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Increasing global demand for clean water, driven by agricultural and urban
expansion, poses significant water resource challenges, and climate change adds
additional uncertainty to water management policies. The Floridan Aquifer (FA) and the
Santa Fe River Basin (SFRB) in north Florida are facing declining water availability and
water quality despite the implementation of stringent regulatory standards. This
dissertation evaluates the impacts of agricultural management, climate change, and
land use changes on water resources in the SFRB, demonstrating how integrated
hydrologic modeling at multiple spatial and temporal scales can inform better water
guantity and quality management.

This research had three objectives: 1) quantify impacts of adding carrot to the
traditional corn-peanut rotation in North Florida; 2) assess influences of climate and land
use change on water availability and nitrate loading in the SFRB and evaluate the
possibility of achieving current environmental regulations under future scenarios; and 3)
investigate nitrate sources in the SFRB, nitrate travel times and denitrification processes

in the FA, and the effectiveness of land use change and management strategies for
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achieving current regulations. To answer these questions, three hydrologic models
which simulate the effects of crop cultivation practices, land use changes, surface-
subsurface water interaction, and nutrient dynamics, were integrated and utilized.

The major findings of the dissertation show that adding carrot to corn-peanut
rotations using traditional practices increased irrigation by 43% and nitrate leaching by
100%; but applying best management practices to the rotation reduced irrigation by
40% and nitrate leaching by 51% while maintaining yields. Climate was the dominant
driver of future water availability in the SFRB, making existing flow regulations difficult to
achieve in dry futures. Land use was the dominant driver of water quality, and spatially-
targeted septic tank removal and conversion of agricultural and urban lands to low-
density long-leaf pine can reduce nitrate concentrations to current regulatory standards
without large-scale land use changes.

Overall, this dissertation shows that climate-adaptive, spatially-targeted nitrogen
management strategies are required to address both current water resource challenges
and future uncertainties. The modeling framework and findings provide a scientific

approach for sustainable water resource management in aquifer systems worldwide.
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CHAPTER 1
INTRODUCTION

The global demand for clean water is rapidly increasing due to agricultural
intensification, population increase, urban expansion, and climate change (He et al.,
2021; D@dorico et al., 2020; Lall et al., 2020). Elevated demand has led to a significant
increase in water withdrawals, resulting in increased pressure on the water availability
for agriculture, public water supply, and aquatic ecosystems. Total water withdrawals in
the United States increased by 79% from 1950 to 2015, and water withdrawals from
groundwater increased by 142% during the same period (Dieter et al., 2018).
Furthermore, it is expected that globally groundwater withdrawals will increase by 39%
by 2050 (Wada et al., 2016). Increased water withdrawals may cause serious
environmental problems such as aquifer depletion, streamflow reduction, saltwater
intrusion, and degradation of water quality (Konikow and Kendy, 2005; Ddll et al., 2009;
Barlow and Reichard, 2010).

Water quality is being threatened by the same drivers. For instance, nitrate load
in the Mississippi River increased by 251% from 1955 to 2019 (USGS, 2020), and
groundwater nitrate concentrations in the Ogallala aquifer in Texas have been
increasing since the 1960s (Chaudhuri and Ale, 2014). Increased nutrients, especially
nitrate-nitrogen (NOs-N), can be harmful for both humans and the environment,
potentially causing blue-baby syndrome, eutrophication, and harmful algal blooms (Liu
et al., 2024; Diaz and Rosenberg, 2008; Knobeloch et al., 2000).

Land use changes, including agricultural expansion and urban expansion due to
urbanization and population increase, significantly affect water availability and water

qguality. In many aquifers and rivers in the United States, decreased baseflow and lower
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groundwater elevations due to land use change are being reported (Scanlon et al.,
2012; Kendy and Bredehoeft, 2006; Condon and Maxwell, 2019; Grannemann et al.,
2000). Furthermore, Zhang et al. (2020) and Hu et al. (2019) reported that water quality
has degraded due to rapid agricultural expansion in Eastern China and Northwest
China, respectively.

Climate change may also affect water availability and quality. Changes in
precipitation patterns, increases in extreme precipitation events, and increases in
temperature that result in higher evapotranspiration and irrigation demand, threaten
water availability globally (Frederick and Major, 1997; O&orman, 2015; Tabari, 2020;
Wang et al., 2016). Furthermore, changing precipitation patterns and increasing
extreme precipitation events may cause higher nutrient loads (Sinha et al., 2017).
Increasing temperature may increase evapotranspiration and thus reduce the amount of
water flowing into water bodies, resulting in higher concentrations of nutrients in rivers,
streams, and groundwater (Zhao et al., 2023).

The degradation of water availability and quality requires the establishment of
watershed management practices, policies and regulations to protect human health,
aquatic ecosystems, and regional economies. Efforts to establish such programs are
being made regionally, nationally, and globally. For example, throughout the state of
Florida Minimum Flows and Levels (MFLs) have been established for rivers, springs,
and lakes to prevent significant environmental harm caused by water withdrawals
(373.042, F.S., and Rule 62-40.473, F.A.C.). Similarly, Environmental Flows have been
adopted in Texas (S.B.3; S.B.1397; Texas Commission on Environmental Quality,

2023), and Instream Flows have been adopted in Korea (Hacheon Yujiyuryang
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Sanjeong Jichim [Guidelines for the Calculation of Instream Flow], Ministry of
Environment Notice No. 2024-33, Feb. 1, 2024) for the protection of aquatic
ecosystems. For water quality, the United States Environmental Protection Agency (US
EPA) has developed Numeric Nutrient Criteria (NNC) and Total Maximum Daily Loads
(TMDLs), requiring states to monitor the levels of nutrients in waterbodies, identify
sources and loads of nutrients, plan water quality management strategies, and to
restore water quality throughout the USA (Clean Water Act 8 303(d), 33 U.S.C. §
1313(d)). Korea has also established Water Quality Environmental Standards for rivers
and lakes to protect waterbodies, and TMDLs for Korean rivers and watersheds
(Republic of Korea, 2023; Republic of Korea, 2021).

Floridan Aquifer and Santa Fe River Basin

The Floridan Aquifer underlies about 260,000 km? of the southeastern United
States, including Florida, Georgia, Alabama, Mississippi, and South Carolina, and is one
of the most productive aquifers in the world (Miller, 1986; Miller, 1990; Maupin et al.,
2014). The aquifer provides drinking water for more than 10 million people and supports
an agricultural economy valued at more than $7.5 billion by providing water for the
irrigation of 2 million acres of agricultural land (Bellino et al., 2018; Martin, 2017). The
Floridan Aquifer consists of a thick sequence of high permeability limestone and
dolomite carbonate rocks and is subdivided vertically into the Upper Floridan Aquifer
(UFA) and the Lower Floridan Aquifer (LFA). Composite units comprised of less-
permeable rocks separate these two aquifers (Miller, 1990; Williams and Kuniansky,
2015).

The major geological formations comprising the UFA in north Florida are the

Suwannee Limestone and the Ocala Limestone (Figure 1-1, Miller, 1986; Miller, 1999).

16



The Suwannee Limestone formation provides an important source of groundwater for
the upper Suwannee River basin but is thinner and covers a smaller area compared to
the Ocala Limestone Formation. The Ocala Limestone underlying the Suwannee
Limestone provides substantial groundwater flow and storage within UFA due to its high
permeability. The Hawthorn Group serves as an upper confining layer of the Upper
Floridan Aquifer in much of north Florida (Figure 1-2). Where the Hawthorn Group does
not exist, the Ocala Limestone and the Suwannee Limestone are exposed to the
surface producing an unconfined karst landscape with springs, sinkholes, and caves.
The Lower Florida aquifer is comprised of the Avon Park Formation which consists of
limestone and dolostone. It is separated from the Upper Florida Aquifer in North Florida
by a composite middle confining unit (Clarke et al., 2005; Miller, 1986; Miller, 1990;
Miller, 1999).

The Suwannee River Basin (SRB), spanning over 25,770 km? in the
southeastern United States, is a watershed supporting diverse agricultural and aquatic
ecosystems, including extensive river and spring networks (SRWMD, 2024). The
hydrology in the SRB is closely linked to the Upper Floridan Aquifer (UFA), particularly
in the lower portions of the basin. The interactions between surface water and the UFA
are important for sustaining river flows, spring discharges, and healthy aquatic
ecosystems (Katz et al., 1997; Crandall et al., 1999; SRWMD, 2024).

The Santa Fe River Basin (SFRB) is a tributary basin of the lower Suwannee
River Basin in North Central Florida, the United States (Figure 1-3). It is situated above
the Upper Floridan Aquifer, which is a major source of groundwater in the region. The

Santa Fe River is 121 km in length, it has a topographical watershed area of 3,574 km?,
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and ranges in elevation from 0 to 78 meters above mean sea level. The SFRB has
different hydrogeomorphic characteristics in its upper and lower subbasins. The upper
SFRB, extendingf r om Lake Santa Fe to Ob6Leno Stat
underlying Floridan aquifer by the Hawthorn Formation. This results in confined aquifer
conditions and surface-driven streamflow generation processes (Parker et al., 1955;
Scott et al., 2004). The Hawthorn Formation is largely absent in the lower SFRB,
extending from the River Rise Preserve State Park to the watershed outlet at the
Suwannee River. This allows direct recharge to and discharge from the unconfined UFA
(Hunn and Slack, 1983). Consequently, the lower Santa Fe River has substantial
surface-groundwater interactions, and the subbasin has many first-magnitude springs
(Scott et al., 2002). The Upper SFRB is primarily composed of deep, poorly drained,
and moderately permeable sand, while the Lower SFRB consists of soils that are deep,
excessively to well-drained, with moderate to rapid permeability. The dominant land
cover in the SFRB is forest (49%), and agricultural land is concentrated in the lower part
of the basin, while the upper part of the basin is predominantly covered by forests and
wetlands. Since SFRB has both confined and unconfined conditions and various land
covers within the basin, it provides an excellent study location that is representative of
agricultural karst regions worldwide that are undergoing groundwater challenges. Water
management solutions developed in the SFRB can provide model solutions for other
basins facing similar problems, and this can contribute to advancing water resource
sustainability goals globally.

Water Availability and Water Quality Research Needs in the SFRB

The SFRB is facing several water availability issues, such as spring flow

reduction, streamflow reduction, and aquifer depletion. The groundwater levels in
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multiple monitoring wells have declined from the 1940s to the 2000s. Consequently, the
base flows of rivers and springs fed by UFA have decreased (SRWMD, 2021a; Hornsby
and Ceryak, 1998). Average stream flows at the Santa Fe River at the Fort White
station have decreased since the late 1960s (SRWMD, 2021a).

Minimum Flows and Levels, regulatory limits for flows, were adopted for Upper
Santa Fe River (USFR) and Lower Santa Fe River (LSFR) in 2007 and 2015,
respectively, to protect water resources and ecosystems by preventing excessive water
withdrawals. (SRWMD, 2007; SRWMD, 2013). However, in two out of three gauge
stations in the LSFR, the Hwy 47 and Hwy 441 gauge stations (Figure 1-3), MFLs have
not been achieved (SRWMD, 2020). It is estimated that the LSFR has a streamflow
more than 42,000 m3®/day below the MFLs (SJRWMD and SRWMD, 2023).

Nutrient pollution is the major driver of water quality problems in the SFRB, with
increasing nitrate concentrations in many of its first-magnitude springs. For example,
nitrate-nitrogen (NOs-N) concentrations in the Ichetucknee head spring have risen from
0.67 mg/L in 1991 to 0.72 mg/L in 2017 and NOs-N concentrationsi n Devi | 6s
have risen from 1.47 mg N/L in 1997 to 1.85 mg N/L in 2025, indicating the NO3-N
concentration in groundwater has also increased (FDEP, 2012; SRWMD, 2025).FDEP
identified the significant sources of nitrate in these springsheds as agricultural nitrogen
fertilizer, livestock waste, septic systems, and wastewater treatment facilities (FDEP,
2012; FDEP, 2018a). Among these sources, agricultural fertilizer was identified as the
largest contributor to nitrogen pollution in the basin. In response to the degraded water
quality of springs and spring-fed rivers in Florida, the Florida Department of

Environmental Regulation (FDEP) implemented a numeric nutrient criteria (NNC) of
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0.35 mg/L NO3-N for groundwater emerging from spring vents (Chapter 62-
302.530(47)(b), Florida Administrative Code; FDEP, 2008; FDEP, 2012; FDEP, 2018a).
To achieve these criteria, the Florida Legislature passed the Springs and Aquifer
Protection Act in 2016, which mandated the development of Basin Management Action
Plans (BMAPSs) for impaired Outstanding Florida Springs (OFS). BMAPs are
comprehensive restoration plans designed to reduce pollution and restore the health of
the ecosystem. These plans identify sources of pollution and establish specific nutrient
reduction strategies to achieve the required nutrient reductions (FDEP, 2018a; FDEP,
2018b). However, 26 of the 30 OFS in Florida do not currently meet NNC, and 5 of the 6
OFS in the SFRB do not meet NNC (FDEP, 2025).

Dissertation Goals and Structure

This dissertation aims to quantitatively assess the impacts of agricultural
management practices, climate change, and land use change on water availability and
water quality in the SFRB and to evaluate constraints associated with achieving current
environmental regulations for current and future land use and climate scenarios.

The goal of Chapter 2, fiGroundwater impacts of adding carrot to corn-peanut
rotations in North Florida 0is to quantify the impacts of alternative carrot water and
nutrient management systems on crop Yyields, nitrate leaching, and groundwater
recharge at the field and watershed scales using field experimental results and
hydrologic models. Research questions include: 1) If carrot cultivation is added to corn-
peanut rotation systems in the Sante Fe Basin using traditional management practices
how much additional irrigation water will be required, how will net groundwater recharge
be affected, and how much more nitrate will be leached? 2) How much can nitrate load

and irrigation pumping be reduced by improving water and nitrogen management
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practices for carrots in the Santa Fe River Basin? 3) How would these changes in
management practices affect carrot yield?

The goals of Chapter3, i Assessing Hydrologic Responses
Cli mate Change in the Santa Fe Rjak®r Basin, F
understand the relative influences of climate change and land use change on the water
budget in the Santa Fe River Basin, and to evaluate constraints associated with
achieving MFLs and NNC in the SFRB for current and future land use and climate
scenarios. The research questions include: 1) How will changes in climate and land use
affect evapotranspiration, pumping, groundwater recharge, streamflow, groundwater
level, and nitrate load in the SFRB? 2) Are streamflows and nitrate loads in the SFR
more sensitive to changes in climate or changes in land use? 3) Will the SFR and
springs in the SFRB meet MFLs and the NNC under future climate and land use
scenarios?

The goals of Chapter 4, iNitrate Dynamics in the Santa Fe River Basin and
Upper Floridan Aquifer: Impacts of Land Use Change on Water Qualityq are to identify
possible denitrification pathways in the UFA; to quantify the sources, fate and transport
of nitrate under different land use change scenarios; and to evaluate the constraints
associated with achieving the NNC in the SFRB. The research questions include: 1)
What do available data suggest regarding the order of denitrification processes in the
SFRB? 2) How do changing land use and climate influence the sources, fluxes, and
travel times of nitrate in the Santa Fe River Basin? 3) What are the implications of
alternative future land use scenarios and climate change scenarios on nitrate

concentrations in groundwater emerging from springs the Santa Fe River Basin?
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Chapter 5 summarizes the key findings of this dissertation, discusses the
implications of the findings, and proposes further applications using the framework for

other watersheds facing water resource problems.
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Figure 1-1. Generalized altitude of the top of the Floridan aquifer system, southeastern

United States (Williams and Kuniansky, 2015).
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Figure 1-2. Relative degree of confinement of the upper confining unit of the Floridan
aquifer system and extent of the intermediate and Brunswick aquifer systems
(Williams and Kuniansky, 2015).
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CHAPTER 2
GROUNDWATER IMPACTS OF ADDING CARROT TO CORN-PEANUT ROTATIONS
IN NORTH FLORIDA

Background

Global groundwater demand has increased significantly over the last century due
to increasing human population and associated agricultural and industrial development
(Scanlon et al., 2023). In the United States (US), groundwater withdrawals increased
from 128,700,000 m? day* to more than 310,400,000 m? day* between 1950 and 2015,
an increase of approximately 140% (Dieter et al., 2018). This rapid increase in
abstraction has caused groundwater decline and depletion in many US aquifers,
including the Ogallala, Atlantic Coastal Plain, West-Central Florida, and Gulf Coastal
Plain aquifers, among others (Bartolino and Cunningham, 2003; Bierkens and Wada,
2019; Konikow, 2013; Konikow and Kendy, 2005; Scanlon et al., 2012). Negative
societal effects of groundwater depletion include reduced or eliminated well yields,
reduced groundwater flows to surface water bodies, irreversible land subsidence,
damage to aquatic ecosystems, and desiccation of wetlands (Alley et al., 1999;
Bartolino and Cunningham, 2003; Harrington et al., 2007; Konikow, 2015).

Contemporaneous with groundwater depletion, aquifer contamination from
human activities such as urbanization, industrial activity, and intensive agriculture
production further threatens groundwater sustainability. Along with other land uses,
agricultural systems are a major source of nutrients leaching to groundwater Burkart
and Stoner, 2002; Fowler et al., 2013; Lemaire and Gastal, 1997; Pratt, 1984). For
example, it was estimated that more than 70% of nitrogen delivered to the Gulf of
Mexico originates from agriculture (Alexander et al., 2008), and approximately 96% of

groundwater nitrate in the Tulare Lake Basin and Salinas Valley originates from crop
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lands (Viers et al., 2012). Nitrate entering surface water bodies can cause
eutrophication that may lead to mass morality of fish and algae blooms (Cameron et al.,
2013). Furthermore, nitrate can easily leach into groundwater due to its high solubility in
water, and this can cause critical health issues such as methemoglobinemia where the
groundwater is the major source of drinking water (Brender et al., 2013; Bryan et al.,
2012; Fewtrell, 2004; Ward et al., 2010).

