario (Table 4.6) with the Checkbook method resulting in the largest losses of water
from the soil profile followed by the sensor-based scenario and the rainfed scenario. A statistical

analysis of the simulation results using JMP® Pro 14.1.0 showed that these differences were
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statistically significant by comparing the combined results of the three years. Comparing the
results within years, the mean total leachate from the Checkbook method was statistically higher
than the other two methods in 2017 (Prainfed-checkbook = 0.0084, Psensor-checkbook = 0.0118) and only
different from rainfed in 2018 (Prainfed-checkbook = 0.0112) . There were no statistical differences in
2016 (p > 0.05). Across all three years, the Checkbook method had statistically significantly
more leachate than the other two scenarios.

In addition, the blocks with the Ce treatment had consistently larger losses than the
blocks with the Cg treatment, something that can be explained by higher biomass in the Cg
blocks (Orfanou et al., 2020a). However, no statistical differences were observed between the
two treatments at the a = 0.05 level (Table 4.7).

Figure 4.5 represents the effect of irrigation and precipitation events on the movement of
water through the soil profile. For example, at the end of the March 2016 growing season, two
rainfall events totaling 107 mm occurred. The plants were still at the early vegetative stages,
there was no cover crop and the field had been prepared using conventional tillage. As a result, a
water flux of approximately 100 mm, an amount similar to the combined precipitation events
was lost from the soil profile in all six blocks. After that event, the water flux was near zero for
five of the six blocks until June which coincided with a period of less frequent precipitation
events. Bottom fluxes began to occur again in June and the fluxes of the different irrigation
scheduling strategies begin to diverge.

Overall, trends of bottom flux between blocks were similar but there were differences in
the magnitude of the bottom flux. Especially surprising were the simulation results for block W2
(Figure 4.5d) where the bottom flux was two to three times larger than that of other blocks

depending on the scheduling scenario that was compared. The HYDRUS-1D model calibration
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and evaluation results were the poorest for this block for two of the three years of the simulation
(Pavlou et al., 2020b) and it is likely that simulation results for this block are less accurate than
for the other five blocks. Nevertheless, the differences observed between blocks reaffirms the
observations made in other studies that spatial variability of soils and topography significantly
affect irrigation scheduling (Liakos et al., 2018; Vellidis et al., 2016c).

It is also clear from the simulations that the Checkbook method results in more leachate
than sensor-based irrigation scheduling management strategies. This is because the Checkbook
method does not respond to current environmental conditions. It recommends the same amount
of irrigation for a cool and cloudy week as for a hot and sunny week. If the Checkbook method is
strictly applied as was done in the simulations and is done during field experiments (Vellidis et
al., 2016b), it frequently results in excessive irrigation. However, growers using this method may
adapt their irrigation events to match environmental conditions and thus reduce the overall
amount of irrigation water applied. The differences between the Checkbook method and the
other two scenarios are more apparent in 2017 and 2018 than 2016. This is likely the result of
differences in tillage. As described earlier, conventional tillage was used in 2016 while strip
tillage with heavy cover crop residue was used in 2017 and 2018. This resulted in more
infiltration and less runoff in 2017 and 2018. Since more irrigation events were needed in the
Checkbook method simulations, more of that irrigation water was lost to runoff and less

infiltrated in 2016 which indirectly resulted in less leachate.

HYDRUS-1D NO3-N bottom fluxes

The cumulative NOz-N bottom fluxes (NOs-N leached from the bottom of the 750 mm

soil profile) are summarized in Figure 4.6 and Table 4.8 in units of kg ha*. The flux can also be
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considered the load of N lost to leaching per unit area. The trends are similar to those for the
water bottom fluxes which is expected as NOz-N is dissolved in soil water and moves below the
root zone with soil water. The largest NOs-N bottom fluxes were associated with the Checkbook
method irrigation scheduling scenario followed by the sensor-based irrigation scheduling
scenario. The smallest NOs-N bottom fluxes were associated with the rainfed scenario. A
statistical analysis of the simulation results shows that these differences were statistically
significant at the a = 0.05 level by comparing the combined results of the three years. When
comparing the results by year, the Checkbook method was statistically different from the other
two methods in 2018, while there were no statistically significant differences in 2016 and 2017.
If the W2 block is excluded from the treatment averages in Table 4.8 for the reasons
described earlier, the Cg treatment resulted in higher cumulative NO3-N bottom fluxes than the
Ce treatment in 2016 and 2018. This was expected as more fertilizer was applied to the Cg
treatment and the total fertilizer was split to almost the same number of applications for both
treatments. In contrast, during 2017, six side-dress applications were used for the Cg treatment
and only two for the Ck treatment. Six applications with a higher total amount of N resulted in
the less leaching than two more concentrated applications with a lower total amount of N.
Specifically, in 2017, 40% more N fertilizer was applied to the Cg treatment in six side-dress
applications which resulted in 7%, 26%, and 29% less NOs-N leaching than the Cg treatment’s
Checkbook method, sensor-based, and rainfed scenarios, respectively. The same trend was
observed when comparing 2016 to 2018. In 2016, two side-dress applications were used for both
treatments while in 2018, four side-dress applications were used for Cg and three for Ce. More
leaching was simulated for 2016 than 2018 with similar precipitation patterns. These results

emphasize the importance of splitting side-dress N into more applications and are consistent with
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findings from both experimental and modeling studies (S. Kanwar et al., 1988; Thomas et al.,
1990). The Cg treatment had consistently smaller losses than Cg, and a probable explanation is
the higher biomass as mentioned earlier, but the differences between the Ce treatment and the Cg
treatment were not statistically significant (Table 4.8).

Table 4.9 presents N leached as a percentage of N applied for each of the simulated
scenarios. Overall, the percentage of N leached by the Checkbook method was consistently
higher than the percentage leached by the other two scenarios. The percentage of N leached
when the Checkbook method was applied was statistically higher than the other two scenarios for
the Cg treatment during 2017 (p < 0.0001) and 2018 (pPrainfed-checkbook < 0.0001 and Psensor-checkbook =
0.0002) growing seasons. This indicates that excess irrigation results in higher N leaching.
Similarly, the percentage of N leached by the Cg treatment was consistently higher than the
percentage leached by the Cg treatment across all irrigation scenarios but no significant
differences were observed.

Overall, the simulation results indicated irrigation strategies had a higher influence on
NOs-N leaching than fertilization treatments. This conclusion is supported by comparing the
average differences in simulated NOs-N leaching between irrigation scheduling methods to
differences between fertilization treatments in Table 4.9. In general, the average differences
between irrigation scheduling strategies is larger than the difference between fertilization

treatments.