The Floridan aquifer (FA) underlying the southeastern US is one of the most
productive aquifers in the world (Miller, 1990). The Upper Floridan aquifer (UFA)
provides drinking water for nearly 10 million people and supports an agricultural
economy valued at $7.5 billion (Martin, 2017). Total groundwater withdrawals from the
FA increased by more than 5 times between 1950 and 2015 (Marella, 2020). Increased
groundwater withdrawals in Florida have caused reduced flows or water levels in many
groundwater-fed aquatic ecosystems, requiring the implementation of recovery plans
under the state-mandated Minimum Flows and Levels (MFL) program (FS 373.042/FAC
62-40.473; Munson et al. 2005). At the same time, pollutant loads to the aquifer from
human activities have increased nutrient concentrations both in the FA and in the
freshwater springs it feeds. As a result, in some springs nitrate (NO3) concentrations
have increased by as much as 250% in the past few decades (The Howard T. Odum
Florida Springs Institute, 2017). Twenty-four out of 30 Outstanding Florida Springs fed
by the FA do not meet the Florida Department of Environmental Regulation (FDEP)
Numeric Nutrient Criteria (NNC) of 0.35 mg NOs-N L set for Florida springs (FDEP,

2018a).
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Increasing aquifer withdrawals and nutrient contamination are linked with
agricultural production in northern Florida, which is economically vital to the region and
state. In 2014, agricultural sales from Florida counties within the Suwannee River Basin
(SRB; Figure 2-1) totaled over $1.1 billion. In Suwannee County alone, agriculture was
responsible for supporting 45% of all employment and producing $350 million in farm
receipts (BEA, 2014). Agricultural land uses in the Florida portion of the SRB consist
mostly of row crops (typically corn and peanut in rotation; Marella et al. 2016), with
smaller areas of fruit crops, field crops, plant nurseries, and sod farms. Approximately
18% of these crop lands are irrigated (almost exclusively via groundwater), representing
a 100% increase over the last 20 years. The percentage of irrigated crop land is
expected to increase by an additional 40% by 2040 (FDACS, 2019). Agricultural
production systems have been identified as the primary source of nitrogen loading to
the FA in the region (FDEP, 2018a, 2018b). It is estimated that meeting the mandated
NNC will require a load reduction of nearly 2 million kg N year, largely from agricultural
lands (Division of Environmental Assessment and Restoration, 2018b).

Increasing water and fertilizer use to support agricultural production makes it
more difficult to meet regulations intended to protect groundwater and surface water
guantity and quality (i.e., MFL and NNC regulations). Nevertheless, with recent drought
and expanded groundwater regulations in the western United States, and the availability
of new processing infrastructure in Florida, carrot production is gaining popularity as a
winter cash crop among row crop producers in north Florida (Treadwell, 2017;
Hochmut h et al ., 2021, Rusnak, 2021). The

winter temperatures are well suited to carrot production, and many producers already
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have center pivot irrigation systems that can be used to irrigate carrots incorporated into
a corn-peanut rotation.

The conventional corn-peanut rotation, which is the most common row crop
rotation in the SRB, consists of planting corn in March and harvesting it in August one
year, followed by planting peanut in May and harvesting it in September of the next
year, sometimes with a cover crop between the two (Rath et al., 2021). Increasingly,
farmers are adding carrot cultivation between corn and peanut, planting in November
and harvesting in April (Hochmuth et al., 2021). While the addition of this winter cash
cropbenefi t s farmersdé revenue, it has the potenti
and nitrogen leaching to the FA. Establishing carrot best management practices (BMPs)
with respect to nitrogen and irrigation management is therefore critical for helping
growers meet yield goals while minimizing the water quantity and quality impacts of
adding an additional crop to the traditional corn-peanut rotation.

Establishing carrot BMPs for the region requires new field research and modeling
efforts to quantify the impacts of water and nutrient management practices on carrot
yields, irrigation requirements, net recharge and nitrate leaching to the UFA. In this
study a BMP experiment was conducted at the North Florida Research and Education
Center-Suwannee Valley (NFREC-SV) to evaluate the effects of range of irrigation and
nitrogen fertilizer practices on carrot irrigation requirements, crop growth, nitrogen
uptake, and yield. In turn, these observations were used to calibrate carrot growth
parameters for a field-scale Soil and Water Assessment Tool (SWAT) model, which was
used to estimate crop yields and water and nutrient budgets for experimental irrigation

and nitrogen management practices. After calibration and validation of the field-scale
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carrot model, a previously calibrated watershed-scale SWAT model (Rath, 2021) was
used to estimate nitrate leaching and groundwater recharge impacts of incorporating
carrot into the traditional corn-peanut rotation across all row crop lands in the Santa Fe
River Basin, a spring-fed tributary of the Suwannee River. The study had two primary
objectives: quantify the impacts of alternative water and nutrient practices on carrot
yield, nitrate leaching and groundwater recharge using field experiments and a field-
scale SWAT model and; assess the regional nitrate load and groundwater recharge
impacts of adding a winter carrot crop to the corn-peanut rotation throughout all row
crop lands in the Santa Fe River basin using a watershed-scale SWAT model.

Materials and Methods
Field Experiment

The carrot BMP field experiment was conducted at the North Florida Research

and Education Center _ Suwannee Valley (NFREC), located near Live Oak, Florida (30}
18722 N, 82454700 W). Carrot was planted in November 2018 and harvested in May

2019, between a corn crop cultivated from March to August 2018 and a peanut crop
cultivated from May through September 2019. Whole-plot treatments were four carrot
irrigation scheduling methods and subplots were six carrot fertilization rates, each with
four replicates (one in each of four blocks). The experiment used a randomized
complete block design with split, 1.5-ha plots (Figure 2-1). Each plot was 12 m long and
6 m wide with 6 m lanes separating the plots and 12 m lanes separating the blocks. For
this study, we focused on a subset of seven treatments with the most available field
data: two irrigation scheduling methods, each with three fertilization rates, and one non-

irrigated (rainfed) control treatment, described in detail below.
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Irrigation

Irrigation was applied by a Valley linear end feed 8000 (Valley, NE) with two
spans, a variable rate controller, and ten banks of sprinklers controlled by separate
solenoids. Irrigation was supplied by a dedicated well installed into the UFA. The three
irrigation treatments included in this study were Calendar, Soil Moisture Sensor (SMS),
and Rainfed.

The calendar-based irrigation treatment represented regional grower irrigation
practices and was scheduled by the NFREC farm manager. The general strategy was to
add 0.75 cm every three days, in the absence of precipitation, from day of planting until
the plants were established and no longer in danger of being injured by blowing sand.
From 90 days after planting (DAP) to maturity, 1.25 cm of irrigation was applied every
three days in the absence of precipitation over 0.65 cm. In the Soil Moisture Sensor
(SMS) based irrigation treatment, soil water was monitored with 26 Sentek, TriScan
Adrill &dropo soil moi sture sensors (Stepney S
nine capacitance-type sensors spaced 5 cm apart down to 1 m, each of which
integrates soil moisture, volumetric ion content (a proxy for EC), and soil temperature
over 10 cm (5 cm above and below the sensor). Irrigation was applied at a maximum
allowable depletion (MAD) of 50% of plant available water (PAW) for the duration of the
growing season. Sensors were monitored via a web portal daily. When the 25th
percentile of the aggregated sensor readings in the SMS treatment was below the MAD,
10 mm of water was applied to all plots in that treatment. The rainfed treatment was a
non-irrigated control treatment and irrigation was only applied as necessary to establish

the plants and incorporate any applied fertilizers into the soil.
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Fertilization

Three nitrogen fertilization treatments were selected to bracket the University of
Florida Institute for Food and Agricultural Sciences (UF/IFAS) recommendations for
carrot (Hochmuth et al., 2021): 112 (Low), 224 (Medium), and 336 (High) kg N ha!
(Table 2-1). The rainfed treatment received the medium fertilizer rate. Granular fertilizer
was applied in nine separate applications starting at 30 DAP, with subsequent
applications approximately every two weeks. A preplant application of 0-15-0 (P20s)
was applied prior to forming beds. Fertilizer application dates, amounts, and types are
summarized in Table 2-1.

Agronomic practices

A previous corn crop was harvested on 8/23/18 and fields were disced twice with
a Landoll harrow, once on 8/29/18 then again on 9/26/18 to prepare for bottom plowing
the following day. Telone Il was applied on 10/3/18 at a rate of 131 liters/ha. Treflan
herbicide and Diazinon insecticide were applied and incorporated on 11/5/18. A John
Deere leveling disc was used the following day to smooth the field and prepare for
forming beds.

All preplant fertilizers were incorporated into the plots with a KMC rototiller on
11/8/18. After rototilling, 1-m wide beds were formed in an East-West direction with a
spacing of 1.8 meters. This spacing was required due to equipment limitations on the
research farm, however the amount of fertilizer and seed placed on the bed-top was
calculated based on a standard bed spacing of 1.3 meters. On 11/19/18, a Seed Spider
(sponge type 1) high-density planter outfitted with two metering units with four lines per
unit was used to plant Maverick variety carrots at a density of 12,350,000 seeds ha™.

The beds were then sprayed with Ridomil, Quadris, and Macho fungicides. Harvest
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occurred on 4/30/19. A 12-m length of the center plant bed was machine harvested with
a Nobels 3.15 bed-lifter type harvester. Average carrot weight, diameter, and length was
recorded from a sub-sample of 20 representative carrots from each bag.

Soil and tissue sampling

The site is comprised of Hurricane, Chipley, and Blanton soils that all consist of
more than 90% of sand (USDA, 2019), with clay contents of 2% or less. Field capacity,
permanent wilting point, available water content and saturated hydraulic conductivity of
the fields ranged from 1.8% -15.1%, 0.1%-8.7%, 0.03 cm cm™*-0.13 cm cm™, and 15 cm
hri-51 cm hr?, respectively (USDA, 2013).

Soil moisture was measured with soil moisture sensors installed in blocks 2, 3,
and 4 of each treatment. Soil moisture sensors collected soil moisture data at 10-cm
intervals up to 90 cm below the soil surface every 30 minutes. Daily soil moisture data
was aggregated by summing soil moisture of the active root zone in the soil profile by
each time step and averaging them daily.

Soil nitrate samples were collected at 0-15 cm, 15-30 cm, 30-60 cm, and 60-90
cm for each sampling location, stored in plastic sample bags, and placed on ice until
they were transported to the lab. In the lab, soil samples were divided into two 100-g
samples. The first was placed in the drying oven at 1053 for 48 hours then re-weighed
to calculate gravimetric water content. The second was allowed to air dry for 48 hours,
sieved to 2 mm, bagged, and sent to the University of Florida/IFAS Analytic Research
Laboratory (ARL) on the UF campus for Total Kjeldahl Nitrogen (TKN) analysis. A
potassium chloride extractant was used to recover ammonium and nitrate, quantified

using colorimetry in accordance with EPA Method 351.2 (US EPA, 1993).
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Tissue samples were collected in Medium N sub-plots within the Calendar, SMS
and Rainfed irrigation treatments three times during the growing season and once just
prior to harvest. The final sampling event was scheduled during the same week as
harvest, when all plots were sampled. A row length of 1 m in one of the non-harvest
rows was sampled and individual carrots were counted and separated from the above
ground biomass. Samples were placed in a forced-air drying room for 48 hours or until
completely dry. As carrots matured it became necessary to cut them into smaller pieces
and allow up to 72 hours for drying.

Carrot samples were then ground in a Wiley mill with a 1-mm mesh screen,
placed in plastic bags, and sent to the IFAS Forage Evaluation Support Laboratory
where TKN content (reported as elemental N as a percentage of total dry matter), was
measured using a modified version of the TKN method. Samples were digested using a
modified, aluminum block digestion procedure as outlined by (Gallaher et al., 1975). A
catalyst of 1.5 g of 9:1 K2S04:CuSO4 was added to a 0.25 g sample. Digestion
occurred for at least 4 hours at 3753 using 6 ml of H.SO4 and 2 ml of H2O». Nitrogen
content of the digestate was determined by semiautomated colorimetry (Hambleton,
1977).

Statistical analysis of experimental yields across treatments was completed using
one-way ANOVA with Bonferroni post-hoc test (Bland and Altman, 1995) to evaluate
potential interactions among irrigation treatments and fertilization treatments and post-
hocTukeyds Honest Significant JodmparisonséTakeye
1949) to evaluate differences among treatments. A confidence interval of 95% was

utilized for all comparisons.

34

( HSD)



Field -Scale Model

The Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998) is a
continuous, semi-distributed, physically based model which is widely used throughout
the world to simulate surface and subsurface water, crop growth, and nutrients and
sediment transport. SWAT has operations that can represent many water and nutrient
management practices, so it is often used to evaluate the impacts of alternative
agricultural practices on water, nutrients, and crop yield (Arabi et al., 2008; Karki et al.,
2020; Khalid et al., 2016). In SWAT, a watershed is delineated into sub-basins based on
a Digital Elevation Model (DEM), and each sub-basin is delineated into a number of
Hydrologic Response Units (HRUs), which are unique combinations of soil, slope, and
land use (Arnold et al., 2012; Neitsch et al., 2011). Overall hydrologic and nutrients
balances are simulated for each HRU, and thus each HRU can be used to simulate the
effects of alternative crop, water and nutrient management practices on groundwater
recharge, evapotranspiration, nitrate leaching and crop yield at the field scale (Arnold et
al., 2012; Gassman et al., 2007; Gitau et al., 2004).

The plant growth algorithm in SWAT uses a simplified version of Environmental
Impact Policy Climate (EPIC) plant growth model (Williams et al., 1984). Phenological
plant development is based on daily accumulated heat units, and plant growth can be
hindered by water, temperature, nitrogen, or phosphorus stresses. Once the
accumulated heat unit reaches potential heat unit of the plant, the plant attains maturity
and stops growing (Neitsch et al., 2011).

In this study, a field-scale SWAT model was built to calibrate the crop growth
parameters for carrot using observed carrot biomass over time, nitrogen content in

biomass over time, and final yield from the field experiment. The field-scale model was
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set up with seven HRUSs, one for each treatment. Management information such as
planting and harvest dates, fertilizer application and irrigation schedules used in the
experiment was directly used to set up the SWAT model. The irrigation source for the
model was set to an unlimited source outside of the simulation domain since the
irrigation source for the experiment was the UFA located approximately 3 m below the
land surface, with no interaction between root zone and the aquifer (Hunn and Slack,
1983).

Daily weather data (precipitation, maximum temperature, minimum temperature,
average wind speed, and solar radiation) were acquired from the Florida Automated
Weather Network (FAWN) Live Oak station, which is located at the experimental site.
Soil characteristics such as soil bulk density, soil texture and organic carbon content
were taken from measurements made by Zamora-Re et al. (2018) for a corn-peanut
BMP field experiment previously conducted at the same site from 2015 to 2017. Rath et
al. (2021) developed a field-scale corn-peanut rotation SWAT model using the data from
the Zamora-Re et al. (2018) experiment. The soil parameters calibrated by Rath et al.
(2021) were adopted for the field-scale carrot SWAT model developed in this study
since the Zamora-Re et al. (2020) field experiment was conducted at the same site
where the carrot experiment reported in this study was performed. The calibrated soll
parameters were further evaluated by comparing predicted soil moisture and soil nitrate
concentrations to the experimental data obtained in the carrot experiment.

Critically, two bugs were identified in SWAT2012 ver. 664 when simulating the
carrot experiment and long-term scenarios. First, in SWAT, accumulated heat units are

reinitialized on the first day of a year even for cool season crops that are planted before
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and harvested after this date. This reinitialization affected carrot growth substantially
and resulted in inaccurate nitrate leaching and yield estimates. The second bug
identified was that root vegetables, which typically have a HVSTI (harvest index for
optimal growing conditions) parameter greater than 1.0, can result in a large amount of
residue after harvest, which can cause unrealistically high mineralization (i.e., the
amount of residue can be greater than final biomass). This bug can result not only in
high nitrate leaching but also in higher biomass and yield of peanut in the following
season. We thus modified the SWAT2012 rev. 664 source code to address these issues
(code modification included in Appendix A).

Calibration of carrot plant parameters was conducted with the Sequential
Uncertainty Fitting (SUFI-2) algorithm (Abbaspour et al., 2004) in the SWAT Calibration
and Uncertainty Procedures (SWAT-CUP) software (Abbaspour, 2011) using the Nash-
Sutcliffe Efficiency (NSE) as the objective function. Calibrated carrot parameters were
then validated using carrot yields from a previous experiment conducted at the same
location, which compared carrot yields under eight fertilizer rates ranging from 56 to 448
kg N ha-1. (Hochmuth et al. 2021). The model was also validated using soil moisture
and soil nitrate data from the field experiment. Three statistical indices were used to
assess model results in the context of variability and uncertainty in observed values: the
modified Nash Sutcliffe Efficiency (NSEwm; Harmel et al., 2010; Harmel and Smith, 2007),
modified Root Mean Squared Error (RMSEw), and percent bias (PBIAS). Statistical
analysis was conducted using FITEVAL (Ritter and Mufioz-Carpena, 2013), and
evaluation criteria suggested by Moriasi et al. (1995; 1983) were used to describe

model performance.
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Watershed -Scale Model

Rath (2021) developed a watershed-scale SWAT model for the Sante Fe River
Basin, a tributary of the SRB, and used the model to assess the impacts of land use and
land management practices on streamflow and stream nitrate in the Santa Fe River.
Rath (2021) used the USGS National Elevation Dataset DEM, USDA Soil Survey
Geographic Database (SSURGO) soils data, National Agricultural Statistics Service
(USDA NASS) 2017 Cropland Data Layer land cover data, North American Land Data
Assimilation System (NLDAS) weather data, and crop and forest growth parameters
from previous experimental and modeling research studies to develop the model. The
model was calibrated and validated using available streamflow and stream nitrate
measurements in the Santa Fe River, as well as USGS SEEBop actual
evapotranspiration estimates from remote sensing measurements (Senay et al., 2013).
In this study, this previously calibrated Santa Fe River Basin SWAT model was used to
assess nitrate leaching and groundwater recharge impacts of incorporating carrot into
the traditional corn-peanut rotation on all row crop land in the watershed (Figure 2-1).

Three corn-peanut and corn-carrot-peanut rotation Management Systems (MSs)
were developed to span the range of current cultivation practices in the region (Table 2-
2). MSs were co-developed in consultation with agricultural stakeholders and Extension
professionals through a participatory modeling process (Bartels and Furman, 2023).
Fixed planting dates, harvest dates and fertilizer application dates were adopted
through all 39 years of simulation period for ease of simulation. Ammonium nitrate
fertilizers were applied using a split application method, and the amount of fertilizer per

application and application dates used in the Zamora-Re et al. (2018) corn-peanut field
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experiment and the carrot field experiment reported here were adopted for the long-term
simulations.

Soil moisture sensor-based irrigation in MS 1 and MS 2 was simulated using the
auto-irrigation operation in SWAT based on plant water demand. Based on the SMS-
based irrigation treatments in the field experiment, the threshold plant demand used to
trigger carrot irrigation was estimated to be 0.60, and irrigation volumes of 10 mm per
application were used. Based on Rath et al. (2021), a threshold plant demand of 0.65
was used for both corn and peanut, and irrigation volumes per application were 12.70
mm for corn and 10.16 mm for peanut. Calendar-based irrigation schedule rules for
corn, carrot and peanut were developed in consultation with University of Florida
Extension Specialists.

The Santa Fe River Basin SWAT model was used to simulate corn-peanut and
corn-carrot-peanut rotations on all 2017 mapped row-crop land uses, using weather
data from 1980 to 2018. A three-year warmup period from 1977 to 1979 was utilized
incorporating weather data from the SWAT weather generator (Neitsch et al., 2011).
Each of the three management systems was simulated for each rotation and crop
yields, nitrate leaching, and net recharge to groundwater (percolation minus irrigation
water pumped) were compared. One-way ANOVA withpostth oc Tukeybés HSD t e:
a confidence interval of 95% was utilized for all comparisons.

Results and Discussion
Field Experiment Results

Cumulative precipitation during the 2018-2019 carrot cultivation period was 522.0

mm, and the depth of irrigation water applied was 248.9 mm, 170.2 mm, and 58.4 mm

in the calendar, SMS, and rainfed treatments, respectively (Figure 2-2). There was no
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interaction effect between irrigation treatments and fertilization treatments according to
the results of the Bonferroni post hoc test. Therefore, in Figure 2-3 irrigation treatments
were lumped, including all fertilization levels within each irrigation treatment, and
fertilizer treatments were lumped, including calendar- and SMS-based irrigation
treatments within each fertilization level (the rainfed treatment was excluded since it
only incorporated the Medium-N treatment). There was no significant difference in
harvested yield dry weight (hereafter referre
SMS treat ments based Figune 2-Ba).lSEIS-hased iHigatbon t e st (
scheduling thus used 32% less water than calendar scheduling with no statistical
difference in final yield. The Low-N treatment had significantly lower average yields
(6,488 kg ha) than the Medium- and High-N treatments (8,348 and 8,359 kg ha?,
respectively, Figure 2-3b) which were found to be statistically similar. Average yields by
N fertilization treatment showed less than 5% difference compared to the empirical
equation for carrot yield response to N application developed in Hochmuth et al. (2021).
These results indicate that the lowest experimental nitrogen fertilization rate (112
kg N hat) was not sufficient to produce optimal carrot yield at the study site, but that
application of nitrogen fertilizer beyond the medium fertilization rate (224 kg N ha™?) did
not lead to a statistically significant increase in yield under the conditions tested. These
results are consistent with carrot experiments previously conducted in the region, which
reported total nitrate uptake of 213.6 kg N ha* (Hamilton and Bernier, 1975) and
optimal N fertilizer application rate of 206 kg N ha! (Hochmuth et al., 2021). It should be
noted that optimal N fertilizer application rates vary depending on soil mineral N content,

soil characteristics, and the occurrence of large rainfall events that may leach N from
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the soil. The study site described here is composed of sandy soil prone to nitrate
leaching, thus N applications exceeding the potential N uptake over time may be lost to
groundwater causing environmental harm (Zamora-Re et al., 2020; Gholamhoseini et
al., 2013).

Field -Scale Model Calibration and Validation Results

Calibration

The most sensitive carrot crop growth parameters in SWAT were biomass-
energy ratio (BIO_E), maximum potential leaf area index (BLAI), two parameters related
to the optimal leaf area development curve (LAIMX2 and FRGRW?2), and the base
temperature for plant growth (T_BASE) (Table 2-3). Nitrogen uptake (calculated as the
product of sample weight and tissue nitrogen content) and biomass were both predicted
well, with NSEv>0.95 in all treatments (Table 2-4, Figure 2-4). While the model slightly
underpredicts the final observed mean biomass and nitrate uptake in the calendar-
based irrigation treatment, and slightly overpredicts final observed mean biomass in the
rainfed treatment, simulated values fell within the range of observed data. Using
calibrated crop parameters, the model predicted carrot yield with R? = 0.80, RMSEwm =
597.0 kg hat, and PBIAS = -1% across treatments (Figure 2-5), indicating good
performance, although as with total biomass, yields for the rainfed treatment were
slightly overpredicted.

Like the field experiment, the model predicted substantially lower yields for the
Low-N treatment than the Medium- or High-N treatments, which were very similar, and
comparable yields between the calendar and SMS irrigation treatments. Based on the
yield data illustrated in Figure 2-5, it is apparent that carrot yield for the calendar-based

irrigation 1 High-N treatment exhibited slightly (but not statistically significantly) higher
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yield compared to the SMS-based irrigation i High-N treatment, and higher yield than
reported by other researchers conducting similar N rate experiments for carrots in the
region (Hochmuth et al., 2021; Westerveld et al., 2006). This unexpected result could be
the result of local-scale variation in soil characteristics across the experimental field that
led to the calendar-based irrigation High-N treatment producing higher yields in some
experimental plots but was not reproduced by the best-fit calibrated SWAT carrot
parameters which assumed the same soil across the experimental field. Also, as six out
of seven treatments were irrigated treatments, the calibration may have insufficiently
accounted for water stress, leading to an overprediction of biomass in the rainfed
treatment.

Validation

To validate the calibrated carrot parameters, the calibrated model was used to
simulate yields from the Hochmuth et al. (2021) field experiment (Figure 2-6). The
NSEwm, RMSEwm and PBIAS values for the two-year average yield predictions were 0.99,
44.63 and -4.3%, respectively, indicating good model performance. Of note, neither the
field experiment nor simulations showed a significant increase in yield at fertilizer
application rates above 168 kg N ha™.

Next, the calibrated model was compared to soil moisture and soil nitrogen
concentration data from the field experiment presented here. Simulated soil moisture
time series showed the same overall temporal trends as observed values, however,
model performance varied widely by treatment (Table 2-5, Figure A-1). The Calendar-
Low, Calendar-High, and Rainfed-Medium treatments simulations all showed large,
negative bias during the early portion of the season (Figure A-1), however the remaining

treatments (Calendar-Medium and all SMS treatments) had daily NSEwm values ranging
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from 0.42 (acceptable) to 0.87 (very good). Similar to results shown by Rath et al.
(2021) for a corn-peanut rotation at the same site, SWAT was unable to capture large
peaks in soil moisture (e.g., March 2019), likely due to limitations of the simplified
infiltration simulation processes in SWAT (Rajib et al., 2016; Yang et al., 2017; Zhang et
al., 2017).

Model simulations of soil nitrate concentration were good, with NSEw ranging
from 0.08 to 0.96 (Table 2-5), however the model underpredicted soil nitrate for the low-
N treatment during the mid- to late-season (Figure A-2). The rainfed treatment showed
higher simulated soil nitrate concentration than other irrigated treatments in the latter
part of the carrot growing period, presumably due to less percolation leading to less
nitrate leaching during the cropping season.

Watershed -Scale Scenarios
Yield

Differences in simulated carrot yields among management systems were small
(~6%), but statistically significant (Table 2-6, Figure A-3), with highest yields for MS 3
(calendar irrigation, 336 kg N hat), followed by MS 2 (SMS irrigation, 280 kg N hat),
and MS 1 (SMS irrigation, 247 kg N ha™t). This result differs from the carrot field
experiment, which found no significant yield difference between treatments that used
224 and 336 kg N hal. However, it should be noted that watershed-scale simulation
results represent the means of 19 carrot seasons across 1,066 row crop HRUS, yielding
more than 20,000 replicates, substantially more than the 4 experimental replicates in
the field study. As such, it is likely that the large number of replicates in the watershed-

scale simulation caused small differences in carrot yield across management systems

to be statistically significant wusing Tukey©os
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Tukeydos HSD test for differences in yiel
HRU in the watershed, using each of the 19 carrot rotations as replicates. From this
analysis, 986 HRUs (92.5%) showed no statistical difference in carrot yield among MS,
while 80 HRUs (7.5%) showed small but significant differences.

Corn yields showed no significant differences between rotations (Table 2-6).
However, as with carrot, there were small (~6%) but statistically significant corn yield
differences between management systems, with the yield highest for MS 3 and lowest
for MS 1. This result differs from the Zamora-Re et al. (2020) field experiment and the
Rath et al. (2021) long-term simulation of that field experiment, which found no
significant differences in corn yield across management systems over the range of N
application rates and irrigation management practices analyzed here. Again, the
statistical differences found in our watershed-scale simulations are likely mainly due to
the large number of replicates and more variation in soil type. Peanut yields showed
very small (~2%), but statistically significant differences between rotations. For the corn-
peanut rotation, there were small but statistically significant peanut yield differences
between all management systems, while peanut yields in the corn-carrot-peanut rotation
were only found to be statistically significantly different (higher) for MS 3.

Irrigation, net recharge , and nitrate leaching

Among the three crops, corn required more irrigation than carrot or peanut (Table
2-7, Figure A-4). Soil moisture sensor-based irrigation (MS 1 and MS 2) used
statistically significantly less irrigation water than the calendar-based method for all
crops (40% less for corn and carrot and 60% less for peanut). Adding carrots increased
the amount of irrigation applied by 32% for MS 1 and MS 2 and 43% for MS 3,

compared to the conventional corn-peanut rotation.
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Tukeyodos HSD test results showed that
significantly different between all management systems and cropping systems except
corn-carrot-peanut MS 1 and MS2. For the corn-peanut rotation, net recharge was
approximately 14% lower for MS 3 (calendar-based irrigation) compared to MS 1 (SMS-
based irrigation), while for the corn-carrot-peanut rotation, this difference was about
33% (Table 2-8, Figure A-5). Due to increased total irrigation pumping, net recharge
was also significantly lower for corn-carrot-peanut rotation compared to the corn-peanut
rotation (9%, 11%, and 28% lower for MS 1, MS 2, and MS 3, respectively). Excess
irrigation applied on the sandy soils where crops are grown in the study region directly
recharges the unconfined FA. Nevertheless, due to evaporation and irrigation system
losses, MS 3 had lower groundwater net recharge relative to MS 1 or MS 2.

Tukeyds HSD test results showed that
significantly different between all management systems and cropping systems (Table 2-
8, Figure A-5). For the corn-peanut rotation, annual nitrate leaching was about 156%
higher for MS 3 which used higher fertilization rates and calendar irrigation compared to
MS 1 which used lower fertilization rates and SMS irrigation. For the corn-carrot-peanut
rotation annual nitrate leaching was about 103% higher for MS 3 compared to MS 1.
Annual nitrate leaching from the corn-carrot-peanut rotation increased substantially
compared to the corn-peanut rotation for all management systems (MS 1 100%, MS 2
70%, MS 3 58%).

Although the corn-carrot-peanut rotation produces less net recharge and more
nitrogen leaching than the corn-peanut within a particular management system, results

show that the low input management system (MS 1) for corn-carrot-peanut produces
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more net recharge and less nitrate leaching than the high input management system
(MS 3) for corn-peanut. This implies that if growers move from conventional practices to
best management practices when adding carrots to their corn-peanut rotations, they
have the potential to increase their incomes while also reducing environmental impacts.

Conclusions

As carrot cultivation is gaining popularity in North Florida, assessing crop
production and its environmental impacts on the UFA is important to stakeholders in the
region. In this work the impacts of alternative water and nutrient practices on carrot
yield, nitrate leaching, and groundwater recharge were quantified using field
experiments, a field-scale SWAT model calibrated to the experimental data, and a
watershed-scale SWAT model.

The field experiment demonstrated that soil moisture sensor-based irrigation
reduced irrigation demand by 32% over conventional calendar-based irrigation with no
significant difference in carrot yield. Moreover, it revealed that low N fertilization (112 kg
N ha?) resulted in significantly lower carrot yields, but there were no statistical
differences between yields for medium (224 kg N ha!) and high (336 kg N ha')
fertilization rates. Long-term watershed-scale SWAT simulations across the Santa Fe
River Basin overlying the UFA estimated that integrating winter carrot crops into the
conventional corn-peanut rotation on all row crop land in the watershed would increase
irrigation demand (32-43%), decrease net groundwater recharge (9-28%), and increase
nitrate leaching (60-100%) across low-, medium- and high-input management systems.
Thus, although beneficial to grower spganutevenue
rotation will make achieving environmental regulations in the region more difficult.

Nevertheless, this study showed that if growers who have been using conventional
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management practices for corn-peanut cultivation adopt soil moisture sensor irrigation
and reduced N fertilization when adding carrot to their rotation, they can increase their
revenue while increasing net groundwater recharge and reducing nitrate leaching.

Key findings of this study underscore the effectiveness of soil moisture sensors
for reducing carrot irrigation, the validity of the UF/IFAS recommendation of 224 kg N
ha! for carrots grown in the region, and the economic-environmental trade-offs
associated with adding carrots to the corn-peanut rotation in the SRB overlying the UFA
in North Florida. These insights offer valuable guidance for crop growers and
environmental regulators seeking to promote both a robust regional agricultural

economy and environmental protection of the UFA.
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Table 2-1. Fertilizer application dates and amounts

, - 4 Potassium
Sate Nitrogen fertilizer (kg N ha™*) fertilizer (kg
K20 ha'l; all

Low Medium High treatments)
Preplant
(11/07/18) 28 28 28 70
12/11/18 10.5 24.5 38.5 0
12/22/18 10.5 24.5 38.5 0
01/07/19 10.5 24.5 38.5 70
01/17/19 10.5 24.5 38.5 0
01/30/19 10.5 24.5 38.5 70
02/14/19 10.5 24.5 38.5 0
03/04/19 10.5 24.5 38.5 70
03/20/19 10.5 24.5 38.5 0
Total 112 224 336 280

Table 2-2. Corn-carrot-peanut management systems for watershed scale model

Management System

(MS)

Water management

Nitrogen
management

Cover crop

MS 1 (low input with
fall/winter cover

crop)

MS 2 (medium input
with winter cover

crop)

MS 3 (high input with

no cover crop)

SMS-based
irrigation with 85%
irrigation efficiency

SMS-based
irrigation with 80%
irrigation efficiency

Calendar based
irrigation with 70%
irrigation efficiency

247 kg N ha for
corn
224 kg N ha for
carrot
0 kg N ha't for
peanut
291 kg N ha for
corn
280 kg N ha for
carrot
7 kg N ha't for
peanut
336 kg N ha for
corn
336 kg N ha! for
carrot
13 kg N ha* for
peanut

Rye planted in
October after
peanut is
harvested

Oats planted in
December after
peanut is
harvested

No cover crop

SMS: soil moisture sensor
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Table 2-3. Calibrated carrot parameters in the SWAT model

Default Calibrated

Parameters Description
value value

p-value t-stat

Plant uptake
EPCO compensation 1.00 0.21 0.23 -1.20
factor
Harvest index
for optimal
growing
conditions
The amount of
dry biomass
produced per
BIO_E* unit intercepted  30.00 33.66 0.00 5.90

solar radiation

((kg haY)/(MJ m-

)

Maximum
BLAI* potential leaf 3.50 3.31 0.02 2.30

area index

Fraction of the

maximum leaf

area index

corresponding
LAIMX1 to the 1st point  0.15 0.12 0.49 -0.69

on the optimal

leaf area

development

curve

Fraction of the

maximum leaf

area index

corresponding
LAIMX2* to the 2nd point  0.50 0.57 0.00 -66.66

on the optimal

leaf area

development

curve

HVSTI 1.12 0.96 0.21 -1.25

*The parameters that are sensitive based on t-stats and p-values

If absolute value of t-stat of a parameter is larger than standard error, the parameter is
sensitive. If the p-value is lower than 0.05, it was assumed that null hypothesis that
the coefficient has no effect can be rejected.
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Table 2-3. Continued

Default Calibrated

Parameters Description
value value

p-value t-stat

Fraction of the
plant growing
season or
fraction of total
potential heat
FRGRw1  umits . 0.01 0.01 0.95 0.06
corresponding
to the 1st point
on the optimal
leaf area
development
curve
Fraction of the
plant growing
season or
fraction of total
potential heat
FRGRw2+  UMs . 0.95 0.82 0.03 -2.12
corresponding
to the 2nd point
on the optimal
leaf area
development
curve
Optimal
T _OPT temperature for  24.00 25.47 0.70 0.39
plant growth (3 )
Base
T _BASE* temperature for  7.00 6.36 0.00 -4.05
plant growth(3 )

*The parameters that are sensitive based on t-stats and p-values

If absolute value of t-stat of a parameter is larger than standard error, the parameter is
sensitive. If the p-value is lower than 0.05, it was assumed that null hypothesis that
the coefficient has no effect can be rejected.
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Table 2-3. Continued

Default Calibrated

Parameters Description
value value

p-value t-stat

Normal fraction

of nitrogen in
PLTNFR(1) plant biomass at 0.0550 0.0506 0.62 0.49
emergence (kg
N kgbiomass™)
Normal fraction
of nitrogen in
plant biomass at
50% maturity
(kg N
kgbiomass™)
Normal fraction
of nitrogen in
PLTNFR(3) plant biomass at 0.0012 0.0174 0.80 0.26

maturity (kg N

kgbiomass™)

PLTNFR(2) 0.0075 0.0238 0.55 0.60

*The parameters that are sensitive based on t-stats and p-values

If absolute value of t-stat of a parameter is larger than standard error, the parameter is
sensitive. If the p-value is lower than 0.05, it was assumed that null hypothesis that
the coefficient has no effect can be rejected.

Table 2-4. Statistical indices from calibrated carrot parameters

RMSEwm PBIAS

Items Treatments NSEwm (kg hal) (%)
Calendari 098  731.06  -10.5
Medium

Biomass SMS1i 100  94.60 3.4
Medium
Rainfed i 095  552.66  17.2
Medium

RMSEw  PBIAS

Items Treatments NSEwm (kg N hal) (%)
Calendari 097  11.15 55
Medium

. SMS i

Nitrogen uptake Medium 0.99 5.89 1.2
Rainfed i 0.93 11.11 17.2
Medium

SMS: soil moisture sensor
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Table 2-5. Performance measures for soil moisture and soil nitrate by treatment

ltems Treatments  NSEw RMSEw  PBIAS

(mm) (%)

Calendari ;g5 518 27.8

Low

Calendar i

valenac 0.77 5.96 8.6

ﬁ%‘ﬁ”dar ' 028 1439 -16.1
Soil moisture (mm) SMSi Low  0.42 8.42 7.4

SMS1

VST 0.87 4.44 11.8

SMS7 High  0.63 7.34 5.9

Rainfed i 0.29 14.26 17.9

Medium

Calendari g 9.68 59.7

Low

Calendar i

valende 0.96 5.82 27

ﬁ%ﬁ”dar b 0.80 15.37 32.8
Soil nitrate (kg N ha'?) SMSi Low  0.08 13.20 -65.9

SMS i

SMST 0.95 4.84 56

SMST High 0.93 10.93 33.7

Rainfed 1

nanted 0.94 3.28 38.1

SMS: soil moisture sensor

Table 2-6. Simulated average dry weight of crop yields

Yield (ton ha't)

Crops Rotation

MS 1 MS 2 MS 3
Corn Corn-Peanut 12.48c 12.94b 13.25a
Corn-Carrot-Peanut 12.47c 12.92b 13.24a
Carrot Corn-Carrot-Peanut  9.34c 9.41b 9.95a
Peanut Corn-Peanut 7.64c 7.66b 7.85a
Corn-Carrot-Peanut  7.66b 7.66b 7.85a

Different letters indicate significant differences at a p-value of 0.05; Statistical analysis
was conducted within each crop group.
MS: management system
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Table 2-7. The amount of water applied for irrigation by crops and management

systems
Irrigation (mm)
Crops MS 1 MS 21 MS 3
Corn 184.9b 186.3b 307.4a
Carrot 85.0b 85.2b 140.4a
Peanut 88.3b 88.3b 190.8a

Due to the difference in irrigation efficiency MS 2 irrigation is ~1% higher than MS 1
Different letters indicate significant differences at a p-value of 0.05; Statistical analysis
was conducted within each crop group.