CSM-CERES-Maize vield

CSM-CERES-Maize was used to simulate the yield response of the irrigation

management scenarios (Figure 4.7). Figure 4.7a presents the simulated yields for the Cg
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fertilization treatment and Figure 4.7b presents the simulated yields for the Ce fertilization
treatment. Regardless of the fertilization treatment or the year, the sensor-based method
produced the highest simulated yields. This is likely because sensor-based irrigation events
coincided best with drying soil conditions in the model. As expected, the lowest yields resulted
from the rainfed scenario. In 2016, the rainfed yield results were quite low because the temporal
distribution of rainfall resulted in water stress at the beginning and during the grain filling period.

However, both fertilization treatments show a steady increase in rainfed yields that are
not directly related to total precipitation received during the growing season which was 630 mm
in 2016, 500 mm in 2017, and 800 mm in 2018 (Table 4.6). One possible explanation is the
timing of the precipitation events — there were more precipitation events during the reproductive
stage (May-July) in 2017 and 2018 than in 2016. Rainfed yields similar to the simulated rainfed
results were measured by the University of Georgia State Wide Variety Trial program in Tifton.
For example, the average rainfed yield across many maize varieties was 12.8 Mg ha* for 2017
and 11.8 Mg ha* for 2018 (Mailhot et al., 2017; Mailhot et al., 2018). Another possible
explanation is that the cover crop and strip tillage used during the 2017 and 2018 growing
seasons allowed for more infiltration and therefore more plant available soil water during the
growing season. This explanation is supported by the HYDRUS-1D water bottom fluxes that
were generally higher for the rainfed scenario in 2016 than 2017 and 2018 (Figure 4.5). It is also
supported by surface runoff data collected during the field experiment that showed much higher
runoff in 2016 than 2017 and 2018 (Pavlou et al., 2020a).

Simulated maize yields were consistently lower for the Checkbook Method scenarios
than the sensor-based scenarios. This may be caused by overly high soil moisture conditions and

by leaching of nutrients below the root zone (Tables 4.8 and 4.9, Figure 4.6). Overall, the best
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simulated yields were for the sensor-based scenario of the Cg treatment in 2016. It is likely that

these higher yields were driven by 10% higher solar radiation during the 2016 growing season.

Discussion and conclusions

The traditional process of decision making for a farmer can be described as a set of eight
functions; values and goals, problem detection, problem definition, observation, analysis,
development of intention, implementation, and responsibility bearing (Ohlmer et al., 1998). Most
farmers depend on their intuition, experience, and available data for making decisions and taking
action. However, the complexity of decisions due to the increasing scale of farming operations,
field variability, weather conditions, crop varieties, markets, and government policies can make
the decision process very difficult because of the permutation of options. Simulation models such
as the ones applied in this study can be used as decision support systems (DSS) to assist farmers
in making data-driven decisions. For example, the models used in this study clearly indicate that
sensor-based irrigation scheduling results in less NOs-N leaching as well as higher yields when
compared to the more traditional ET calendar-based irrigation scheduling methods like the
Checkbook method. Irrigation scheduling studies in Georgia (Orfanou et al., 2019) and Alabama
(Filho, 2016) have shown that calendar scheduling methods produce similar yields to sensor-
based scheduling methods but consume much more irrigation water.

There are few published field studies documenting leaching from maize associated with
different irrigation scheduling methods in the southeastern United States which makes modeling
results even more valuable. Another important finding of this study is that multiple side-dress

applications resulted in lower leaching rates and this should increase nitrogen use efficiency. He
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et al. (2012) also showed the environmental advantages of multiple fertilizer applications by
using CSM-CERES Maize.

The relative response of modeling scenarios from this study can assist farmers in making
decisions on whether or not to invest in soil moisture sensors as they can compare water use,
fertilizer needs, and yields of different management strategies. The modeling results can also
provide state and federal agencies with information that they can use to make decisions about
best management practices that should be incentivized to increase adoption.

In analyzing 50-year trends in N use, Lassaletta et al. (2014) found that increasing N
application rates leads to a disproportionately low increase of yields with disproportionately high
environmental risks. In agreement with Lassaletta et al. (2014), the CSM-CERES Maize
simulation results from this study indicate that there was little yield benefit from the significantly
higher N rates used for the Cg treatment compared to lower N rates used for the Ce treatment.
With the exception of block W2, the HYDRUS-1D results indicated that the Cg treatment
resulted in higher NOs-N leaching rates than the Ce treatment.

The results of this study showed that the total amount of water applied along with the
frequency and timing of irrigation can be crucial factors affecting water use efficiency, nutrient
losses, and eventually the final yield. The use of calendar irrigation scheduling methods tends to
over-apply water to ensure that irrigation is not a limiting yield factor, which in turn may lead to
unwanted leaching. A study that took place in South Florida showed that by using data-driven
irrigation scheduling tools, it is possible to maintain nutrients in the soil, improve crop
performance and reduce water and nutrient losses in sandy soils (Ayankojo et al., 2019). This

means that irrigation scheduling methods that use real-time data should be a top priority for
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farmers, especially in sandy soils, such as the ones in this study, in which the chances of water

and nutrient losses are increased.



Table 4.1 Management practices followed during 2016, 2017 and 2018.

125

Year
Operation 2016 2017 2018
Ce Ce Ce Ce Ce Ce
Tillage Conventional Conservation Conservation
Soil core sampling 22 Feb 6 Feb 5 Feb
Maize planting date 16 Mar 21 Mar 28 Mar
Maize harvest dates 19 Aug 29 Aug 22 Aug
Variety P1794VYHR P1794VYHR P1794VYHR
Plant density (plants ha) 79000 79000 79000 79000 79000 97850
Irrigation SWT threshold (kPa) <35 <35 <35
Irrigation application rate (mm ht) 71 36 36
Total irrigation applied (mm) 408 235 261
Fertilizer Applications Date and application rate in kg N ha!
Pre-plant fertilizer (granular) 15 Mar, 110 15 Mar, 110 15 Mar, 90 15 Mar, 90 22 Mar, 30 22 Mar, 64
At planting fertilizer (liquid) 16 Mar, 47 16 Mar, 47 21 Mar, 48 21 Mar, 48 28 Mar, 48 28 Mar, 48
Side-dress fertilizer(liquid) 8 Apr, 100 8 Apr, 110 13 Apr, 123 13 Apr, 123 24 Mar, 112 24 Mar, 112
25 Apr, 100 25 Apr, 230 21 Apr, 123 21 Apr, 63 8 May, 56 8 May, 56
2 May, 63 23 May, 56 23 May, 112
12 May, 63 5Jun, 112
26 May, 63
2 Jun, 27
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Table 4.2 Simulation period for the soil water flow and solute transport models.