MS: management system

Table 2-8. Estimated annual groundwater net recharge and nitrate leaching by rotations
and management systems

Items Rotations MS 1 MS 2 MS 3
Groundwater ~ O Carroti 406.4c 408.4c 274.0e
netrecharge ~ Peanut
(mm year?) Corn1 Peanut 445.2b 459.4a 381.7d
Nltratg Corn1 Carroti 8.8 47.7b 5843
leaching Peanut

-1
(kg Nlha Corn1 Peanut 14.4f 28.1e 36.9¢
year™)

Different letters indicate significant differences at a p-value of 0.05.
MS: management system
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CHAPTER 3
THE FUTURE OF WATER AVAILABILITY AND WATER QUALITY IN THE SANTA FE
RIVER BASIN, FL: IMPACTS OF CLIMATE AND LAND USE

Background

Climate change and human activities are increasingly impacting water resources
both locally and globally (IPCC, 2022; Milly et al., 2005; V°r° smarty et al., 2000).
Population increases, agricultural intensification, and urbanization have increased water
demand, resulting in more intense pressure on surface water and groundwater systems
(Gleeson et al., 2012; Konikow and Kendy, 2005). Climate change amplifies these
pressures by increasing temperatures and changing precipitation patterns and the
intensity of extreme events (Allan et al., 2014; Donat et al., 2016; Huntington, 2006;
Trenberth, 2011). For these reasons, understanding the interactions between land use
and climate change and resulting hydrological response is important for developing
sustainable future water policy and management.

Changes in land use and land management can significantly affect
evapotranspiration, surface runoff, and groundwater percolation, ultimately affecting
water availability, water quality, and aquatic ecosystems. For example, Owuor et al.
(2016) showed that groundwater recharge is higher in agricultural areas compared to
forests in semi-arid environments. Pan et al. (2011) estimated groundwater recharge
rates using a water balance model and GIS in Guishui River Basin, China, and found
that recharge rates were lowest in forests and highest in cropland in this cold semi-arid
climate. Chaves et al. (2011) analyzed decreased baseflow over 40 years in the
Pipiripau watershed in Brazil due to intensified agriculture and grazing. Tweed et al.

(2018) measured changes in groundwater flow paths and residence times due to
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irrigation in the Loire River Basin, central France, which has a temperate maritime
climate; significant changes were observed in flow paths from groundwater pumping in
the temperate humid region. Urbanization also has substantial impacts on water
availability. Several studies analyzed the relationship between urbanization and
groundwater using remote sensing and GIS, and revealed a strong correlation between
rapid urbanization, which resulted in increased impervious surface area and water
withdrawals, and decreased groundwater levels and recharge (Elmahdy and Mohamed,
2016; Patra et al., 2018; Jat et al., 2009). Overall, land use and land use change impact
groundwater and streamflow in watersheds, making their analysis critical for the
development of sustainable water management policies.

In addition to changing land uses, considering changing climate is essential for
understanding future water management and policy interventions (Earman and
Dettinger, 2011; Holman, 2006; Klgve et al., 2014). Many studies have analyzed the
relationship between climate change and water availability globally and regionally
(Scanlon et al., 2023; Scibek and Allen, 2006; Jyrkama and Sykes, 2007; Eckhardt and
Ulbrich, 2003; Anurag and Ng, 2022; Wu et al., 2020). Results of these studies show
that hydrologic responses to climate vary by region and watershed characteristics and
that the effects are often substantial (Hay et al., 2011; Naz et al., 2016; Sellami et al.,
2016). Therefore, regional research to investigate the local responses to climate and
land use change is required to establish and improve water resource management
strategies at the local level.

An important region where changing climate and land use are altering water

availability and quality is the southeastern US (Bawa and Dwivedi, 2019; Haque, 2023).

61



The Floridan aquifer, which underlies all or part of eight southeastern states, plays a
crucial role in maintaining the region6s urba
Floridan aquifer is one of the most productive sources of groundwater in the world
(Miller, 1990), providing drinking water for approximately 10 million people and
supporting an agricultural industry valued at approximately $7.5 billion within the region
(Marella, 2020; Martin, 2017). In Florida, this large aquifer system supports the highest
density of first-magnitude springs in the world (Scott et al., 2002), 21 of which are
located in the Suwannee River watershed and its tributary, the Santa Fe River in north
central Florida. The economic contribution of these springs due to regional tourism and
recreation is significant (Borisova et al., 2024).

Critically, there has been a significant increase in the demand for groundwater
from the Floridan aquifer over the past few decades, with the total volume of
groundwater withdrawals rising more than fivefold between 1950 and 2015 (Marella,
2020). Rapid increase in groundwater withdrawal has resulted in significant reductions
in surface water flow and groundwater levels throughout Florida (Sutton et al., 2015). As
a result, the state of Florida has implemented water management policies, such as
minimum flows and levels (MFLSs) for rivers, estuaries, springs, lakes, wetlands, and
aquifers, to protect water resources and their associated ecosystems (FS 373.042/FAC
62-40.473; Munson et al. 2005).

Water quality in the Floridan aquifer has also substantially degraded, particularly
in terms of elevated nitrate concentrations. In response to water quality degradation of
springs and spring-fed rivers in Florida, the Florida Department of Environmental

Regulation (FDEP) developed a numeric nutrient criterion (NNC) of 0.35 mg/L of
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Nitrate-Nitrite nitrogen (NO3z-N) for groundwater emerging from spring vents (Chapter
62-302.530(47)(b), Florida Administrative Code). The 2020 Integrated Water Quality
Assessment for Florida (FDEP, 2020) indicated that over 75% of monitored spring vents
had NOs-N concentrations above the NNC. To achieve these criteria, the Florida
Legislature passed the Springs and Aquifer Protection Act in 2016, which mandated the
development of Basin Management Action Plans (BMAPS) for impaired Outstanding
Florida Springs. BMAPs are comprehensive restoration plans designed to reduce
pollution and restore the health of the ecosystem. These plans identify sources of
pollution and establish specific nutrient reduction strategies to achieve the required
nutrient reductions (FDEP, 2018a; FDEP, 2018b).

Previous research has analyzed the impacts of climate change and land use
change on the Floridan aquifer. For example, Bawa and Dwivedi (2019) analyzed the
impacts of different land uses on groundwater quality in the Upper Floridan Aquifer
(UFA) and found that groundwater nitrate concentrations beneath agricultural lands
were higher than beneath other land uses and emphasized the importance of
implementing agricultural best management practices (BMPs). Denizman (2018) and
Liao et al. (2019) also examined land use changes around karstic springs in Florida and
identified septic, wastewater treatment plants, and application of fertilizer to agriculture
and urban landscaping as major sources of nitrate and phosphorus in both surface
water and groundwater. Karki et al. (2023) found that climate change may result in
higher variability in streamflows and decreased groundwater levels in the Lower Flint

River Basin in Georgia.
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Although previous studies have identified climate and land use drivers of water
availability and nitrate concentrations in the Floridan aquifer, few have investigated
whether current regulatory criteria, such as MFLs and NNC, can be achieved under
alternative current and future land use and climate scenarios. This study aims to
quantify the impacts of climate and land use change on water availability and nitrate
loads in the Santa Fe River Basin in North Florida and to evaluate the feasibility of
achieving existing regulatory standards under current and future climate and land use
scenarios. The framework used in this study should be useful for state, national, and
international policymakers to develop water management policies and strategies to
ensure sustainable water resources. Specific results of this study should provide
valuable information for state regulators to establish effective BMAPs for Outstanding
FIl orida Springs and to permit regional water

NNCs and MFLs.

Materials and Methods

Study Region

The Santa Fe River Basin (SFRB) is a tributary basin of the Suwannee River
Basin in North Central Florida, USA (Figure 3-1a). The Santa Fe River is 121 km in
length, has a topographical watershed area of 3,574 km?, and ranges in elevation from
0 m to 78 meters above mean sea level (Figure 3-1c). The SFRB has varying
hydrogeomorphic characteristics in its upper and lower subbasins (Figure 3-1d). The
upper SFRB, which extends from Lake Santa Fe
from the underlying Floridan aquifer by the Hawthorn Formation, which consists of a

mixture of clay, quartz sand, carbonate, and phosphate. This results in confined
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Floridan aquifer conditions and surface-driven streamflow generation processes (Parker
et al., 1955; Scott et al., 2004). In the Lower SFRB, which extends from the River Rise
Preserve State Park to the watershed outlet at the Suwannee River, the Hawthorne
formation is largely absent, allowing direct recharge to and discharge from the
unconfined Upper Floridan Aquifer (Hunn and Slack, 1983). Thus, the lower Santa Fe
River has substantial surface-groundwater interactions and many first-magnitude
springssuchas | chetucknee Spring, Devil 6s Ear Spri
al., 2002).

The Upper SFRB is primarily composed of Pelham sand, which is characterized
as deep, poorly drained, and moderately permeable (predominantly USDA NRCS soil
group B; USDA-SCS, 1986). In contrast, the Lower SFRB consists of soils such as
Alpin, Arredondo, and Bonneau, which are deep, excessively to well-drained, with
moderate to rapid permeability (predominantly USDA NRCS soil group A). In the SFRB,
forest accounts for approximately 49% of the total land use, followed by wetlands at
17%, grasslands at 12%, pastures at 11%, row crop land at 4%, hay fields at 3%, and
urban areas at 2%. Row cropland is primarily concentrated in the western part of the
basin, while the eastern part is predominantly covered by forests and wetlands (Figure
3-1b). Based on data from the NOAA COOP Network Live Oak station located within
the SFRB, the average annual precipitation from 1991 to 2020 in the SFRB was 1,192
mm, with approximately 45% of the yearly rainfall occurring between June and

September. The average annual temperature is 21.2}C, with January being the coldest

month (13.2;C) and July the warmest month (28.2;C).
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SWAT-MODFLOW Model
Model description

SWAT is a widely used hydrologic model (Valencia et al., 2024; Zewde et al.,
2024; Zhao et al., 2024) that simulates the quality and quantity of surface water and
predicts the environmental impacts of land use, land management practices, and
climate change (Arnold et al., 1998; Arnold et al., 2012). However, SWAT treats
groundwater aquifers as homogeneous, completely mixed reservoirs and thus has
limitations in accurately simulating groundwater processes in heterogeneous karst
aquifers with large spatial variability in groundwater fluxes and surface-groundwater
interactions. | n aodidresponse anjts (FHRW%) mavesno éxplicitr o |
spatial location, so it is unable to capture local-scale variations in recharge. Importantly,
these simplifications in groundwater flow representation also preclude the simulation of
groundwater flow paths or residence times (Molina-Navarro et al., 2019). Previous
studies by Koch et al. (2013) and Wu and Johnston (2007) in a lowland watershed in
north-eastern Germany and South Branch Ontonagon River regions have shown that
SWAT does not predict streamflow or stream water quality well in groundwater-
dominated watersheds. SWAT-MODFLOW (Sophocleous and Perkins, 2000; Galbiati et
al., 2006; Kim et al., 2008; Guzman et al., 2015; Bailey et al., 2016), which couples the
surface water model SWAT with the groundwater model MODFLOW, was developed to
overcome these limitations.

MODFLOW is a physically based, three-dimensional finite-difference model
which is widely used to simulate groundwater flow (McDonald and Harbaugh, 1988).
Transient, constant-density, three-dimensional groundwater flow through porous media

is simulated in response to spatiotemporally variably recharge, boundary conditions,
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and pumping stressors. In SWAT-MODFLOW, SWAT simulates surface, soil zone, and
in-stream hydrologic processes, plant growth, and nutrient and sediment transport
processes, while MODFLOW simulates three-dimensional groundwater flow and
sources and sinks of groundwater (Bailey et al., 2017; Priya and Manjula, 2021). After
each timestep, SWAT transmits aquifer recharge, potential evapotranspiration not
satisfied by surface processes, and river stage to MODFLOW, which uses this
information to calculate hydraulic head and groundwater fluxes. Subsequently,
MODFLOW sends hydraulic head, groundwater fluxes, groundwater-surface water
exchange, and seepage data back to SWAT, which uses this data in the next timestep
calculation, repeating the process sequentially over the simulation period (Bailey et al.,
2016; Bailey et al., 2017; Wei et al., 2019).

Model development and input data

We developed a SWAT-MODFLOW model of the SFRB to understand the
relative influences of climate change and land use/land management change on the
water budget and nitrate loading in the SFRB and evaluate constraints associated with
achieving regulatory standards developed for 20th-century climate conditions under
current and future land use and climate scenarios. The model domain was defined as a
rectangular region encompassing the Santa Fe River surface watershed as well as its
larger groundwater contributing area. Input data, including a Digital Elevation Model
(DEM), soil map, land use/land cover map, and meteorological data, are required to
establish the SWAT model. The DEM was acquired from the United States Geological
Survey (USGS, 2017). The model was established based on pre-defined streams and
subbasins established based on the topography of the model domain (USGS, 2022).

The Natural Resources Conservation Service State Soil Geographic (NRCS STATSGO)
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soil map (USGS NRCS, 1995) and the Statewide Land Use Land Cover map from the
Florida Department of Environmental Protection (FDEP, 2012) were utilized as input
data to develop the model. The Public Land Survey System (PLSS) map (Bureau of
Land Management, 2017) was used to limit the size of the hydrologic response units
(HRUs), allowing for more flexibility in developing future land use scenarios. North
American Land Data Assimilation System (NLDAS; Mitchell et al., 2004) daily maximum
air temperature, daily minimum air temperature, daily precipitation, daily relative
humidity, daily solar radiation, and daily wind speed data from 1980 to 2018 were used
for historical period simulations.

The MODFLOW model was based on the North Florida-Southeast Georgia
version 1.0 (NFSEG v1.0) (Gordu et al., 2016), which was developed by St. Johns River
Water Management District (SJRWMD) and Suwannee River Water Management
District (SRWMD) to evaluate the effects of groundwater pumping on groundwater
levels, base flows of streams, and flows of springs. Details regarding SWAT-
MODLFOW model development and calibration for the SFRB are described in Reaver
et al. (2025).

Land Use Change and Future Climate Scenarios

In this study, five land use and land management scenarios were established to
explore the impacts of a wide range of possible future land use conditions on water and
nitrogen fluxes such as evapotranspiration, groundwater pumping, net groundwater
recharge (defined here as groundwater percolation minus groundwater pumping), river
flows and nitrate leaching load in the SFRB. The scenarios analyzed here are a
simplified subset of a suite of scenarios co-developed with regional stakeholders in the

Floridan Aquifer Collaborative Engagement for Sustainability (FACETS) project through
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a participatory modeling process (Bartels and Furman, 2023). The land use and land
management scenarios include:

1 Current condition (CC): 2017 land use with a range of water, nutrients, and other
production management practices developed with stakeholders to represent
current conditions.

1 Next-generation best management practices (BMP): All current condition row
crop agriculture adopts high-technology controlled release fertilizer and soil
moisture sensors.

1 Agricultural expansion (AE): All forested lands with suitable soils (hydrologic soil
group A) are converted to row crop cultivation using current production practices.

1 Unban expansion (UE): Florida 2070 trend projected population growth (Carr and
Zwick, 2016a; Carr and Zwick, 2016b) with low-density residential land use
utilizing domestic self-supply wells and septic tanks displacing non-irrigated
agricultural and forested lands

1 Pre-development (PD): All current condition agricultural lands, including row crop
land, hay field, pasture, and production forest, are converted to low-density

longleaf pine forest. All current condition pumping, septic tanks, and wastewater
effluent disposal are eliminated.

Details regarding the assumptions underlying the implementation of each land
use scenario are described in Reaver et al. (2025) and Kaplan et al. (in review, 2025).

In this study, climate data from 20 regional climate models forced by the RCP4.5
and RCP8.5 emission scenarios and downscaled using the Multivariate Adaptive
Constructed Analogs (MACA; Abatzoglou and Brown, 2012) technique were analyzed to
characterize the attributes of future climate. The MACA downscaling technique was
selected because it captures historical extreme precipitations in Florida better than
LOCA or the Coordinated Regional Downscaling Experiment (CORDEX; Giorgi et al.,
2009) dataset (Irizarry-Ortiz et al., 2022). The driest and wettest future climate

scenarios (based on the long-term annual average precipitation from 2070 to 2099)
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were selected from the RCP 4.5 and 8.5 scenarios and used to drive the SRFB SWAT -
MODFLOW model for each land use scenario.

Scenario Analysis

Annual and monthly precipitation and temperature for the historical observed
(1980-2018), historical NLDAS (1980-2018), retrospective climate predictions (1976-
2005), and future climate projection (2070-2099) periods were compared to determine
how well retrospective climate predictions reproduced historical data and to understand
the projected long term, seasonal and monthly changes between future and
retrospective climates. Tukey's post hoc test (Tukey, 1949) was used to compare mean
values among scenarios.

Annual and monthly evapotranspiration, pumping, net groundwater recharge, and
nitrate loads were analyzed across the study area for each land use scenario using
each retrospective and future climate scenario. Budyko coefficients were analyzed to
evaluate shifts from energy-limited to water-limited evapotranspiration for future
climates (Budyko, 1974). In addition, annual and monthly stream flow at the Santa Fe
River near Fort White gauging station (USGS station 02322500, Figure 3-1c) were
examined to understand projected changes in streamflow.

To establish MFLs for the Santa Fe River, the Suwannee River Water
Management District (SRWMD) estimated a Reference Timeframe Flow (RTF), which is
a baseline flow record intended to reflect unimpacted or minimally impacted historical
streamflow conditions (SRWMD, 2021a). The MFL established for the Santa Fe River at
Fort White specifies a maximum 8% reduction from the median RTF to protect the water
resource and its associated ecosystems. For this study, a Reference Timeframe Flow

(RTF) at the Fort White gauging station was calculated by eliminating all urban and
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agricultural pumping in the model domain and simulating streamflow using the
retrospective period data for each climate model under the current condition land use.
Median streamflow reductions were evaluated with respect to the SWAT-MODFLOW
simulated RTF to determine which scenarios achieved compliance with the MFLs.

According to the Santa Fe River BMAP (FDEP, 2025) the current nitrate loads
from the Devil s Ear springshed, | ocated upst
reduced by 73%; the current nitrate loads from the Hornsby springshed must be
reduced by 27%; the current nitrate loads from the Ichetucknee springshed must be
reduced by 49%; and the current nitrate loads from the entire SFRB must be reduced by
62% to meet the NNC. Nitrate loads across the entire SWAT-MODFLOW domain were
evaluated to determine which scenarios achieved the 62% reduction needed for
compliance with the NNC.

Results
Current and Future Climates

Long-term mean annual retrospective period precipitation (1976-2005) from the
20 RCMs did not show statistically significant differences compared to the historic
NLDAS (1980-2009) or observed (1980-2009) precipitation data (p > .05; Figure B-1).
For RCP 4.5, the long-term mean annual precipitation ranged from 1252 mm/year (bcc-
csml-1-m) to 1556 mm/year (MRI-CGCM3). For RCP 8.5, the maximum and minimum
mean precipitation were more extreme, ranging from 1025 mm/year (MIROC-ESM-
CHEM) to 1624 mm/year (CSIRO-Mk3-6-0). For both RCPs, the driest RCMs had lower
precipitation, and the wettest RCMs had higher precipitation, relative to the NLDAS
long-term annual average precipitation from 1980 to 2009 (1300 mm/year) and

observed precipitation during the same period (1304 mm/year) (Table 3-1). The greater
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variance in annual precipitation among RCMs for RCP 8.5 indicates that differences
among climate model projections are amplified under high greenhouse gas
concentration conditions. The climate models with the driest and wettest futures in the
RCP 4.5 and 8.5 scenarios were selected for scenario analysis.

Long-term mean monthly precipitation for the four selected climate scenarios did
not show statistically significant differences among the retrospective period, observed,
and NLDAS data (p > .05). Over this time period, more than 50% of the precipitation
was concentrated in the June to September wet season (Figure 3-2). May had the
lowest mean monthly precipitation (58 to 93 mm/month), while June had the highest
mean monthly precipitation (143 to 189 mm/month). The RCP 4.5 dry and wet scenarios
and the RCP 8.5 wet scenario followed a similar seasonal precipitation pattern, but the
RCP 8.5 dry scenario lacked a pronounced summer wet season. Differences in mean
monthly precipitation between future and retrospective precipitation were most
pronounced in the June to September wet season, and the magnitude of these changes
was greater for RCP 8.5 than RCP 4.5. Future wet season monthly precipitation showed
more year-to-year variation for wet futures than for dry futures.

For temperature, the long-term mean observed, NLDAS, and retrospective
average monthly temperature did not show statistically significant differences (p > .05)
(Figure 3-3), with temperatures ranging from a low mean average monthly temperature

of approximately 136C in winter to a high of approximately 286C in summer. For the
RCP 4.5 future scenarios, monthly temperatures increased between 0.7 and 2.7}C,

while RCP 8.5 future scenarios increased 2.8 to 6.9;C. In both emission scenarios,
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increases in temperature were generally higher for the dry scenarios than for the wet
scenarios and were more extreme in summer than winter.

SWAT-MODFLOW Outputs
Evapotranspiration

Mean annual ET was significantly lower for the pre-development low-density
longleaf pine land use compared to the current condition land use (p < .05) under both
RCP 4.5 futures and the RCP 8.5 wet future (Figure 3-4). The other land use change
scenarios (agricultural expansion, urban expansion, and next generation BMPs) did not
have significantly different ET compared to the current condition for any climate
scenario. There were also no statistical differences in mean annual ET among any of
the land use scenarios for the RCP 8.5 dry future.

For the RCP 4.5 and 8.5 future wet scenarios, mean annual ET was significantly
higher than the retrospective period for all land uses, with the highest increase for the
RCP 8.5 wet scenario. For the RCP4.5 future dry scenario, the predevelopment mean
annual ET was significantly higher than in the retrospective period, but there were no
statistical differences between retrospective and future mean annual ET for any of the
other land use scenarios. For the RCP 8.5 future dry scenario, mean annual ET was
significantly lower than in the retrospective period for all but the pre-development land
use scenario, signaling a shift from energy-limited to water-limited ET conditions for
these land uses.

Long-term mean monthly ET was not significantly different among retrospective
climate simulations (p > .05); however, NLDAS had significantly higher summer ET and
lower winter ET compared to the retrospective period simulations (Figure 3-5). In

addition to temperature and precipitation, humidity, wind speed, and solar radiation
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effect ET. Wind speed, in particular, showed distinctive differences between NLDAS
and the retrospective data. NLDAS showed higher wind speed than the retrospective
data during the summer months, and lower wind speed than the retrospective data in
the winter months. For the RCP 8.5 dry scenario, monthly ET from May to August was
significantly lower than all other scenarios, again signaling water-limited, rather than
energy-limited conditions. The Budyko diagram (Figure 3-6) further illustrates how water
limitation changes with different future climate scenarios (Budyko, 1974). In the RCP 8.5
dry future climate model, the aridity index (PET/P) increased substantially, from
approximately 1.0 in the retrospective period to greater than 2.0 in the future, while the
evaporative fraction (AET/P) increased moderately from approximately 0.6 to 1.0. This
reinforces that the hydrologic system in the SFRB shifted toward water-limited
conditions in the RCP 8.5 dry future. Other scenarios did not show notable changes
between future and retrospective periods, with both retrospective and future aridity
indices ranging from approximately 0.75 to 1.25, and evaporative fractions ranging from
approximately 0.5 to 0.8.

Groundwater use and recharge

Mean annual pumping (including municipal pumping, agricultural irrigation and
domestic self-supply) was higher under the agricultural expansion scenario and the
urban expansion scenario compared to current conditions under all future climate
scenarios (p < .05). However, the next-generation BMP scenario did not have
significantly different pumping compared to the current land use condition under any
climate scenario. Pumping under the pre-development scenario was zero for all climate

scenarios. For all other land uses, pumping was significantly higher than the
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retrospective period for dry future scenarios, but there were no significant differences for
wet futures. (Figure 3-7).

Long-term mean monthly pumping was highest in spring and summer and was
not significantly different among retrospective climate and NLDAS simulations (p > .05)
(Figure 3-8). Future pumping shows distinctive changes depending on climate scenario.
For dry future scenarios, pumping increased substantially from May to August, largely
due to increases in agricultural water use, while there were relatively small changes for
wet future scenarios.

For all climate scenarios, pre-development mean annual net groundwater
recharge was significantly higher compared to current land use conditions (p < .05).
Conversely, the agricultural expansion, urban expansion, and next-generation BMP
scenarios did not have statistically significant differences in recharge from the current
land use condition under any climate scenario. Differences in future climate had a large
impact on net groundwater recharge; both dry scenarios had significantly lower, and
both wet scenarios had significantly higher, net groundwater recharge relative to
retrospective conditions. The RCP 8.5 wet future yielded the highest long-term mean
net groundwater recharge across all land use scenarios, suggesting potentially
favorable conditions for groundwater levels and spring discharge, despite elevated ET.
In contrast, the RCP 8.5 dry future resulted in the lowest net groundwater recharge and
smaller differences among land use scenarios, underscoring the dominant influence of
reduced rainfall despite ET declines (Figure 3-9). Long-term mean monthly net
groundwater recharge was highest in the summer rainy season, and there were no

significant differences among retrospective climate and NLDAS simulations (p > .05)

75



(Figure 3-10). Monthly groundwater recharge in the RCP 8.5 wet scenario was generally
higher and more variable during the wet season and lower and less variable during the
dry season, while the RCP 8.5 dry scenario exhibited lower recharge and lower
variability throughout the year. The decrease in groundwater recharge in dry scenarios
was highest during summer, such that the seasonality of groundwater recharge was
substantially reduced for the RCP 8.5 dry scenario.

Nitrate loading

Land use scenarios had a more significant impact than climate scenarios on
nitrate loads in the Santa Fe River Basin (Figure 3-11). Nitrate load in the agricultural
expansion scenario was highest across all climate scenarios (p < .05), indicating
substantial nutrient leaching from row crop lands where nitrate fertilizer is applied. The
urban expansion scenario also had a significantly higher nitrate load than the current
scenario across climate scenarios, except for the RCP 8.5 dry scenario, due to
increased septic tanks and fertilized urban lawns. The next-generation BMP scenario
exhibited slightly lower nitrate loads compared to the current condition scenario;
however, only the RCP 4.5 wet scenario showed a statistically significant difference for
this land use. The pre-development scenario had significantly lower nitrate loads, and
there were significant differences from the current condition for all climate scenarios.
Among the future climate scenarios, the RCP 8.5 wet scenario exhibited the highest
nitrate loads, followed by the RCP 4.5 wet, RCP 4.5 dry, and RCP 8.5 dry scenarios.
This trend corresponds to the patterns in net groundwater recharge, as nitrate is highly
soluble and tends to percolate with water during infiltration processes. Significant
changes in nitrate load relative to the retrospective period were more frequent for the

RCP 8.5 than RCP 4.5 future climate.
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There were no significant differences in long-term mean monthly nitrate load
between the retrospective climate and NLDAS simulations (Figure 3-12). Following the
seasonal recharge pattern, mean monthly nitrate loads were highest in spring and late
summer, with the larger spring peak coinciding with row crop fertilizer application.
Notably, only the pre-development scenario was able to meet the NNC, achieving the
required 62% nitrate load for all retrospective climates, as well as the future RCP 4.5
wet, RCP 4.5 dry, and RCP 8.5 dry scenarios, but not for the future RCP 8.5 wet
scenario (Figure 3-11).

Streamflow

Mean annual stream flow at Ft. White showed a similar trend to net groundwater
recharge across land use scenarios. In wet future scenarios, the pre-development land
use had significantly higher streamflow compared to the current land use condition,
while there were no significant differences in dry future scenarios. Streamflow for the
remaining land use scenarios was not significantly different than the current condition
(Figure 3-13). While mean annual streamflow in the agricultural expansion scenario was
not significantly different than the current condition, it demonstrated a different seasonal
pattern, with a reduction relative to the current condition in April through July (during the
irrigation season) and an increase in other months (Figure 3-14).

Streamflow was more sensitive to climate scenarios than land use scenarios
(Figure 3-15). Consistent with the net groundwater recharge trend, wet future scenarios
had significantly higher mean annual streamflow in the future, and dry future scenarios
had significantly lower mean annual streamflows relative to the retrospective period.
Following precipitation patterns, streamflows were more extreme in the RCP 8.5

scenarios than RCP 4.5 scenarios. Mean monthly stream flow at Fort White also
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showed statistically significant changes by future climate scenario in all months except
RCP 4.5 February and RCP 8.5 September, with dry future scenarios showing less
seasonal variability than wet future scenarios. All land uses meet the MFL in the
retrospective, RCP 4.5 wet future, and RCP 8.5 wet future scenarios (Figure 3-13).
However, in the dry future scenarios, only the RCP 4.5 pre-development land use was
able to meet the MFL.

Discussion

This study assessed the impacts of land use and climate change on water
availability and nitrate load in the Santa Fe River Basin in northern Florida using the
SWAT-MODFLOW model. The analysis highlighted changes in water availability and
nitrate load under different land use and climate change scenarios. Climate change,
particularly under RCP 8.5 scenarios, showed dominant influences on water resources
availability. As expected, dry future scenarios reduced streamflow and groundwater
recharge, while wet future scenarios increased streamflow and groundwater recharge.
Land use change, such as the agricultural and urban expansion scenarios, increased
nitrate loads due to fertilizer and septic tank nitrate leaching. The pre-development low-
density longleaf pine scenario mitigated the negative impacts of dry future climates by
substantially reducing evapotranspiration. Furthermore, the pre-development low-
density longleaf pine scenario reduced nitrate loads substantially over other land use
scenarios. It is important to note that the agricultural expansion and pre-development
scenarios represent extreme fhookendocases. They are included primarily to frame the
range of possible hydrologic responses, rather than as realistic projections of future land

use in the SFRB.
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Projected Change s in Climate for the Santa Fe River Basin

Observed and NLDAS precipitation and temperature data showed strong
agreement with retrospective RCM data in the SFRB, which confirms the reliability of
the climate models for the retrospective period (Abatzoglou and Brown, 2012). Future
temperature projections were consistent across climate models and indicated increases
of 0.71 2.7°C under RCP 4.5 and 2.81 6.9°C under RCP 8.5. The increases in
temperature were generally more pronounced in the dry scenarios and during the
summer season (Collins et al., 2013; Konapala et al., 2020).

Future precipitation projections for the SFRB suggested a wide range of possible
patterns. Variability in annual precipitation was greater in RCP 8.5 than RCP 4.5
scenarios, indicating greater uncertainty and potential for more extreme hydrologic
conditions, such as drought and flood, under higher greenhouse gas emission
scenarios. This is consistent with studies by Kim and Villarini (2024), Xiong and Yang
(2024), and Pendergrass et al. (2015), who noted increasing hydrological extremes
under future climate change scenarios and showed that the magnitude of extreme
precipitation change depends on the cumulative temperature increase in most models.
Similar to results by Collins et al. (2013), seasonality in SFRB precipitation was
weakened in the RCP 8.5 dry scenario, and differences between future and historical
precipitation were most pronounced in the summer wet season.

Drivers of Change in Water Availability

Climate scenarios were found to be the main driver of evapotranspiration (ET)
change in the SFRB, with land use scenarios having a smaller, but nevertheless
important, impact. ET is significantly influenced by temperature changes, with higher

temperature conditions leading to increased soil evaporation and plant transpiration
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(Brouwer and Heibloem, 1986; Trenberth et al., 2014). For the dry future scenarios
analyzed in this study, increases in temperature were not accompanied by increases in
precipitation and resulted in reduced soil moisture, requiring more frequent and greater
volumes of agricultural and urban lawn irrigation. This is consistent with results found by
Huntington (2006), Seneviratne et al. (2010), Allen et al. (1998), and Chiew et al.
(1995).

Across all climate scenarios, mean annual ET was lowest under the pre-
development scenario due to low ET from low-density longleaf pine forest as reported in
other studies (Varner et al., 2005; Wear and Greis, 2012; Younger et al., 2023), and
highest under current conditions and next-generation BMP scenarios. For both future
wet scenarios, mean annual ET increased for all land use scenarios. Conversely, under
the RCP 8.5 dry scenario, mean annual ET decreased for all land use scenarios except
pre-development, indicating a shift from energy-limited to water-limited ET conditions
(SFWMD, 2009; Denissen et al., 2022; Mollel et al., 2023). Mean monthly ET in the
RCP 8.5 dry scenario was lower than all other scenarios from May through August,
further highlighting the potential for water-limited conditions during the summer. As the
IPCC reported (Stoker, 2014), the variability of ET in subtropical regions is amplified,
especially in RCP 8.5 projections. The shift from energy-limited to water-limited regimes
suggests a fundamental change in the controls on evapotranspiration, as soil moisture
becomes the dominant factor governing actual ET under water-limited conditions
(Denissen et al., 2022).

As a result of increased evapotranspiration and reduced precipitation,

groundwater pumping in the SFRB increased in the dry future scenarios, especially
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during the crop cultivation season from May through August (Mishra et al., 2024). As
expected, pumping decreased in the wet future scenarios as reported by other studies
(Caretta et al., 2022; Scanlon et al., 2012). The agricultural expansion land use scenario
resulted in a substantial increase in groundwater pumping compared to the current
condition scenario due to the conversion of forest to irrigated row crop land. Urban
expansion also increased pumping over the current condition scenario due to more
groundwater being extracted for domestic self-supply.

Climate was also found to be the dominant driver for changes in groundwater
recharge in the SFRB. Wet future scenarios with higher precipitation led to increased
net groundwater recharge, while dry future scenarios with lower precipitation, higher ET
and higher pumping led to a decrease in groundwater recharge, intensifying the risk of
groundwater depletion (Scanlon et al.; 2012 and Wu et al.; 2020). Nevertheless, land
use change, especially conversion to low-density pine forest, increased groundwater
recharge as a result of reduced ET compared to irrigated agriculture or high-density
production forest (Younger et al., 2023). This is consistent with the findings of
McLaughlin et al. (2013) and Acharya et al. (2022), who showed that forest
management practices such as thinning or shifting to lower-density pine forest
increased water yield and recharge as a result of reduced evapotranspiration.
Somewhat counter-intuitively, the agricultural expansion scenario yielded higher net
groundwater recharge than the current condition due to the conversion from production
forest, which has higher ET throughout the year compared to irrigated agricultural lands.
However, increased average groundwater recharge from agricultural land does not

always indicate more sustainable outcomes due to changes in the seasonal distribution
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of recharge, which can impact streamflows and aquatic ecosystems, and high nitrate
concentrations, which can degrade groundwater quality.

Mean annual streamflow at Ft. White was also more sensitive to climate
scenarios than land use changes, due to the cumulative impacts of precipitation,
evapotranspiration, groundwater pumping, and groundwater recharge. As expected, dry
future scenarios reduced streamflow and wet future scenarios increased streamflow,
with higher magnitude changes under RCP 8.5 than RCP 4.5. Land use scenarios,
however, affected seasonal patterns in streamflow. In particular the agricultural
expansion scenario, characterized by higher groundwater pumping for irrigation in crop
cultivation periods, resulted in flow reductions during the summer and fall seasons. In
contrast, the pre-development low-density longleaf pine scenario demonstrated
potential to buffer against climate extremes by reducing evapotranspiration and
increasing groundwater recharge, except for the most extreme dry future scenarios.
Thus, converting land use from high-ET land use/land cover such as irrigated
agricultural land to low-ET land use/land cover such as low-density longleaf pine forest
may be one of the most effective methods to restore decreasing streamflow (Younger et
al., 2023). Phung et al. (2019) also assessed the impacts of land use change on
hydrologic processes in an agricultural watershed and found that land use conversion
from agricultural land to forest mitigated streamflow reduction from climate change.