Year Simulation begun Simulation terminated
Water flow Solute transport | Water flow Solute transport
2016 15 Mar 22 Feb 19 Aug 19 Aug
2017 15 Mar 6 Feb 29 Aug 29 Aug
2018 22 Mar 5 Feb 21 Aug 21 Aug

Table 4.3 Calibrated values of hydraulic parameters based on the van Genuchten equation for
water retention used in the HYDRUS-1D model for each block of NESPAL field.

Soil layer Or 0s o Ks
Trt | Block (mm); (cmicm®) | (cm®cm?) | (cm™) " (cm day?) !
Ce W2 0-150 0.05 0.52 0.04 1.06 180.2 0.5
150 — 300 0.05 0.41 0.02 2.11 176.3 0.5
300 — 450 0.07 0.45 0.01 1.13 62.32 0.5
450 — 600 0.08 0.46 0.05 1.26 51.35 0.5
600 - 750 0.07 0.46 0.01 1.17 17.83 0.5
El 0-150 0.05 0.51 0.05 1.74 442.5 0.5
150 — 300 0.05 0.42 0.05 2.02 174.3 0.5
300 — 450 0.06 0.44 0.02 1.06 50.00 0.5
450 — 600 0.07 0.45 0.01 1.10 45.37 0.5
600 - 750 0.07 0.46 0.01 1.07 19.32 0.5
E3 0-150 0.05 0.50 0.03 1.57 258.8 0.5
150 — 300 0.05 0.40 0.15 1.23 897.9 0.5
300 — 450 0.06 0.41 0.01 1.14 250.0 0.5
450 — 600 0.07 0.44 0.07 1.10 149.6 0.5
600 - 750 0.07 0.45 0.04 1.43 19.72 0.5
Ce W1 0-150 0.05 0.51 0.04 1.14 150.0 0.5
150 — 300 0.05 0.43 0.03 2.06 411.9 0.5
300 — 450 0.07 0.44 0.01 1.09 26.79 0.5
450 — 600 0.07 0.45 0.01 2.00 59.78 0.5
600 - 750 0.07 0.44 0.01 1.08 10.00 0.5
W3 0-150 0.06 0.52 0.05 1.26 210.4 0.5
150 — 300 0.05 0.42 0.02 1.31 576.7 0.5
300 — 450 0.07 0.45 0.01 1.13 168.5 0.5
450 - 600 0.08 0.46 0.05 1.11 54.69 0.5
600 - 750 0.08 0.48 0.01 1.11 10.00 0.5
E2 0-150 0.05 0.52 0.04 1.63 350.0 0.5
150 - 300 0.05 041 0.03 2.00 546.3 0.5
300 — 450 0.06 0.44 0.01 1.09 250.0 0.5
450 — 600 0.06 0.44 0.01 1.17 59.43 0.5
600 - 750 0.07 0.45 0.08 1.19 10.23 0.5
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Table 4.4 Calibrated values of solute transport parameters after using the inverse solution in
HYDRUS-1D model for each block of NESPAL field.

Trt | Block Soil layer Adso:*(r;tl(()cnmcgosff)lment Nitrification rate | Denitrification rate
(mm) NH2-N NO=-N k (day?) n (day™)
Ce | W2 0-150 6.71 1.99 0.00 0.14
150 - 300 14.28 0.17 0.00 0.72
300 - 450 31.22 0.10 0.30 0.31
450 - 600 5.18 1.58 0.05 0.10
600 - 750 9.64 1.00 0.06 0.20
El 0-150 82.66 0.25 0.00 0.11
150 — 300 7.78 0.01 0.25 1.00
300 - 450 21.16 1.00 1.00 0.24
450 - 600 26.27 2.00 0.23 0.08
600 - 750 12.60 0.10 0.05 0.31
E3 0-150 100 1.40 0.09 1.00
150 — 300 1.03 1.86 0.21 0.89
300 - 450 7.39 0.85 0.70 0.28
450 - 600 2.58 1.97 0.10 0.06
600 - 750 0.25 2.00 0.61 0.21
Ce | W1 0-150 99.17 1.32 0.00 0.08
150 — 300 51.3 0.15 0.10 1.00
300 — 450 58.69 0.25 0.32 0.02
450 - 600 100 0.75 0.02 0.04
600 - 750 100 0.33 0.08 0.43
W3 0-150 49.35 0.23 0.00 0.20
150 — 300 51.68 0.61 0.71 0.20
300 - 450 87.72 0.07 0.86 0.20
450 - 600 46.88 0.78 0.27 0.20
600 - 750 10.00 0.48 0.13 0.30
E2 0-150 12.52 1.93 0.03 0.01
150 — 300 0.15 1.08 0.20 0.90
300 - 450 100 2.00 0.00 0.61
450 — 600 16.03 2.00 0.24 0.03
600 - 750 1.45 0.39 0.03 0.10
Table 4.5 Weighted percentages of each sensor according to the GDDs.
GDDs (°C) Stage o (200mm) | B (400 mm) | y (600 mm)
0-354 VE-V4 0.80 0.20 0.00
355-724 V5-V8 0.60 0.30 0.10
725-878 V9-V11 0.50 0.30 0.20
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0.40
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Table 4.6 Water received by using the UGA checkbook, sensor-based and rainfed method. Total
indicates irrigation + precipitation.

Checkbook method Sensor-based Rainfed
Year Irrigation Total Irrigation Total Irrigation Total

(mm) (mm) (mm) (mm) (mm) (mm)
2016 492 1122 408 1038 0 630
2017 564 1059 235 730 0 495
2018 392 1189 261 1058 0 797

Table 4.7 Simulated cumulative water bottom fluxes based on the three irrigation scenarios for
each block and growing season. Means followed by different letters within the same year are

significantly different (p < 0.05).
Cumulative water bottom fluxes (mm)
ear rt Block = Checkbook method | Sensor-based | Rainfed
By irrigation scenario
2016 Co W1 -304 -247 -229
W3 -311 -254 -237
E2 -264 -252 -238
Mean -293 -2512 -235°
Ce W2 -682 -411 -374
El -357 -319 -302
E3 -266 -264 -254
Mean -435° -331° -310°
Mean -364° -2912 -2722
2017 Co W1 -136 -41 -37
W3 -252 -72 -65
E2 -175 -20 -18
Mean -188° -44? -40°
Ce W2 -568 -177 -143
El -293 -134 -125
E3 -226 -53 -49
Mean -362° -121°2 -1062
Mean -275° -83° 73
2018 Co W1 -419 -265 -200
W3 -399 -251 -194
E2 -306 -175 -111
Mean -375 -230° -168°
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Year Trt Block Cumulative water bottom fluxes (mm)
Checkbook method | Sensor-based Rainfed
Ce W2 -699 -460 -383
El -359 -220 -177
E3 -370 -241 -182
Mean -4762 -307° -2474
Mean -4252 -269% -208°
Mean -3552 -214° -184°
By fertilization treatment

2016 Ceo -293?2 -2512 -2352
Ce -4352 -3312 -3102
2017 Ceo -1882 -442 -402
Ce -362?2 -1212 -1062
2018 Ceo -3742 -2302 -1682
Ce -4762 -3072 -2474

Table 4.8 Cumulative NO3s-N bottom fluxes based on the three irrigation scenarios for each block
and growing season. Means followed by different letters within the same year are significantly
different (p < 0.05).