Currently in the SFRB, the streamflow at Fort White meets the MFL (SRWMD,
2021b); however, results indicated that achieving the MFL would be challenging in dry
futures. In the RCP 4.5 dry scenario, the MFL can be achieved only for the pre-

development scenario, as its enhanced groundwater recharge buffers other drivers of
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flow reduction. On the other hand, the MFL cannot be achieved for any land use
scenario in the RCP 8.5 dry scenario, in which streamflow was reduced more than 20%
even in the pre-development scenario. Thus, under dry future climates, MFL standards
may need to be updated to reflect changing climate conditions. These results highlight
the vulnerability of the SFRB to climate-driven hydrological changes and emphasize the
need for adaptive strategies such as prioritizing low-density reforestation in critical
recharge areas in the basin to minimize the negative impacts of dry futures.

Drivers of Change in Nitrate Load

Nitrate loads in the SFRB were primarily affected by land use, with climate
variability having a secondary influence. The agricultural expansion scenario led to
increased fertilizer application, resulting in more nitrate leaching, as reported in other
literature (Hallberg, 1989; Jha et al., 2010; Mehdi et al., 2015; Ullah and Faulkner,
2006). The urban expansion scenario also showed higher nitrate load than the current
condition scenario, due to the increase in septic tanks and fertilized lawns from
increased population (Dukes et al., 2020; Toor et al., 2017; Yifru et al., 2022). In
contrast, the next-generation BMP scenario and the pre-development scenario that
reduce or eliminate fertilizer use and septic tanks resulted in 16% and 72% lower nitrate
loads, respectively. Notably, only the pre-development scenario achieved the 62%
reduction in nitrate load required to achieve the NNC in the SFRB. These findings
demonstrate the importance of the conversion of agricultural land to natural forests to
substantially reduce nitrate load in the SFRB and underscore the difficulties of
preserving pre-development aquatic ecosystems under the current condition as well as

agricultural and urban expansion scenarios.
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In general, wet future scenarios resulted in higher nitrate load since soluble
nitrate percolates into groundwater and surface water systems with more precipitation,
while dry future scenarios resulted in lower nitrate load. In many studies, nitrate
leaching has been shown to have a positive correlation with precipitation and irrigation.
Wang et al. (2015) showed that nitrate leaching increases linearly with precipitation,
while Huang et al. (2017) found that nitrate leaching increases exponentially with
precipitation. Furthermore, Hess et al. (2020) found that intensified rainfall increased
nitrate leaching in tilled soil.

Management and Policy Implications

Results of this study highlight that current regulatory criteria, including Minimum
Flows and Levels (MFLs) and Numeric Nutrient Criteria (NNC), may be unachievable
under dry future scenarios for most land uses. Large-scale conversion to low-density
forests in critical recharge zones and adoption of climate-resilient best management
practices (BMPs), including precision irrigation and controlled-release fertilizers, will be
necessary to meet regulatory numeric nutrient criteria (Wyatt et al., 2015; Filoso et al.,
2017; Ma and Biswas, 2015). Implementing adaptive water management strategies and
best management practices (Allan et al., 2013; Iglesias and Garrote, 2015; Mehdi et al.,
2015) will be required to ensure resilience against the negative impacts of climate
change and land use changes on stream flow and groundwater in the SFRB. Many
states have begun incorporating future climate projections into the sustainability plans
for FEMA Hazard Mitigation Plans to address future risks and uncertainties associated
with climate change (Whitehead et al., 2023). This study indicates that it may also be
necessary to consider future climate conditions when establishing regulatory criteria for

water quantity and quality.
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Conclusion

This study demonstrated that climate change and land use change will have
impacts on water availability and water quality in the Santa Fe River Basin, with climate
being the dominant driver of water availability and land use being the dominant driver of
water quality. Model results revealed that current regulatory standards, such as
Minimum Flows and Levels (MFLs) for streamflow and Numeric Nutrient Criteria (NNC)
for nitrate, are unlikely to be met under dry future climates for most land use scenarios,
except for pre-development conditions, which highlights the importance of the
restoration of low-density longleaf pine forests for increasing groundwater recharge and
rivers flows and reducing nutrient loads in the SFRB. These findings highlight the
necessity of water management strategies that integrate future climate projections into
the establishment of regulatory standards. The approaches and results of this study
provide a framework not only for SFRB but also for other regions facing similar water

resource challenges.
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Table 3-1. Long-term mean annual precipitation for observed data, NLDAS reanalysis
product, and selected future climate scenarios. RCP: Representative
Concentration Pathways; NLDAS: North American Land Data Assimilation

System.

SCCI ienrw]g';ieo Data Source Time Period Annual Pretzirgirt:/t)i/%r;r()mean *+SD)

Observed F'O”ginctg';“ate 1980 - 2009 1304 + 286

Baseline NLDAS 1980 - 2009 1300 + 174
RCP45._Dry RCM: bcr;:{csml-l- 213772 '|'- 22%%3 ggg i ;71‘11
RCPA5_Wet ~ RCM: MRI-CGCM3 0702999 e
RCPBS DY "EQUICHEM 20701 2099 1025 + 254
RCPgs_Wet oM COIRO-MIG- 1978 - 2005 Loo4 + 256
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Figure 3-1. Santa Fe River Basin maps (a: Suwannee River, basin boundaries, and
subbasins; b: land use land cover map; c: Digital Elevation Model; d:
confinement map)
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Figure 3-2. Box and whisker plots of monthly precipitation for future climate scenarios
over 2070 to 2099. Long-term mean monthly average precipitation for
observed, NLDAS, and retrospective data are shown for comparison
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Figure 3-3. Box and whisker plots of monthly average temperature for future climate
scenarios over 2070 to 2099. Long-term mean monthly average temperature
for observed, NLDAS, and retrospective data are shown for comparison.
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Figure 3-4. Box and whisker plots of annual evapotranspiration (ET) for future climate
and land use scenario. Long-term mean annual ET for retrospective climate
shown for comparison. The letters H and L represent significantly higher and
lower ET compared to the retrospective, respectively.
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Figure 3-5. Box and whisker plots of monthly evapotranspiration for the current land use
for different future climate scenarios. Long-term mean monthly ET for NLDAS
and all retrospective climate predictions are shown for comparison.
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Figure 3-6. Budyko diagram illustrating the annual evaporative fraction (ET/P) versus
the aridity index (PET/P) for current land use under retrospective and
future climate scenarios. Each point represents an annual value.
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Figure 3-7. Box and whisker plots of annual pumping for agricultural irrigation, municipal
application, and domestic self-supply for future climate and land use
scenarios. Pumping for retrospective climate predictions shown for
comparison. The letters H and L represent significantly higher and lower
pumping compared to the retrospective period.
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Figure 3-8. Box and whisker plots of monthly pumping for irrigation, municipal
application, and domestic self-supply across the study area for the current
land use scenario and all future climate scenarios. Pumping for NLDAS and
all retrospective climate predictions shown for comparison.
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Figure 3-9. Box and whisker plots of annual net groundwater recharge for future climate
and land use scenarios, with retrospective climate predictions shown for
comparison. The letters H and L represent significantly higher and lower net
recharge compared to the retrospective period.
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Figure 3-10. Box and whisker plots of monthly net groundwater recharge for the current
land use scenario under all future climate scenarios, with NLDAS and
retrospective climate predictions shown for comparison.

92



25000 E3 Current condition E3 Pre development E3 Next generation BMP X Retrospective = Reduction goal
Agricultural expansion E2 Urban expansion
H | [ElE £ L : H H H
20000 i 1 I
= ! : '
] | h '
@ : h i
> 1 1 '
= 15000 i i .
c i i | :
® 10000 Q ! ; ; :
° - X i i :
2 > E i :
g = . ! :
£ 5000 ] . : : :
| = . ! :
= = = T =
0 : : ;

RCP45_Dry RCP45_Wet RCP85_Dry RCP85_Wet
Land use scenario

Figure 3-11. Annual nitrate load of future climate and land use scenarios. Shaded
scenarios indicate scenarios that do not meet the nitrate load reduction goal
(62% reduction from retrospective, current condition land use). The letters H
and L represent significantly higher and lower nitrate loads compared to the
retrospective period.
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Figure 3-12. Mean monthly nitrate load of future climate scenarios under the current
condition land use scenario, with NLDAS and all retrospective climate
predictions shown for comparison.
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Figure 3-13. Annual stream flow for each scenario, shown relative to the calculated
minimum flows and levels based on retrospective period values at Fort White.
Shaded scenarios do not meet the MFL. Streamflows for all retrospective
climate predictions are shown for comparison. The letters H and L represent
significantly higher and lower flows compared to the retrospective period.
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Figure 3-14. Monthly streamflows at Ft. White for all land use change scenarios under
the NLDAS climate.
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Figure 3-15. Monthly streamflows at Fort White for NLDAS, observed, and future
climate scenarios under the current condition land use scenario.
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CHAPTER 4
NITRATE DYNAMICS IN THE SANTA FE RIVER BASIN AND UPPER FLORIDAN
AQUIFER: IMPACTS OF LAND USE CHANGE ON WATER QUALITY

Background

Water quality has become a critical global problem and anthropogenic drivers
such as population growth, urbanization, and intensified agriculture have been
recognized as major causes of water quality degradation (Payus et al., 2020; Winter et
al., 1998; Khatri and Tyagi, 2014; Smith and Siciliano, 2015; Polat and Olgun, 2018;
McGrane, 2016). In particular, an increase in surface and groundwater nitrate
concentrations from human activities has been reported by many researchers.
Increased and intensified agriculture causes higher nutrient load from the application of
nitrogen fertilizer and livestock manure (Carpenter et al., 1998; Moss, 2008; Mateo-
Sagasta et al., 2018; Liu et al., 2024). For instance, Metaxoglou and Smith (2022) found
that a 10% increase in corn acreage caused a 0.6-1.8% increase in total nitrogen
concentration in surface water. Liu et al. (2021) synthesized data from corn fields in the
Midwest United States and found that N fertilizer rate had a strong positive correlation
with nitrate load and subsurface tile drainage flow-weighted nitrate concentration. Bawa
and Dwivedi (2019) investigated the correlation between land cover and groundwater
nitrate concentration in the Upper Floridan Aquifer and found that a high ratio of
agricultural land was associated with higher nitrate concentrations in groundwater.

The Floridan aquifer (FA), located in the southeastern United States, maintains
vital urban, agricultural, and aquatic ecosystems within the region. This karst aquifer
system, which has complex and unique hydrogeological characteristics, not only
generates 33 first-magnitude springs (FDEP, 2002) but is also one of the most

productive sources of groundwater in the world, providing 2,360 million gallons of water
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per day to supply drinking water for about 10 million people and supporting an
approximately $7.5 billion agricultural industry in the region (Miller, 1990; Marella, 2020;
Martin, 2017). However, the water quality in the FA has been degraded by
anthropogenic activities such as agricultural production and urbanization. FDEP (2018a;
2018b; 2025) estimated that up to 85% of nitrate in the Suwannee River which overlies
the FA and up to 78% of nitrate in one of its tributaries, the Santa Fe River, originates
from agricultural land. Denizman (2018) analyzed land use change and nitrate
contamination in unconfined and semi-confined zones of the FA using GIS and found
that increased septic systems from urban expansion and increased usage of fertilizers
for agriculture and landscaping contributed to increased nitrate load to the aquifer. The
series of studies conducted by Katz (1999), Katz et al. (2001), and Katz (2004)
identified agriculture and septic systems as major sources of nitrate pollution by
analyzing spring waters and showed that agricultural expansion has elevated
groundwater nitrate concentration over decades in the SRB and SFRB.

There have been various efforts to address increased nitrate concentration
problems in the FA. The Florida Department of Environmental Protection (FDEP)
established the Springs Initiative Monitoring Network to monitor the discharge and
quality of springs in 2001 (FDEP, 2010). In 2010, FDEP set a Numeric Nutrient Criteria
(NNC) of 0.35 mg NO3-N/L for springs throughout the state. Subsequently, Basin
Management Action Plans (BMAPSs) for the Suwannee River Basin and the Santa Fe
River Basin were established to identify nitrate sources and reduce nitrate loads in order
to achieve the NNC (FDEP, 2018a; FDEP, 2018b). To establish these BMAPs, a

springshed protection area was delineated for each spring using hydrogeologic data,
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topographic data, monitoring data, and groundwater potentiometric surface data
(SRWMD, 2004). FDEP employed the Nitrate Source Inventory Loading Tool (NSILT,;
Eller and Katz, 2017) to estimate nitrate source loads within the delineated springshed
protection areas. NSILT integrates land use, fertilizer application, density of septic
systems, and other nitrate source data to estimate nitrate loads. Source-specific
nitrogen attenuation rates are applied to nitrate loads from NSILT to calculate nitrate
loadings to groundwater. Based on the calculated nitrate loadings, BMAPs establish
nitrate load reduction goals to achieve the NNC. BMAPs strategies generally focus on
reducing nitrate inputs from agricultural fertilizers, septic systems, and wastewater
treatment effluent within the springsheds. Although they estimate source-specific
attenuation rates, BMAPs focus on reductions in nitrate sources rather than natural
nitrate removal through the denitrification process to achieve the NNC.

Nitrogen transport and transformations in hydrologic systems are governed by
complex biogeochemical processes. One of the major sources of uncertainty in
simulating nitrogen transport and transformation in groundwater is the identification of
denitrification processes occurring during subsurface transport. Zero-, first-, and
second-order denitrification models have been applied to simulate denitrification
processes, with the first-order decay model being the most widely used (Heinen, 2006).
However, denitrification processes can vary significantly depending on hydrogeological
conditions of the aquifer, such as nitrate availability, electron donor availability, pH,
temperature, dissolved oxygen, and preferential flow paths (Bekins et al., 1998; Reddy
et al.,, 1978; Rivas et al., 2025). These differences cause uncertainty in models used to

simulate denitrification. Furthermore, model parameters such as the denitrification rate

98



constant and explanatory variables such as groundwater residence time vary by region
and aquifer, which leads to further uncertainty in model selection, calibration, and
prediction. Uncertainty in subsurface denitrification processes can lead to more
conservative nitrate loading reduction goals in BMAPs. For example, if the denitrification
rate is overestimated, it is possible to fail to achieve the NNC even after successfully
meeting nitrate loading reduction goals. Therefore, accurate understanding of
subsurface denitrification processes is essential to establish effective nitrogen
management strategies.

In the FA, denitrification rates vary by environmental conditions. Heffernan et al.
(2010) used long-term chemical and hydrological data, longitudinal sampling, and
nitrate data from in situ sensors to investigate the patterns of nitrogen input and removal
at the Ichetucknee spring in the SFRB. The results of the study showed that the major
nitrogen removal mechanism in groundwater emerging from Ichetucknee spring is
denitrification. Henson et al. (2017) investigated nitrate reduction rates and mechanisms
in the FA using sampling data in two wells and found that denitrification was negligible
at the site with aerobic conditions, while up to 0.6 mg NO3-N/L/day denitrification was
observed in the site with anaerobic conditions. In a follow-up study to identify the
denitrification mechanisms in the FA, sampling from additional groundwater wells under
various hydrogeochemical conditions revealed that denitrification is spatially
heterogeneous and is concentrated in hotspots (Henson et al., 2019).

Ongoing nitrate contamination in the Floridan aquifer system, and the need to
plan and execute policies and programs to ameliorate the problem, emphasize the need

for advanced monitoring and modeling approaches to better understand the dynamics
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of nitrate fate and transport in the Floridan aquifer system and to develop and assess
nutrient management and remediation strategies. This study focuses on identifying the
kinetics of denitrification in the UFA using existing data and analyzing the impacts of
land use change on sources, fluxes, and travel times of nitrate in groundwater to
understand changes needed to achieve the NNC in the SFRB. The SFRB, with its
complex karst hydrogeology, highly groundwater-dependent socio-economic and
ecological environment, and substantial nitrate contamination from agriculture and
urbanization, provides a globally relevant system for understanding nitrogen dynamics.
Therefore, the results of this research should provide insights for nutrient management
strategies not only for the SFRB but also for other groundwater dominant regions facing
water quality challenges.

Materials and Methods
Santa Fe River Basin

The Santa Fe River Basin (SFRB), which is a major tributary of the Suwannee
River Basin in North-central Florida, is 121 km long and covers 3,574 km? in area with
elevations ranging from 0 to 78 meters above mean sea level (Figure 3-1). The SFRB
shows distinct hydrogeological characteristics between the Upper Santa Fe River Basin
(USFRB) and Lower Santa Fe River Basin (LSFRB). The USFRB, extending from Lake
Santa Fe to OO0 (Figured3-1)Sis avdrlan bl the Hawthorn Formation, a
low hydraulic conductivity layer which creates confined aquifer conditions and surface-
driven streamflow processes (Parker et al., 1955; Scott et al., 2004). On the other hand,
in the LSFRB, extending from River Rise Preserve State Park to the river outlet to the
Suwannee River (Figure 3-1), the confining layer is absent. The absence of the

confining layer and well-drained sandy solil results in direct recharge to and discharge
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from the unconfined Upper Floridan Aquifer (Hunn and Slack, 1983). These
hydrogeological features in the LSFRB allow active surface-subsurface water
interactions and create many first-magnitude springs such as Ichetucknee Spring,
Devil 6s Ear Spring, and Hornsby Spring (Scott
is predominantly forest (49%), followed by wetlands (17%), grasslands (12%), pastures
(11%), agricultural land (4%), hay fields (3%), and urban areas (2%). Agricultural activity
is concentrated in the western basin, while forests and wetlands dominate in the east.
Natural background nitrate concentrations in the UFA range from 0.05-0.1 mg
NOs-N/L (Katz, 1992; Maddox et al., 1992; Berndt and Crandall, 2009). Due to human
impacts, nitrate concentrations in the Santa Fe River and its springs have increased
dramatically over the past several decades. Of the six Outstanding Florida Springs
(OFS) in the SFRB, which include Columbia, Devil's Ear, Hornsby, Treehouse, Poe, and
the Ichetucknee Spring Group, all are impaired except for Poe Spring. Scott et al.
(2002) found that more than 40% of water samples from springs in Florida were over
0.5 mg NO3-N/L, and 24% of samples were over 1.0 mg NO3z-N/L.

Hydrological Models

To address interaction between surface water-groundwater and the sources,
transport, and transformation of nitrate, an integrated modeling framework was adopted
in this study. The framework integrates three widely used hydrologic modeling tools,
SWAT (Soil and Water Assessment Tool; Arnold et al., 1998) for calculating surface
water dynamics and nutrient cycling, MODFLOW (McDonald and Harbaugh, 1988) for
calculating groundwater flow, and MODPATH (Pollock, 1994) for calculating

contaminant transport in groundwater. The integrated SWAT-MODFLOW-MODPATH
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platform enables more accurate simulation of both surface and subsurface flow and
nutrient fate and transport in groundwater dominant regions like the SFRB.