Cumulative NO3-N bottom fluxes (kg ha)
ear rt Block Iy eckbook method | Sensor-based | Rainfed
By irrigation method
2016 Co w1 -18.10 -15.39 -14.44
W3 -32.22 -27.62 -25.78
E2 -10.56 -9.47 -8.79
Mean -20.29° -17.50° -16.34°
Ce W2 -52.37 -27.68 -25.01
El -11.74 -11.07 -10.43
E3 -14.05 -13.89 -13.27
Mean -26.05° -17.552 -16.24°
Mean -23.172 -17.522 -16.292
2017 Co w1 -33.89 -3.816 -3.41
W3 -39.21 -10.51 -9.56
E2 -38.78 -4.19 -3.58
Mean -37.29° -6.17° -5.52°
Ce W2 -162.08 -49.96 -39.02
El -30.00 -9.55 -8.89
E3 -50.51 -7.23 -6.66
Mean -80.86° -22.25° -18.19°
Mean -59.08? -14.21° -11.85%
2018 Cc | w1 -35.82 -15.11 -10.60




Cumulative NO3-N bottom fluxes (kg ha)

Year Tt Block Checkbook method | Sensor-based Rainfed
W3 -34.65 -18.60 -15.69

E2 -36.17 -13.59 -9.01

Mean -35.552 -15.77° -11.77°

Ce W2 -43.71 -27.99 -23.57

El -13.57 -5.80 -4.60

E3 -22.80 -13.67 -9.98

Mean -26.69? -15.822 -12.712

Mean -31.122 -15.79° -12.24°

Mean -37.79 -15.84° -13.46"

By fertilization treatment

2016 Ceo -20.292 -17.502 -16.342
Ce -26.052 -17.552 -16.242

2017 Ce -37.292 -6.172 -5.522
Ce -80.862 -22.25% -18.192

2018 Ce -35.55% -15.772 -11.772
Ce -26.692 -15.828 -12.712

Table 4.9 N leached (%) by each irrigation method of the N applied in 2016, 2017 and 2018
growing seasons.

N leached as percentage of N applied (%0)
Year T Block Checkbook method | Sensor-based Rainfed
2016 Ceo w1 3.64 3.10 2.91
W3 6.48 5.56 5.19
E2 2.12 1.91 1.77
Mean 4.082 3.562¢ 3.292
Ce W2 14.67 7.75 7.01
El 3.29 3.10 2.92
E3 3.94 3.89 3.72
Mean 7.302 4,922 4,552
2017 Ceo w1 6.28 0.71 0.63
W3 7.26 1.95 1.77
E2 7.18 0.78 0.66
Mean 6.912 1.14° 1.02°
Ce W2 42.21 13.01 10.16
El 7.81 2.49 2.32
E3 13.15 1.88 1.73
Mean 21.062 5.792 4.742
2018 Co w1 7.11 3.00 2.10
W3 6.88 3.69 3.11
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N leached as percentage of N applied (%0)
Year rt Block Checkbook method | Sensor-based Rainfed
E2 7.18 2.70 1.79
Mean 7.052 3.13P 2.34°
Ce W2 14.47 9.27 7.80
El 4.49 1.92 1.52
E3 7.55 4,53 3.30
Mean 8.842 5.242 4218
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Figure 4.1 Map of NESPAL field showing the six blocks, the two fertilization treatments (dark

green for Cg and light green for Cg), the drain tile (blue lines) and the location of groundwater

collection sites (G).
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Figure 4.2 Maize weekly water use (mm day™) in Georgia according to UGA Extension

Checkbook method (Lee, 2019).
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Figure 4.3 Daily SWT and amount of water received through applied irrigation or rainfall during

the three growing seasons for (a) Cc and (b) Ce blocks.
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Figure 4.5 Cumulative water bottom flux comparisons between the different irrigation methods
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CHAPTER 5
CONCLUSIONS

Maize yields were not significantly different between treatments for each of the three
years of the study (Orfanou et al., 2020a). Although the NESPAL field is considered
representative of agricultural areas in the Tifton-Vidalia Upland of the southeastern Coastal
Plain, factors specific to this field that may have limited maize yield, simulation studies using
crop models did not identify specific variables that may have limited the yield of the treatments
(Orfanou et al., 2020b). The work described in this study and specifically in Chapter 2 clearly
shows that increased fertilizer application rates resulted in increased NPS pollution that was
somewhat tempered by adopting cover crops, conservation tillage, and lower irrigation water
application rates. Nevertheless, if growers in southern Georgia, southeastern Alabama, and
northern Florida pursue higher maize yields through higher fertilizer applications, both surface
and groundwater resources may see increased concentrations of nutrients.

The HYDRUS-1D model was used successfully to simulate water flow in the soil profile
and NOs-N transport and estimate NOs-N leaching to groundwater during the 2016, 2017 and
2018 maize growing seasons in Tifton, GA (Chapter 3). The models predicted that leaching
occurred in large precipitations events, when precipitation exceeded the water holding capacity
of the soil. However, it would be interesting to observe the NOz-N leaching that the models
would predict long term, i.e. after harvesting maize during fallow seasons and when cover crops
were planted. For doing this, soil moisture sensors should be installed in the field to record soil

water content and growth data of cover crops to be recorded. Additionally, it was shown that the
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total amount of water applied along with the frequency and timing of irrigation can be crucial
factors affecting water use efficiency, nutrient losses, and eventually the final yield (Chapter 4).
The use of calendar irrigation scheduling methods tends to over-apply water to ensure that
irrigation is not a limiting yield factor, which in turn may lead to unwanted leaching. This means
that irrigation scheduling methods that use real-time data should be a top priority for farmers,
especially in sandy soils, such as the ones in this study, in which the chances of water and

nutrient losses are increased.
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Connecting letters report showing the differences of concentrations in surface runoff between the
crops, the three years of the project and the fertilization treatments. Means followed by different
letters within the same year, block and treatment are significantly different (p < 0.05). Bold
letters indicate statistics run with a = 0.1.

TSS NOs3-N | NHas-N TN POs-P TP
Trt | Block | Year | Crop | (mg ) | (mgLY) | (mg L™ | (mgL?) | (mgL?) | (mg LY
By cropping period

Maize |494.8% |2.72%a |0J5? 4,49 0.31° 0.48°

1 Residue | 7.22 1.16%a0 | 02 2.15% 1.162 2.892

Wheat | 812 0.482 | 0.012 0.83P 0.28° 0.42°

Mean | 194.3 1.45 0.17 2.49 0.58 1.26

Maize | 43.1° 0.75° 0.16° 2.452 1.743b | 1.932b

w2 |2 Residue | 9.72 0.63? 0.172 2.942 49722 | 54322
Rye 402 0.132 0.022 2.172 1.062ab | 1.482ab

Mean | 30.9 0.5 0.12 2.52 2.59 2.95

Maize | 37.5° 1.232 1.482 3.16%2 | 1.65% 2.012

3 Residue | 2592 0.22° 1.672 1.16%0 | 0.73° 0.76°

Wheat |511.8% |0.27° 0.72° 0.63°P | 0.25° 0.64°

Mean | 269.4 0.57 1.29 1.65 0.88 1.14

Maize |941.5% |4.22 0.612 62 0.54° 0.68°

L Residue | 22.4% 2.23% 0? 2.99% 2.232 1.952

Wheat | 86.7° 0.61° 0.022 1.17° 0.5° 0.73%

Ce Mean | 350.2 2.35 0.21 3.39 1.09 1.12
Maize |127.28 |0.91¢ 0.242 2.23P¢ 1972 2.152

E1 5 Residue | 66.6 1.33° 0.372 3.44°b 14012 4.14?
Rye 26.22 3.28 0.112 16.932a | 1.212 1.582

Mean | 73.3 1.81 0.24 7.53 2.40 2.62

Maize |170.5% |1.222a | 1.422 2.422 1.352 1.652

3 Residue | 271.42 | 0.342a | 1522 1.192 1.052 2.112

Wheat |828.0° |0.312P |0.62° 0.48° 0.26° 0.75°

Mean | 423.3 0.62 1.19 1.36 0.89 1.50

Maize |395.28 |2.472 0.122 3.852 0.312 0.5°

1 Residue | 14.62 1.062° 02 1.812 1.062 1.82

Wheat | 73.42 0.57° 02 1.152 0.482 0.75°

E3 Mean | 161.1 1.37 0.04 2.27 0.62 1.02
Maize | 32.6° 0.41° 0.072 2.07° 1.162 1.392

2 Residue | 13.52 0.21% 0.092 1.83% 1.392 1.522

Rye 16.92 1.518 0.072 8.39? 1.042 1.232
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TSS NOs3-N | NHas-N TN PO4-P TP
Trt | Block | Year | CroP | (mg ) | (mg L") | (mg L™ | (mgL?) | (mgL?) | (mg LY
Mean |21.0 0.71 0.08 4.1 1.2 1.38
Maize | 38.4° 0.652 1.122 2.542 1.172 1.52°
3 Residue | 55.1% 0.15% 1.452 1.22% 1.562 2.562
Wheat | 1229.5 | 0.28° 0.612 0.42° 0.28° 0.72¢
Mean | 441 0.36 1.06 1.39 1 1.6
Maize |243.28 |1.892 0.452 4,232 0.3 0.46°
1 Residue | 5.22 1.22 02 2.05% 1.22 1.66%
Wheat | 83.72 0.812 0? 1.47° 0.34° 0.41°
Mean | 110.7 1.30 0.15 2.58 0.61 0.84
Maize |48.3? 2.03? 0.02° 2.94b 1.522 1.65%
wil |2 Residue | 30.92 0.852 0.03° 3.88P 4,612 4,822
Rye 196.28 | 2.05° 0.32 17.84% | 0.672 0.42
Mean |91.8 1.64 0.12 8.22 2.27 2.29
Maize |102.7¢8 | 1.04? 1.382 2.622 0.972 1.222
3 Residue | 109.9% | 0.41%® 1.492 1.42% 1.052 1.532
Wheat | 127.32 | 0.29° 0.7° 0.32° 0.23P 0.692
Mean |113.3 0.58 1.19 1.45 0.75 1.15
Maize |471.5% |3.43? 0.442 4,522 0.272 0.452b
! Residue | 92 1.22 0? 2.57% 1.22 1.632ab
Wheat | 89.2° 1.222 0? 1.77° 0.6 0.932a
Mean | 189.9 1.95 0.15 2.95 0.69 1.00
Maize | 85.22 2.572 0.042 4.332 1.482 1.8622
ce lws |2 Residue | 17.32 0.572 0.032 2.952 1.542 1.923ab
Rye 24.12 1.46° 0.072 7.432 0.952 1.232b
Mean |42.2 1.53 0.05 4,90 1.32 1.67
Maize |53.1° 2.27% 1.232 4.162 1.102 1.56%
3 Residue | 214.5%® | 0.34% 1.462 2.07% 1.172 1.982
Wheat | 730.32 |0.21° 0.612 0.51° 0.24° 0.67°
Mean |332.6 0.94 1.1 2.25 0.84 1.40
Maize |850.5% | 3.55? 0.482 4,75 0.622a | 0.75P
1 Residue | 14.1% 1.64% 02 2.74% 1.64%a | 252
Wheat | 106.3° | 0.53° 0.012 0.96° 0.392b | 0.58°
Mean | 323.6 1.91 0.16 2.82 0.88 1.28
Maize |127.8% | 0.85? 0.142 2.24P 1.522a | 1.712
E2 5 Residue | 27.82 1.122 0.082 2.59% 1.572a | 1.742
Rye 21.5° 0.75° 0.28° 8.14° 1.043b | 1.24°
Mean |59.0 0.91 0.17 4.32 1.38 1.56
Maize |31.1° 0.462 1.432 1.602 1.212 1.57°
3 Residue | 455.6%° | 0.1° 1.53% 1.07% 1.592 2.772
Wheat | 1324.8% | 0.23° 0.73° 0.62° 0.21° 0.75°
Mean 603.8 0.26 1.23 1.1 1 1.7
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TSS NOs3-N | NHas-N TN POs-P TP
Trt | Block | Year | Crop | (mg ) | (mgL?) | (mgL™) | (mgL?) | (mgL?) | (mgL?
By year
1 406.5* | 2.272 0.39° 3.752 0.33° 0.53¢
W2 2 32.8? 0.65° 0.15° 2.57% 2.642 2.94?
3 265.9° | 0.69° 1.192 1.82° 0.94° 1.26°
Mean 235.1 1.20 0.58 2.71 1.30 1.58
1 791.322 | 3.602 0.52b 5.192 0.56" 0.71¢
E1 2 88.82b | 1.5% 0.25%ab | 5532 2.432 2.632
3 491.32a | 0.69° 1.06%2 | 1.36° 0.8° 1.29°
Ce Mean 457.3 1.93 0.60 4.03 1.26 1.54
1 330.92 | 2.112 0.1° 3.33%a | 0.35° 0.56"
E3 2 25.52 0.76° 0.07° 416%2 | 1,142 1.352
3 4452 0.47° 0.98? 1.67°P ] 0.912 1.352
Mean 267.1 1.11 0.38 3.05 0.8 1.09
Treat 1 518.4% | 2.692 0.32b 4,122 0.42¢ 0.61°¢
ment |2 41.9° 0.9° 0.13° 4,112 1.772 22
3 402.92 | 0.6° 1.072 1.64° 0.89° 1.31°
1 199.92 | 1.612 0.33° 3.522 0.33°¢ | 0.47°
wi 12 62.42 1.742 0.06" 5.042 21922 | 2,292
3 114.2¢ | 0.63° 1.112 1.46° 0.67°b | 1.04°
Mean 125.5 1.33 0.50 3.34 1.06 1.27
1 386.6° | 2.952 0.34° 3.93%® 0.35¢ 0.56°
W3 2 63.5° 2.11% 0.05° 5.06% 1.342 1.692
3 3153 | 1.3° 1.032 2.62° 0.80° 1.282
Ce Mean 255.1 2.12 0.47 3.87 0.83 1.18
1 705.5% | 3.012 0.39° 4,08 0.61° 0.78°
E2 2 65.3° 0.86° 0.18° 4,672 1.342 1.532
3 617.3% | 0.33° 1.152 1.13° 0.83P 1.362
Mean 462.7 1.40 0.57 3.29 0.93 1.22
Treat 1 460.28 | 2.63*2 | 0.36° 3.882 0.45° 0.62°
ment |2 63.9° 1.67%b | 0.1° 4,942 1.482 1.742
3 351.8% | 0.81°® | 1.09 1.83° 0.77° 1.24°
By fertilization treatment
Ce 1.722 0.562 3.242 0.772 1.042
Ce 1.872 0.572 3.342 0.72 0.992
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Connecting letters report showing the differences of loads of surface runoff and TSS, TN, NO3-N, NHs-N, TP, PO4-P in surface runoff
between the crops, the years of the project and the fertilization treatments. Means followed by different letters within the same year,
block and treatment are significantly different (p < 0.05). Bold letters indicate statistics run with a = 0.1.