SWAT-MODFLOW

SWAT is a hydrological model designed to simulate the quality and quantity of
surface water and predict the environmental impact of land use, land management
practices, and climate change (Arnold et al., 1998; Arnold et al., 2012). SWAT simulates
transport and transformation of water and nitrogen across land surface, soil, and river
systems, including various processes such as atmospheric deposition, fertilizer and
manure application, plant uptake, denitrification, leaching, and in-stream nutrient cycling
(Arnold et al., 2012). However, SWAT6 s si mpl i fi ed groundwater f | ¢
processes cannot accurately simulate observed groundwater flow and transport
processes in regions like the SFRB, where groundwater systems are complex. To
overcome this weakness, groundwater flow models such as MODFLOW have been
coupled with SWAT. MODFLOW is a physically based, three-dimensional finite-
difference model that is widely used for groundwater flow simulation (McDonald and
Harbaugh, 1988) that has been coupled with SWAT and used by many researchers
(Sophocleous and Perkins, 2000; Galbiati et al., 2006; Kim et al., 2008; Guzman et al.,
2015; Bailey et al., 2016). Water fluxes including groundwater recharge from the soil
zone and bidirectional surface-groundwater exchange in the stream are transferred
between SWAT and MODFLOW on a daily time step. However, SWAT-MODFLOW
does not simulate the transport and transformation of nitrate in groundwater. To address
this, MODPATH, the particle-tracking model developed by Pollock (1989) to be coupled

with MODFLOW, was integrated into the platform.
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MODPATH

MODPATH is a particle-tracking post-processing program that calculates flow
path lines in groundwater using output from MODFLOW (Pollock, 2016). The model
uses a semi-analytical particle tracking scheme, allowing users to obtain an analytical
expression of the flow path of particles within each finite-difference grid cell (Pollock,
1994). MODPATH tracks particles within a cell until they reach the cell boundary, an
internal sink or source, or satisfy other termination criteria. Tracking the directions and
velocity of particles enables users to delineate capture zones and source areas,
visualize flow paths, and calculate travel times for the particles moving through the
model domain (Pollock, 2016; Pollock, 1994; Chinnasamy and Hubbart, 2014).

Denitrification Models

Denitrification, the microbial reduction of nitrate (NO3) to nitrogen gases (N20,
N2), is an important nitrogen removal process in groundwater. To represent
denitrification processes, zero-, first-, and second-order models are commonly used.
Zero-order denitrification models assume a constant nitrate removal rate, independent
of nitrate concentration. This approach is most applicable under anaerobic, high nitrate
concentration, and abundant electron donor (e.g., organic carbon) conditions (Patrick,
1960; Doner et al., 1974; Smith et al., 2004; Leverenze et al., 2010). However, the rate
can be limited by various factors such as the electron donor availability, temperature, or
pH (Saleh-Lakha et al., 2009). Zero-order denitrification is simulated using the following
equation:

6 6 Qm® Equation 4-1

where § is the nitrate concentration at time ¢, 6 is the initial nitrate concentration, Q is

the zero-order denitrification rate constant, and 0is the elapsed time.
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First-order denitrification models assume that the nitrate removal rate is
proportional to the local nitrate concentration. This model is widely used for systems
with anaerobic, and moderate to low nitrate concentration conditions (Tesoriero and
Puckett, 2011). However, studies have also reported first-order kinetics governing cases
under high nitrate concentration conditions (Leverenze et al., 2010; De Filippis et al.,
2013). First-order denitrification is modeled as follows:

6 0 Equation 4-2
where Q is the first-order denitrification rate constant.

Second-order denitrification models assume the nitrate removal rate is a function
of nitrate concentration and carbon (electron donor) availability. This model is often
used under moderate or low nitrate concentrations with limited electron donor conditions

(Knowles, 1982) and is represented by:

&

5 Equation 4-3

where Q is the second-order denitrification rate constant which includes the effects of
electron donors.

Denitrification along groundwater flow paths can be simulated by post-processing
MODPATH outputs (Gusyev et al., 2014; Hanson et al., 2013). This is achieved by
applying convolution integrals which combine the travel time of particles derived from
MODPATH with nitrate source functions and denitrification reaction terms (de Rooij et
al., in preparation). For example, when the zero-order denitrification model is applied for

denitrification, the concentration is calculated as:

6 -B 65 0Ot Equation 4-4
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where 0 is the nitrate concentration, &€ is the number of particles, ¢ j is the initial nitrate
concentration of particle ‘Qand T is the travel time of particle “QThe convolution
approach allows for the simulation of nitrate attenuation due to denitrification as
groundwater travels through the subsurface.

Model Calibration

The SFRB SWAT-MODFLOW model parameters governing water fluxes were
calibrated by Reaver et al. (in preparation) and Reaver et al. (2025). In total, 54 free
parameters from SWAT-MODFLOW (runoff curve numbers, surface runoff time lag,
lateral flow time lag, overland flow Manning's roughness, depths to impervious layer,
groundwater recharge delays, stream Manning's roughness, river bottom conductance,
and river geometry scaling) were calibrated using observed USGS discharge data
(Stations 02322500, 02322700, 02322800, and 02321500), USGS operational
Simplified Surface Energy Balance (SSEBop) actual evapotranspiration, and Upper
Floridan Aquifer potentiometric surfaces from the Florida Department of Environmental
Protection. The most sensitive model parameters were depths to impervious layer,
groundwater recharge delays, surface runoff time lag, and lateral flow time lag. The
calibrated model predicted streamflow at Fort White with a Nash-Sutcliffe Efficiency
(NSE) of 0.68 during the calibration period and 0.45 during the validation period,
indicating satisfactory performance.

Nitrogen-related parameters in SWAT were not previously calibrated for the
SFRB SWAT-MODFLOW model. However, Rath (2021) calibrated a stand-alone SWAT
model for the SFRB, which revealed sensitive soil zone nitrogen-related parameters.

The four sensitive parameters identified by Rath (2021): the rate factor for humus
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mineralization of active organic nutrients (CMN), denitrification exponential rate
coefficient (CDN), denitrification threshold water content (SDNCO), and nitrogen
percolation coefficient (NPERCO), were calibrated for the SWAT-MODFLOW model
used in this study. Two literature-based constraints were employed to calibrate these
sensitive SWAT parameters. Environmental N losses from denitrification and nitrate
leaching from the soil zone beneath row crop lands were limited to 25-35% of total
nitrogen inputs (Desormeaux et al., 2019; Prasad et al., 2016; Rath, 2021), and the total
nitrate load leaching from the soil zone in the portion of the watershed where
contributing to Fort White was limited to 130-140% of the observed nitrate load at Fort
White (Heffernan et al., 2012; Henson et al., 2019; Rath, 2021). These constraints were
applied to SWAT-MODFLOW results generated using the model calibrated to hydrologic
data by Reaver et al (2025, in preparation) with 10,000 soil zone nitrate-related SWAT
parameter sets generated from independent uniform distributions within ranges
suggested by SWAT-CUP database (Figure 4-1).

Groundwater denitrification rate constants for zero-order denitrification kinetics
reported in the literature range from 0 to 1 (mg NOs-N/L) day! (Green et al., 2008;
Kruisdijk et al., 2022), while first-order rate constants fall between 0.0002 and 0.01 day*!
(Kruisdijk et al., 2022; Wild, 2020; Wolters et al., 2022), depending on aquifer
conditions. Second-order rate constants for groundwater have seldom been reported,
so for this study, the range was calculated using Equation 4-3 with estimated nitrate
half-lives of 0.1-100 years (Smith et al., 2015; Anderson et al., 2014), resulting in
second-order rate constants ranging from 0.00002-0.03 (mg NOs-N/L)* dayt. Within

these ranges, 100 denitrification rate constants were generated uniformly across

106



logarithmic scales and applied to MODPATH post-processing. For each denitrification
model steady-state nitrate concentrations were predicted in groundwater emerging in
the river reach containing the Fort White gaging station for both the current condition
and the pre-development land use scenarios. Predicted values for the current condition
land use were compared to long-term average observed nitrate concentration at Fort
White (~0.74 mg NOs-N/L) and predicted values for the pre-development land were
compared to background nitrate concentrations from unimpacted springs in the region
(0.075 mg NO3-N/L; Katz, 1992; Maddox et al., 1992; Berndt and Crandall, 2009),
respectively. The comparison of nitrate concentrations in groundwater emerging in the
Fort White river reach to observed river nitrate concentrations at Fort White is justifiable
since groundwater is the dominant source of stream flow and nitrate at this location
(Katz et al., 1997; Katz, 2004). The best fit groundwater denitrification parameter set

was chosen as the one that produced the minimum value of

AOOGATTAR®OIN T DOAAAOGAT T AO@T where the current error was
calculated as the difference between the simulated nitrate concentration and the
observed nitrate concentration (0.74 mg NOz-N/L) and the pre-development error was
calculated as the difference between the simulated nitrate concentration and the
average background nitrate concentration (0.075 mg NOs3-N/L).

Land Use Change Scenarios

Five land use scenarios established in previous research (Lee et al., in
preparation; Table 4-1) were simulated to explore the impacts of a wide range of
possible future land use conditions on nitrate sources, contributing area, travel times

and groundwater nitrate concentration emerging in the river reach corresponding to the
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Fort White gaging station in the SFRB. The scenarios are based on the land use
scenarios co-developed with regional stakeholders in the Floridan Aquifer Collaborative
Engagement for Sustainability (FACETS) project through a participatory modeling
process (Bartels and Furman, 2023). The original land use scenarios had various levels
of crop management practices; however, they were simplified in this study to focus on
analyzing the changes in nitrate transport and transformation from large-scale land use
changes. Details regarding the assumptions for each land use scenario are described in
Reaver et al. (2025) and Kaplan et al. (in review, 2025). To assess the impacts of these
land use change scenarios on nitrogen dynamics in the SFRB, total nitrate load, nitrate
leaching concentration, groundwater contributing area, and travel time to Fort White,
nitrate contributing area to Fort White, and steady-state nitrate concentration in
groundwater emerging at Fort White were analyzed.

Results
Nitrogen Calibration Results

Among the 10,000 parameter sets run through the SWAT-MODFLOW model,
736 satisfied the imposed constraints of (1) limiting environmental nitrogen losses to
251 35% of total nitrogen inputs in row crop lands and (2) restricting total nitrate loads
leaching past the root zone within the portion of the watershed that contributes to Fort
White to 1307 140% of observed nitrate load at Fort White. The leaching loads
associated with these 736 parameter sets were subsequently used with travel time
distributions obtained from the SWAT-MODFLOW-MODPATH for both the current
condition and predevelopment models using each denitrification model (zero-, first-, and

second-order) with its distribution of 100 denitrification rate constants (Figure 4-2). The
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best-fit parameter sets of SWAT parameters, denitrification model type, and
denitrification rate constants are shown in Table 4-2.

Scenario Simulation Results
Nitrate load

The agricultural expansion scenario produced the highest nitrate load over the
model domain, an increase of 103% over the current condition, due to the increased
area of fertilized row crop lands. (Figure 4-3). The pre-development scenario produced
the lowest nitrate load due to elimination of loading from agricultural (row crop, hay field,
pasture, and production forest) and urban (fertilized lawn and septic tank) lands. The
urban expansion scenario produced a 35% increase in nitrate load over the current
condition due to increased numbers of septic tanks and areas of fertilized lawns. The
next-generation BMP scenario decreased nitrate load from croplands by 70% compared
to the current condition, resulting in a 20% reduction in total load across the entire
domain. The spatial distribution of nitrate concentration in water recharging the Floridan
Aquifer (nitrate leaching (kg NOs-N/ha) + groundwater recharge (mm) x 100) shows
hotspots of high nitrate load beneath row crops, pasture, and septic tanks. Areas under
natural forest show much lower nitrate concentrations, and row crop land with next-
generation BMPs show somewhat lower nitrate concentrations than agricultural land
under current condition management practices (Figure 4-4).

Groundwater contributing area and travel time distribution

Figure 4-5 shows the spatial extent of the groundwater contributing area for the
USGS gaging station at Fort White for each land use scenario, as well as estimated
travel time from the point of recharge at the aquifer surface to the point of discharge in
the reach at Fort White. In the agricultural expansion, pre-development, and urban
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expansion scenarios, the travel time increased in the areas close to Fort White but
decreased substantially at the boundaries of the contributing area. For these scenarios,
the groundwater contributing area shrank at most of the boundaries. On the other hand,
a minor travel time decrease is shown across the contributing area for the next-
generation BMP scenario.

Nitrate contributing area to Ft. White

Maps of the origin of nitrate in groundwater emerging at Fort White were
generated by applying the travel time distribution and nitrate leaching concentrations to
the best fit zero-order denitrification model. The different land use scenarios produced
distinctive spatial patterns in land areas contributing nitrate to the river reach containing
the Fort White gaging station (Figure 4-6). The most extensive and high nitrate
concentration source area is produced by the agricultural expansion scenario. This
indicates that agricultural expansion in areas with short travel times to the Fort White
river reach will result in higher nitrate in groundwater emerging in the reach. On the
other hand, agricultural expansion areas with longer travel times do not result in higher
nitrate concentrations due to denitrification along the travel path. In contrast, the pre-
development scenario shows minimal nitrate contribution throughout the basin, with
most areas contributing less than 0.1 mg NO3-N/L, indicating near-background nitrogen
concentrations. The current conditions scenario shows moderate nitrate concentrations
contributed from agricultural and urban land areas near Fort White, while the urban
expansion scenario shows intermediate nitrate concentrations between current
conditions and agricultural expansion. The next-generation BMP scenario shows a
reduction in nitrate concentrations compared to current conditions, contributed from

similar areas in the watershed.
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Steady-state equilibrium nitrate concentrations at Fort White show the long-term
impacts of alternative land use scenarios on water quality (Figure 4-7). Under current
conditions, the nitrate concentration stabilizes at 0.74 mg NO3-N/L, as expected from
the calibration approach. In the agricultural expansion scenario, the nitrate
concentration reaches 2.29 mg NO3-N/L due to the substantial additional nitrogen
fertilizer application from increased croplands in the vicinity of the Fort White reach.
Again, as a result of the calibration approach, the pre-development scenario stabilizes
at less than 0.08 mg NO3s-N/L steady-state nitrate concentration, which is close to
natural background nitrate concentration (Maddox et al., 1992; Berndt and Crandall,
2009). This substantial decrease in nitrate is due to elimination of all the anthropogenic
nitrogen sources, including high-density crop cultivation with nitrogen fertilizer
application and wastewater from septic systems. The steady-state nitrate concentration
under the urban expansion scenario is at 1.72 mg NOz-N/L due to increased population,
resulting in more septic systems and fertilized lawns. The next-generation BMP
scenario, which incorporates advanced agricultural management practices into the 2017
agricultural land footprint, reduces the steady-state nitrate concentration to 0.60 mg
NOs-N/L. While this demonstrates that BMPs can lower nitrogen leaching, the
improvement is modest, indicating that conversion of croplands to BMPs alone will not
be sufficient to achieve the NNC.

Strategic Nitrate Mitigation to Achieve NNC

The maps of areas contributing nitrate to Fort White and steady-state nitrate
concentrations emerging in groundwater at Fort White clearly illustrate the spatial
distribution and magnitude of nitrate sources (Figures 4-6 and 4-7). The major

contributors of nitrate to groundwater emerging at Fort White are agricultural land,

111



fertilized lawn, and septic systems with short travel times. Based on these findings, a
strategy of focusing land use conversion efforts on these major contributors was
developed to achieve the NNC while minimizing large-scale land management or
conversion efforts. To strategically mitigate the nitrate concentrations in the stream
reach at Fort White, all septic tanks were eliminated, and agricultural lands and lawns
located in the nitrate contributing area were converted to low-density longleaf pine forest
sequentially in order of highest nitrate concentration emerging at Fort White to
determine the minimum conversion needed to achieve the NNC (Figure 4-8). This
strategy showed that eliminating all septic tanks and converting less than 20% of the
total agricultural land and fertilized lawns to low-density longleaf pine within the nitrate
contributing area was sufficient to achieve the NNC at Fort White. Moreover, after more
than 40% of agricultural and fertilized lawn land was converted, the steady-state nitrate
concentration did not continue to decrease substantially. These results highlight that
targeted nitrate load reduction in the nitrate contributing area can effectively achieve
regulatory nitrate targets.

Discussion

The goals of this study were to identify the kinetics of denitrification in the
Floridan Aquifer and to assess the impacts of land use change on the fate and transport
of nitrate in the Floridan Aquifer by simulating different land use change scenarios and
analyzing impacts on nitrogen load, travel time, contributing area, and nitrate
concentration in groundwater feeding the Santa Fe River in North Florida. Model
calibration showed that a zero-order denitrification model with a low denitrification rate
constant best fit the long-term average nitrate concentrations of groundwater emerging

into the Santa Fe River near the USGS Fort White gaging station. Scenario simulation
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results using SWAT-MODFLOW-MODPATH, including subsurface denitrification,
highlighted that nitrate load and leaching concentrations depend strongly on land use,
with the agricultural expansion scenario causing the greatest increase and pre-
development scenario causing the greatest decrease in nitrate load. Furthermore,
targeted nitrate load reduction in the nitrate contributing area showed that regulatory
nitrate targets can be achieved while minimizing land use conversion and thus impacts
to local economy.

Calibration and Model Selection

The calibrated SWAT parameters indicated low denitrification and high nitrate
| eaching in the SFRBOs soil s. I n particul ar,
coefficient) and high NPERCO (nitrate percolation coefficient) most accurately
simulated the observed behavior where aerobic conditions in the well-drained sandy
soils limit the denitrification processes. For the groundwater denitrification model, a
zero-order denitrification model best fit the observed data, with a calibrated
denitrification rate constant of 0.75 NOz-N/L/year. This value is extremely low compared
to the range reported in the literature, but it is consistent with the low denitrification
potential of the UFA, which is characterized by rapid flow and aerobic conditions due to
karst topography (Olarinoye et al., 2020; Williams, 2006). The zero-order denitrification
model can be justified by the dominance of high nitrate concentrations in the UFA (Katz,
2004). When nitrate concentrations in groundwater are much higher than the microbial
half-saturation constant, denitrification proceeds at a rate independent of concentration
because the microbial enzymes are saturated (Bekins et al., 1998). The zero-order
denitrification model implies that denitrification rate cannot keep up with nitrate load,

even under high nitrate concentrations, while first-order denitrification models estimate
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faster denitrification under high nitrate concentrations. These findings highlight the
limitation of natural nitrate removal in the SFRB. The relatively low denitrification
capability indicates that nitrate source reduction, in addition to natural degradation, will
be required to mitigate nitrate contamination.