Trt | Block | Year | Crop Runoff TSS NOz-N | NH4-N TN PO4-P TP
(m® ha?) | (kg ha?) | (kgha?) | (kgha?) | (kgha?) | (kgha?) | (kg ha?)
By cropping period

Maize | 14.03? 11.37¢ | 0.07° 0.012 0.12° 0.01° 0.02°
! Residue | 40.522 4,372 0.712 0? 1.32 0.712 1.762
Wheat | 50.872 29.342 | 0.11° 0? 0.16" 0.04° 0.08"

Mean |35.14 15.03 0.3 0 0.53 0.25 0.62
Maize | 3.53? 5.812 0.042 0? 0.08? 0.052 0.062
w2 |2 Residue | 0.952 0.052 0.012 0? 0.022 0.022 0.022

Rye 0.032 0.052 0? 0? 0? 0? 0?

Mean | 1.50 1.97 0.02 0 0.03 0.02 0.03
Maize | 4.892P 1.122 0.032 0.052 0.072 0.03? 0.042
Ce 3 Residue | 1.422b 2.872 0? 0.022 0.012 0.012 0.012
Wheat | 16.21%2 | 13.79% | 0.022 0.022 0.022 0.012 0.042

Mean |7.51 5.93 0.02 0.03 0.03 0.02 0.03
Maize | 11.28? 16.29° | 0.06° 0.012 0.09° 0.01° 0.02°
1 Residue | 40.282 13.55% | 1.35° 0? 1.812 1.352 1.182
Wheat | 48.59? 29.59 | 0.1° 0? 0.17° 0.04° 0.11°
E1l Mean | 33.38 19.81 0.5 0 0.69 0.47 0.44
Maize |2.372 9.012 0.03? 0? 0.062 0.052 0.062

2 Residue | 0.052 0.022 0? 0? 0? 0? 0?

Rye 0.022 0.012 0? 0? 0.012 0? 0?




Trt | Block | Year | Crop Runoff TSS NOs3-N | NH4-N TN POs-P TP
(m®ha?) | (kg ha?) | (kg ha?) | (kgha?) | (kg ha?) | (kg ha?) | (kg ha?)
Mean | 0.81 3.01 0.01 0.00 0.02 0.02 0.02
Maize |5.74? 1.70? 0.022 0.072 0.08? 0.05? 0.072
3 Residue | 0.012 0.022 0? 0? 02 02 0?
Wheat | 7.472 6.142 0.012 0.012 0.01° oP 0.022
Mean |4.41 2.62 0.01 0.03 0.03 0.02 0.03
Maize | 26.272 18.66% | 0.112 0.012 0.172 0.01° 0.03P
1 Residue | 12.30? 2.672 0.2 0? 0.332 0.22 0.332
Wheat | 43.322 20.31* | 0.052 0? 0.12 0.02° 0.05°
Mean | 27.30 13.88 0.12 0 0.2 0.08 0.14
Maize | 1.83? 0.962 0.01? 0? 0.022 0.012 0.012
E3 5 Residue | 0.952 0.142 0? 0? 0.022 0.012 0.012
Rye 0.692 0.05? 0? 0? 0.022 0? 0.012
Mean |1.16 0.38 0 0 0.02 0.01 0.01
Maize | 11.552 1.84° 0.012 0.06%2 0.06%2 | 0.042 0.042
3 Residue | 0.342 0.15% 0? paab 02ab 02 0.012
Wheat | 13.48? 12.19% | 0.012 0.012P 0.012P | 0.01° 0.03?
Mean | 8.46 4.73 0.01 0.02 0.02 0.02 0.03
Maize |6.12° 4,832 0.042 0.012 0.082 0.012 0.012
L Residue | 1.95% 0.152 0.042 0? 0.062 0.042 0.052
Wheat | 38.872 15.28% | 0.06? 0? 0.112 0.022 0.042
Mean | 15.65 6.75 0.05 0 0.08 0.02 0.03
Maize | 3.422 5.572 0.072 0? 0.12 0.08? 0.09?
ce lwi |2 Residue | 1.172 0.562 0.022 0? 0.042 0.03? 0.03?
Rye 0.042 0.29° 0? 0? 0.03? 0? 0?
Mean | 1.54 2.14 0.03 0 0.06 0.04 0.04
Maize | 6.882 3.172 0.042 0.08? 0.09%2 | 0.03? 0.04?
3 Residue | 0.952 0.752 0? 0.012 0.012a | 0.01% 0.012
Wheat | 7.04? 2.822 0.012 0.012 0.012P | Qb 0.022
Mean | 4.96 2.25 0.02 0.03 0.04 0.01 0.02
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Trt | Block | Year | Crop Runoff TSS NOs3-N | NH4-N TN PO4-P TP
(m®ha?) | (kg ha?) | (kg ha?) | (kgha?) | (kg ha?) | (kg ha?) | (kg ha?)
Maize | 20.222 17.84% | 0.13? 0.022 0.172 0.02° 0.032P
L Residue | 11.03? 1.49? 0.20? 0? 0.432 0.22 0.2722
Wheat | 642 27.09° | 0.08? 0? 0.162 0.02° 0.06%aP
Mean | 31.75 15.47 0.14 0.01 0.25 0.08 0.12
Maize | 5.65? 2.492 0.042 0? 0.072 0.03? 0.04?
w3 |2 Residue | 0.642 0.112 0? 0? 0.022 0.012 0.012
Rye 0.772 0.072 0? 0? 0.022 0.012 0.012
Mean |2.35 0.89 0.01 0 0.04 0.02 0.02
Maize |9.75%a | 1.842P | 0.04? 0.062 0.12 0.03? 0.052
3 Residue | 1.06°P 1.15%ab | 02 0.012 0.022 0.012 0.022
Wheat | 19.20%2 | 17.63%2 |0.012 0.012 0.022 0.012 0.042
Mean | 10.01 6.87 0.02 0.03 0.05 0.02 0.04
Maize | 19.822 32.93% | 0.122P | 0.012 0.17° 0.03° 0.04°
1 Residue | 51.292 5.412 0.63%a | 02 1.052 0.63? 0.962
Wheat | 20.33? 6.952 0.032P |02 0.05° 0.02° 0.03P
Mean | 30.48 15.10 0.26 0 0.42 0.23 0.34
Maize | 0.942 2.882 0.012 0? 0.022 0.022 0.022
E2 5 Residue | 0.112 0.012 0? 0? 0? 0? 0?
Rye 0.09? 0.012 0? 0? 0.012 0? 0?
Mean | 0.38 0.97 0.00 0.00 0.01 0.01 0.01
Maize |5.83? 0.85%P | 0.012 0.05? 0.03? 0.03? 0.04?
3 Residue | 0.39? 2.262 | 02 0.012 0? 0.01% 0.012
Wheat | 7.65? 15.74%2 | 0.012 0.012 0.012 0.00P 0.022
Mean | 4.62 6.28 0.01 0.02 0.01 0.01 0.02
By year
1 25.132 14552 | 0.09? 0.01° 0.15%a | 0.042 0.072
Ce | we 2 2.1° 3.512 0.02% 02® 0.0622 | 0.042 0.042
3 7.25P 6.642 0.02° 0.032 0.042b | 0.022 0.03?
Mean 11.49 8.23 0.04 0.01 0.08 0.03 0.05
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Trt | Block | Year | Crop Runoff TSS NOs3-N | NH4-N TN PO4-P TP
(m®ha?) | (kg ha?) | (kg ha?) | (kgha?) | (kg ha?) | (kg ha?) | (kg ha?)
1 22.75 18.36* | 0.09? 0.012P 0.132 0.042 0.052
1 2 1.32° 4,512 0.022 02ab 0.012 0.03? 0.03?
3 5.01° 3.572 0.01? 0.03%2 0.04? 0.022 0.04?
Mean 9.69 8.81 0.04 0.01 0.06 0.03 0.04
1 28.642 18.72¢ | 0.10%2 | 0.01° 0.16%2 | 0.022 0.042
E3 2 1.35P 0.572 0.012a | 0.00° 0.022b | 0.012 0.012
3 9.72° 5.192 0.012P | 0.042 0.032P | 0.022 0.042
Mean 13.24 8.16 0.04 0.02 0.07 0.02 0.03
Treat 1 25.b51a 17.53a 0.092 0501b 0.152 0.03? 0.052
ment |2 1.6 2.17 0.01 0 0.03 0.022 0.022
3 7.32P 5.19° 0.02° 0.032 0.04° 0.022 0.042
1 13.06%2 | 7.232 0.042 0.012P 0.08? 0.01° 0.022
W1 2 2.072b 3.66° 0.05% paab 0.082 0.05% 0.06°
3 5.682ab | 2,652 0.022 0.0422 0.04? 0.02° 0.03?
Mean 6.94 451 0.04 0.02 0.07 0.03 0.04
1 29.123a | 19.46% | 0.122 0.022 0.182 0.022 0.042
w3 12 3.44bD 1.672 0.03? 0? 0.06? 0.03? 0.03?
3 10.50%b | 7.482 0.032 0.042 0.062 0.022 0.042
Co Mean 14.35 9.54 0.06 0.02 0.1 0.02 0.04
1 23.262 27.92¢ | 0.122 0.01° 0.1722 | 0.05? 0.062
E2 2 0.56° 1.162 0.012 oP 0.0122 | 0.012 0.012
3 5.19° 7.212 0.012 0.03? 0.023b | 0.022 0.03?
Mean 9.67 12.10 0.05 0.01 0.07 0.03 0.03
o 1 21.812 19.53% | 0.10? 0.01° 0.152 0.03? 0.042
ment |2 2.02° 1.832 0.03% oP 0.05% 0.03? 0.03?
3 7.12° 6.022 0.02° 0.042 0.04° 0.022 0.03?
By fertilization treatment
Ce 0.062 0.022 0.092 0.03? 0.042
Cs 0.062 0.022 0.12 0.03? 0.04?
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Connecting letters report showing the difference of concentrations (mg L™) in groundwater
between the crops, the years of the project and the fertilization treatments. Means followed by
different letters within the same year, block and treatment are significantly different (p < 0.05).