While the zero-order denitrification model with a low denitrification rate constant
was the best-fit model for the SFRB in this study, there are uncertainties associated with
this finding, given the limited observational data available to calibrate the denitrification
models, the complexity of the hydrogeologic systems, and the simplifying assumptions
underlying the models. The zero-order denitrification model assumes that nitrate
denitrifies at a constant rate regardless of nitrate concentration. When denitrification
processes follow first-order or Michaelis-Menten kinetics, low nitrate concentrations
could slow the denitrification process, resulting in a larger area requiring conversion to
low-impact land use, such as low-density longleaf pine forest, to achieve the NNC.

These uncertainties in denitrification models and rate constants highlight the
necessity of further studies to verify denitrification mechanisms and rate constants in the
FA. Previous research (Heffernan et al., 2012; Henson et al., 2017; Henson et al., 2019;
Katz, 2004) has shown that the denitrification rates vary spatially, and that limited
denitrification occurs in UFA in areas under aerobic conditions. Should future studies
reveal more spatially varied denitrification rates and processes, the results may change
the scale of land management/conversion needed to meet water quality goals.
Nevertheless, the results of this study can be interpreted as an estimate of the
maximum land use change needed to achieve the NNC, emphasizing the importance of

targeted source reduction in nitrate management for the SFRB.
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Nitrogen Sources and Contributing Areas

The nitrate load simulated by SWAT-MODFLOW under various land use change
scenarios reproduced the impacts of land use change on groundwater quality in the
SFRB observed by Bawa and Dwivedi (2019) in the SRB. Integrating MODPATH with
SWAT-MODFLOW offers advantages for targeting areas for nitrate management in the
SFRB. While SWAT-MODFLOW alone can simulate the impacts of land use changes
on groundwater nitrate loads and recharge leaching concentrations, it does not provide
information about travel times or travel paths for nitrate transport in the subsurface. By
coupling SWAT-MODFLOW to MODPATH, the modeling framework can delineate the
groundwater contributing areas and quantify travel times from different source areas to
Fort White. This allows for the identification of the spatial location of nitrate hotspots,
areas with both high nitrogen inputs and short travel times that contribute to river nitrate
loads. As a result, management strategies such as implementing BMPs or converting
land use can be strategically focused on these critical zones, maximizing water quality
benefits while minimizing the extent and cost of interventions.

Spatially, the Upper Santa Fe River Basin (USFRB) is characterized by less
permeable sandy soils (Miller, 1986). In this region, water and contaminants remain in
the soil longer, allowing more time for nitrate to be denitrified before reaching the
groundwater. Furthermore, the Hawthorn Formation confining layer is prevalent in the
USFRB, limiting water and nitrate leaching into the UFA (Katz et al., 2014). In contrast,
the Lower Santa Fe River Basin (LSFRB) is dominated by highly permeable sandy soils,
which allow water and nitrate to rapidly percolate into the groundwater. In the LSFRB,
Hawthorn Formation is largely absent, and nitrate percolating past the root zone easily

reaches the UFA. As a result, the regions with well-drained, unconfined conditions in the
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LSFRB are more vulnerable to nitrate contamination, making reduction of nitrogen
sources, such as land use change, BMP implementation, and septic system removal,
more important. These findings support the BMAP strategy (FDEP, 2025) of prioritizing
management actions in high-risk areas to maximize water quality protection and nitrate
reduction across the watershed.

When nitrate source leaching and travel time distributions were incorporated into
the denitrification model, results showed that nitrate originating from remote locations
with long travel times does not contribute nitrate to the stream reach at Fort White.
However, this natural nitrate reduction does not provide sufficient attenuation for nearby
areas with intensive nitrogen loading, such as row crop lands with heavy fertilizer
application or urban areas with heavy nitrogen load from septic tanks. Consequently,
the effective contributing areas for nitrate are smaller than the total hydrological
contributing area, concentrated in zones with both high nitrate loading and relatively
short travel times. This finding has important implications for achieving NNC in the
SFRB. As the effective nitrate contributing area is spatially concentrated and targeted
management efforts can be focused on the areas that have greater impacts.

The steady-state nitrate concentrations at Fort White showed dramatic sensitivity
to land use scenarios, ranging from background nitrate concentration (0.08 mg NOs-N/L
in the pre-development scenario) to severely contaminated conditions (2.29 mg NOs-
N/L in the agricultural expansion scenario). These results provide insights into designing
effective nitrate management strategies and policies to achieve the NNC. Since it will be

impossible to achieve the NNC even if currently available BMPs are applied in all row

116



crop lands in the entire contributing area. Thus, land conversion into natural forest and
septic system restrictions or improvements will be necessary.

Implication s of Strategic Nitrate Source Reduction Targeting the Critical Source
Area

The results of targeted nitrogen contaminant mitigation for the groundwater
emerging at Fort White showed that changing land use in high-impact areas with high
nitrate load and short travel time is effective for reducing nitrate concentrations at Fort
White. When all septic tanks were eliminated and 20% of total agricultural land and
fertilized lawn in the targeted source area were converted into low-density longleaf pine
forest, the NNC was achieved at Fort White. This is consistent with previous research
that found that the watershed management strategies to reduce nonpoint source
pollutants are more efficient when they are targeted to critical source areas (Giri et al.,
2016; Gburek et al., 2000; Pionke et al., 2000; Sharpley, 1995). For the springs
emerging in the SFR near Fort White, this spatially focused strategy can preserve more
than 80% of existing land uses, resulting in lower economic impacts compared to
requiring agricultural land conversion to low-density forest in the entire hydrologic
contributing area. However, uncertainties remain regarding denitrification models, rate
constants, and hydrogeological controls on denitrification processes. If the denitrification
process proceeds at a higher (or lower) rate, the required land conversion could be
lower (or higher) than 20%, emphasizing the need for further field research to refine
denitrification rate estimates and critical denitrification hotspots.

In the SFRB, a spatially targeted pollutant source management approach has
already been advocated to achieve regulatory standards, such as TMDLs and NNCs

(FDEP, 2025). In the Basin Management Action Plans (BMAPs) for SFRB springs, the

117



required nitrogen source reductions are based on the nitrogen loads estimated using
the Nitrogen Source Inventory Loading Tool (NSILT) in priority focus areas defined by
springshed boundaries estimated from potentiometric surface maps. However,
uncertainties remain regarding how effective these reduction strategies will be in
achieving the desired goals, and how long it will take for the implemented strategies to
have a measurable impact at the target locations. These challenges underscore the
importance of ongoing monitoring, adaptive management, and the use of robust
modeling tools to predict and verify outcomes. This study should be helpful to inform
management decisions by providing evidence on the effectiveness of spatially targeted
nitrogen contamination mitigation strategies. By demonstrating that converting less than
20% of total agricultural and fertilized lawn lands in targeted source areas is enough to
achieve NNC, this study highlights a reduced area and cost for nutrient management.
This targeted approach not only achieves the water quality regulatory standard but also
maintains over 80% of the agricultural land within the critical source area. By illustrating
the benefits of targeting management practices on critical source areas, the findings
from this study should help develop more efficient watershed management plans and
highlight the need for adaptive, data-driven approaches to achieve water quality criteria
in the regions that have complex hydrogeological features such as the SFRB.

Conclusion

This study identified the kinetics of denitrification in the UFA and assessed the
impacts of land use change and spatially targeted management practices on nitrogen
dynamics in the SFRB using the integrated hydrologic model SWAT-MODFLOW-
MODPATH. Model calibration results revealed that a zero-order denitrification model

with a low denitrification rate constant best represented nitrate kinetics in the UFA,
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highlighting the limited capacity for natural nitrate removal in this system. Scenario
analysis revealed that nitrate loads and steady-state nitrate concentrations were
sensitive to land use, while groundwater travel time and contributing area were largely
unaffected by land use change. This indicates that hydrogeological features in the UFA
control groundwater contributing area and travel times more than land use. Among the
five land use change scenarios considered, the pre-development scenario was able to
achieve the NNC at Fort White, while all other land use scenarios failed to meet the
regulatory standard. Analysis of nitrate contributing area to the stream reach at Fort
White identified critical source areas having both high nitrate input and short travel
times. Importantly, converting less than 20% of these high-impact agricultural lands and
fertilized lawns and eliminating all septic systems in this critical source area was
sufficient to achieve the NNC at Fort White. This finding highlights the significant
influence of a relatively small area of the watershed on the quality of groundwater
emerging near the Fort White gaging station and supports the effectiveness of spatially
targeted land management strategies to achieve water quality standards. These results
provide new information that should help refine the current BMAP approach for the
SFRB and emphasize that focused land management strategies for critical source areas
are more efficient than uniform watershed-wide efforts.

This study highlights the necessity of integrating spatially targeted land
management with robust modeling to achieve water quality goals in regions that have
complex hydrogeological characteristics such as the UFA. The findings, approach, and
modeling framework in this study provide scientific basis for efficient watershed

management plans in North Florida and other regions facing similar nitrate
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contamination challenges. However, there are some limitations to this study. The zero-
order denitrification model with the low best-fit rate constant may over-simplify the
complex denitrification processes occurring in the FA. This model may not fully reflect
the spatial variability of denitrification processes, particularly in areas with varying
electric donor conditions and aerobic-anaerobic conditions. Furthermore, conduit flow in
this karst aquifer influences travel times and biogeochemical conditions governing
denitrification but was not represented in the equivalent porous media groundwater
model used in this study. To address these uncertainties, future research should include
field experiments to directly examine the validity of the zero-order denitrification
assumption throughout the Floridan Aquifer system and include the effects of conduits

on nitrate fate and transport in the UFA.
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Table 4-1. Land use change scenarios used in this study (Lee et al., in preparation)

Land use
scenarios

Description

Current condition

Agricultural
expansion
Pre-development

Urban expansion

Next-generation
BMP

2017 land use with a range of water, nutrient, and other
production management practices developed with stakeholders
to represent current conditions. For row crop, soil moisture
sensor-based irrigation with 80% irrigation efficiency and
medium-input nitrogen fertilizer application (224 kg N/hal/year)
was applied.

All forests with suitable soils (hydrologic soil group A) are
converted to row crop cultivation.

All agricultural lands, including row crop land, hay fields, pasture,
and production forest, are converted to natural forest. All
pumping and septic are eliminated from the Current condition.
Florida 2070 trend projected population growth displaces non-
irrigated agricultural and forested lands. Based on the increased
population, low-density residential areas, fertilized lawns, septic
systems, and wells for domestic self-supply were added.

All row crop agriculture land use in the current condition adopts
hi-tech controlled-release fertilizer and soil moisture sensors in
the current condition.
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Table 4-2. Calibrated SWAT parameters, best-fit denitrification model, and denitrification
rate constant

Parameter Description Default Calibrated value
value
SWAT CDN Denitrification 1.4000 0.1157
exponential
rate coefficient
CMN Rate factor for 0.0003 0.0011
humus
mineralization
of active
organic
nutrients
NPERCO Nitrate 0.2000 0.8856
percolation
coefficient
SDNCO Denitrification 1.1000 0.4703
threshold
water content
Item Description Calibrated result
Post- Denitrification - Zero-order denitrification model
process of model
MODPATH k Denitrification 0.0085

rate constant
(mg N/L/year)
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Figure 4-1. Schematic diagram of model calibration process
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Figure 4-2. Model calibration results

124

0.2




10000

8941
(+103%)

275

5967
(+35%)

AR

- 20%

5
S 8000
2>
=2
S o000 | 4414
=]
b= (-%)
8 4000
]
©
+£ 2000
Z

0

cc

Land use scenario

i Low Density Residential Area

~ Natural Forest
Row Crop

= Wetland

m Water

® Production Forest

= Hay

m Pasture

m Grass

s Fertilized Urban

m Septic

m Urban
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Figure 4-4. Map of nitrate leaching concentration for the current condition scenario and
maps of nitrate leaching concentration change compared to the current
condition scenario for the agricultural expansion, pre-development, urban
expansion, and next-generation BMP scenarios. Red point shows the location
of Fort White station. (CC: current condition; AE: agricultural expansion; PD:
pre-development; UE: urban expansion; BMP: next generation BMP)
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Figure 4-5. Map of travel time distribution for the current condition scenario and maps of
travel time distribution change compared to the current condition scenario for
the agricultural expansion, pre-development, urban expansion, and next-
generation BMP scenarios. Red point shows the location of Fort White
station.
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Figure 4-6. Maps of nitrate concentration contributed to Fort White location. Red point
shows the location of Fort White station. (CC: current condition; AE:
agricultural expansion; PD: pre-development; UE: urban expansion; BMP:
next generation BMP)
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Figure 4-8. Steady-state nitrate concentration at Fort White location with strategic

nitrogen contaminant mitigation focusing on the critical source area by
agricultural land and fertilized lawn conversion proportion.
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CHAPTER 5
CONCLUSION

The global demand for clean water is increasing rapidly due to agricultural
intensification and urban expansion from population growth. These pressures have
resulted in significant increases in water withdrawals, which are associated with
environmental problems such as aquifer depletion, streamflow reduction, and
degradation of water quality. Climate change may amplify these negative effects by
changing precipitation patterns, increasing temperatures, and increasing the frequency
of extreme hydrological events. The combination of land use change and climate
change threatens both water availability and water quality, necessitating the
implementation of effective watershed management practices to protect water
resources. In Florida, regulatory standards such as Minimum Flows and Levels (MFLS)
and Numeric Nutrient Criteria (NNC) have been established to protect water resources
and aquatic ecosystems, yet it is uncertain whether they can be achieved, either in the
present or under future conditions.

The Floridan Aquifer (FA), which provides drinking and irrigation water for
millions of people, is facing water availability and water quality degradation challenges.
The Santa Fe River Basin (SFRB), located above the Upper Floridan Aquifer (UFA) in
north-central Florida, has unique features including karst topography, coexistence of
confined and unconfined aquifer conditions, and diverse land use/land cover. The SFRB
has been experiencing water resource problems such as declining groundwater levels,
reduced spring and stream flows, and increasing nitrate concentrations in the river and
springs. These impacts have prompted adoption of regulatory standards in the basin.

However, despite these efforts, regulatory standards have not consistently been met.
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Given these challenges, this dissertation aimed to assess the impacts of
agricultural management practices, climate change, and land use change on water
availability and water quality in the SFRB. The objectives of this dissertation were: 1) to
guantify the impacts of adding carrot cultivation to the traditional corn-peanut rotation on
crop yield, groundwater recharge, and nitrate leaching in North Florida; 2) to assess the
influences of climate and land use change on the water availability and nitrate loading in
the SFRB and evaluate the possibility of achieving MFLs under future scenarios; and 3)
to investigate nitrate dynamics in the SFRB and UFA, focusing on denitrification
processes, nitrate travel times, and the effectiveness of land use change and
management strategies for achieving NNC.

Chapter 2, groundwater impacts of adding carrot to corn-peanut rotations in
North Florida, combined field experiments, field-scale and watershed-scale SWAT
modeling to investigate the impacts of adding carrot cultivation into traditional corn-
peanut rotations in the SFRB on groundwater. Results showed that adding carrots into
the corn-peanut rotation using a high-input management system (calendar-based
irrigation and 336 kg N ha nitrate fertilizer application) increased irrigation demand by
43%, increased nitrate leaching by 100%, and reduced net groundwater recharge by
28%. The low- or medium-input management systems, with soil moisture sensor-based
irrigation and low or moderate nitrogen fertilizer application, reduced irrigation (up to
40%) and nitrate leaching (up to 51%) compared to the high-input management system
without significant yield decrease. These findings demonstrated that low- or medium-
input crop management practices can significantly mitigate the negative impacts of

intensified crop cultivation on groundwater resources without significant yield loss.
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Chapter 3 examined the impacts of climate and land use change scenarios on
water availability and nitrate loading in the SFRB using the integrated SWAT-
MODFLOW model. Results showed that climate change was the dominant driver of
hydrologic variability, influencing evapotranspiration, groundwater recharge, and
streamflow more significantly than land use. In contrast, land use change, especially
agricultural expansion and urban expansion scenarios, had a stronger influence on
nitrate loading than climate. Notably, the analysis revealed that under many future
scenarios, MFLs and required nitrate load reduction for NNC may not be met. These
results highlight the necessity of both climate-adaptive water management and spatially
targeted nutrient reduction strategies focusing on agricultural and urban lands to ensure
the long-term sustainability of water resources in the SFRB.

Chapter 4 analyzed nitrate dynamics in the SFRB and UFA, focusing on
denitrification processes and the impacts of land use change. Model calibration
indicated that a zero-order denitrification model with a low denitrification rate constant
best represented observed nitrate concentrations. Scenario analysis revealed that land
use change significantly impacts nitrate loading and nitrate groundwater concentration,
while having no substantial effects on groundwater travel times and contributing areas.
Furthermore, strategic nitrate source reduction targeting critical source areas with short
travel time showed that converting only 20% of agricultural land to low-density longleaf
pine forest and eliminating septic systems in critical source areas was sufficient to
achieve the NNC at Fort White. This finding highlighted that a relatively small portion of
the watershed influences nitrate concentration at any specific location, and that spatially

targeted management approaches offer advantages for efficiently achieving water
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quality standards while minimizing economic losses that may result from land
conversion.

Overall, this dissertation provides a comprehensive analysis of how agricultural
practices, climate change, and land use change affect water availability and water
quality in a karst aquifer region with complex hydrogeological features. The findings
highlight the need for adaptive watershed management strategies that consider not only
current water resources threats but also future uncertainties. The multi-scale modeling
frameworks and approaches applied in this dissertation can be adapted to evaluate

water resources sustainability in other hydrologic systems around the world.
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APPENDIX A
CHAPTER 2 ADDITIONAL FIGURES

Calendar - Medium

®m[rrigation WWPrecipitation - Observed —Simulated
200 |T|'I1|l"‘\'l| 1] “‘ T ||'u|” T [ ‘1 e
160 40
|
E
2 120
g
2
z
E 80
;'IE’
40
0 200
Nov-2018 Feb-2019 May-2019
Date
SMS - Medium
mmirrigation WWPrecipi - Observed —Simulated
o IT|'|;||'”\'| 7] =" TTT |'|\|“ LLE LI ‘ T ¢
_ 160 40
£
E170 80
s 12
g
g w0 120
3
40 160
0 200
Nov-2018 Feb-2019 May-2019
Date
Rainfed - Medium
= Irrigati Precipi - Observed —Si d
200 |T|Tﬂ|l'”\'l| I | | u‘ — |x’|w |l|n| | T ‘] m°
_ 160 40
£
= 12
s 120 80
g
R 120
3
40 160
0 200
Nov-2018 Feb-2019 May-2019
Date

Figure A-1. Soil moisture during carrot cultivation period
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Figure A-2. Nitrate in soil during carrot cultivation period
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