Bold letters indicate statistics run with a = 0.1.

NO3-N | NHz-N PO4-P Cl
Trt Block Year Crop (mg L) | (mgL1) | (mgLY) | (mgLY
By cropping period
Maize 6.83P 0.06" 0.022b 23.84b¢
1 Residue | 7.82% 0.18% 0.032a | 38.742b
Wheat 9.442 0.272 0.05%2 46.66%2
Mean 8.03 0.17 0.03 36.41
Maize 7.312 0.352 0.1° 38.02°
W2 5 Residue | 8.672 0.012 0.08° 56.442
Rye 4.45° 0.46° 0.17° 50.36°
Mean 6.81 0.27 0.12 48.27
Maize 6.902 0.69? 0.07° 39.412
3 Residue | 8.012 0.872 0.282 38.432
Wheat 7.472 0.622 0.212 26.60°
Mean 7.46 0.73 0.19 34.81
Maize 1.89° 0.22 0.01° 15.83%P
1 Residue | 2.08% 0.262 0.03% 24,342 a
Wheat 3.182 0.172 0.062 28.05%2
Ce Mean 2.38 0.21 0.03 22.74
Maize 2.732 0.04° 0.092b 25.59P
£l 5 Residue | 2.09? 0.06° 0.122a8b | 39.452
Rye 2.662 0.412 0.132a 372
Mean 2.49 0.17 0.11 34.01
Maize 2.29° 0.51° 0.09¢ 31.52
3 Residue | 3.622 1.162 0.282 29.332
Wheat 3.77% 0.5° 0.17° 19.25°
Mean 3.23 0.72 0.18 26.69
Maize 2.79° 0.252 0.01° 29.7°
N Residue | 4.98% 0.222 0.02% 44,19
Wheat 7.912 0.242 0.072 48.622
E3 Mean 5.23 0.24 0.03 40.84
Maize 9.572 0.07° 0.102 47.742b
2 Residue | 10.13? 0.02° 0.072 53.76%ab
Rye 5.332 0.372 0.132 62.45%2
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NOz-N | NHz-N PO4-P Cl
Trt Block Year Crop (mg L) | (mg L) | (mgLY) | (mgLY
Mean 8.34 0.15 0.1 54.65
Maize 5.472 0.43° 0.1° 47.842
3 Residue | 5.962 0.992 0.252 49.08?
Wheat 5.622 0.47° 0.14° 37.95°
Mean 5.68 0.63 0.16 44,96
Maize 5.34bDb 0.09° 0.01° 22.71°
L Residue | 8.37%2 | 0.18% 0.02% 33.51%
Wheat 8.4922 0.242 0.052 39.852
Mean 7.40 0.17 0.03 32.02
Maize 6.672 0.05° 0.13? 37.822b
W1 5 Residue | 7.892 0.04° 0.082 59.232a
Rye 4.43° 0.39? 0.14° 41.86°% 2
Mean 6.33 0.16 0.12 46.3
Maize 6.55%2 | 0.592 0.11° 38.862
3 Residue | 7.63%2 12 0.272 38.92
Wheat 4.83°b 0.562 0.19% 21.44°
Mean 6.34 0.72 0.19 33.07
Maize 5.99°¢ 0.05°P 0.01° 30.41¢
L Residue | 7.18°P 0.2%a 0.042 38.01°
Wheat 8.48%a 0.1922 0.082 48.482
Mean 71.22 0.15 0.04 38.97
Maize 8.38" 0.03° 0.112 46.2°
Residue | 10.82 0.02° 0.112 47,7
Ce W3 2 Rye 671° 1038 | 013 | 5183
Mean 8.63 0.14 0.12 48.58
Maize 7.02b 0.43° 0.08° 49,15
3 Residue | 8.38% 1.162 0.282 502
Wheat 9.822 0.5P 0.212 36.96"
Mean 8.41 0.7 0.19 45.37
Maize 3.67° 0.08°P 0.01° 20.16°
i Residue | 5.63? 0.2222 0.04% 28.06°
Wheat 6.132 0.17%a | 0.062 36.152
Mean 5.14 0.16 0.04 28.12
Maize 5.492 0.02° 0.09° 35.3°
- 5 Residue | 6.472 0.11° 0.1% 38.75°
Rye 5.532 0.28? 0.132 48.392
Mean 5.83 0.14 0.11 40.81
Maize 5.94P 0.36° 0.08°¢ 42.162
3 Residue | 7.622 1.182 0.28%a 41.122
Wheat 6.74% 0.49° 0.15°b 31.3°
Mean 6.77 0.68 0.17 38.19
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NOz-N | NHz-N PO4-P Cl
Trt Block Year Crop (mg L) | (mg L) | (mgLY) | (mgLY
By year
1 8.05%2 0.16°P 0.04° 35.43P
W2 2 6.010P 0.37%b 1 0.13? 45.872
3 7.27%a | 0.6922 0.152 34.87°
Mean 7.11 0.41 0.11 38.72
1 2.462 0.2° 0.04¢ 22.05¢
1 2 2.592 0.17° 0.11° 31.842
3 2.982 0.632 0.152 27.47°
Ce Mean 2.68 0.33 0.1 27.12
1 4.52b 0.24° 0.03° 36.83¢
E3 2 7.35%2 0.23P 0.112 56.352
3 5.62P 0.552 0.142 45.18°
Mean 5.82 0.34 0.09 46.12
1 4.452 0.2° 0.03¢ 29.3¢
Treatment | 2 4522 0.22° 0.11° 41.032
3 4,902 0.612 0.152 35.6°
1 7.232 0.17° 0.03° 32.41°
W1 2 5.56° 0.24° 0.132 42,65
3 6.15% 0.662 0.172 32.60°
Mean 6.31 0.36 0.11 35.89
1 7.32 0.14° 0.05° 39.76"
W3 2 7.952 0.18° 0.122 48.792
3 8.142 0.592 0.162 45,562
Co Mean 7.80 0.3 0.11 447
1 4.96°¢ 0.14° 0.03°¢ 27.77°
E9 2 5.67°P 0.12° 0.112b 39.95%
3 6.5122 0.562 0.142a 38.942
Mean 5.71 0.27 0.09 35.55
1 6.31° 0.15° 0.04¢ 33.02¢
Treatment | 2 6.36° 0.16° 0.12° 43,22
3 7.022 0.62 0.152 39.89°
By fertilization treatment
Ce 4.67° 0.422 0.12 35.02°
Ce 6.622 0.342b 0.112 38.632




