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ABSTRACT
The substantial increase among agricultural and urban land use over the past century is
widely regarded as the leading cause in a variety of negative environmental impacts, particularly
regarding eutrophication of both salt and fresh surface waters. Usage of both synthetic and
natural fertilizers on agricultural fields and residential lawns has increased significantly in order
to achieve maximum crop yield and green lawns. The nitrogen and phosphorus in these
fertilizers inevitably run off the landscape and into downstream surface waters. The geographic
scale of this issue makes it a challenge to overcome, as targeting specific sources/polluters is
nearly impossible. Landscape-scale solutions to nutrient pollution such as treatment wetlands are
necessary to handle the volume of water outflows from agricultural systems. Wetlaculture
(wetlands+agriculture) is a relatively new concept that attempts to meet both the needs of the
environment and the farmer via water treatment and soil enrichment by consistently rotating
plots of land between wetland and agricultural usage. Small-scale pilot studies must be
conducted to determine ideal hydrologic conditions, soil conditions, and placement before
attempting a full-scale wetlaculture experiment.
Chapter 2 of this study reviews a small-scale wetland mesocosm experiment that tests the
effect of several hydrologic variables on the nutrient retention capabilities of the mesocosms.
The mesocosms experiment was conducted at Freedom Park in Naples, FL, and received inflow
waters for 32 months, from June 2018 to February 2021. Sawgrass (Cladium jamaicense) was
planted in each of the 28 mesocosms to mimic the dominant species in Everglades National Park.
The 28 mesocosms were divided into 4 groups, each a different combination of two hydrologic

viii

variables: high and low hydraulic loading rate and high and low maintained water depth. Across
all 4 scenarios, the mesocosms were overall nutrient sources for the first 1.5 years of the study
due to elevated baseline N and P soil concentrations. The final year of the study showed nutrient
percent retention rates trending positively for three parameters: SRP (53.11 ± 0.07%), NOx-N
(98.58 ± 0.01%), and TN (53.91 ± 0.07%) and net export for two parameters: TP (-3.59 ± 0.21%)
and TKN (-15.95 ± 0.09%). The high loading rate mesocosms exported more nutrients in the
early years of the study than the low loading rate mesocosms, but sequestered more nutrients in
the final year of the study than low loading rate mesocosms. The results of this study showed that
stormwater runoff-fed treatment wetlands can be effective in removing some excess nutrients
from inflow waters; that baseline soil conditions have a large impact on how quickly newly
constructed wetlands achieve nutrient retention goals; and that the hydrologic regime
implemented in future wetlaculture studies should be altered over time to account for initial
nutrient export.
Because several of these mesocosm water quality parameters showed that the mesocosms
were nutrients sources for part or all of this study, we explored the mechanisms responsible for
this outcome. Chapter 3 of this study examines the impact of reclaimed irrigation wastewater on
Naples sediments and surface waters in general and on the mesocosms specifically. While
recycling reclaimed wastewater is an effective way of mitigating freshwater waste, the nutrient
concentrations within this water are often ignored. The nutrient demands of common turfgrasses
in southwest Florida, one of the most common land covers in the state, and of sugarcane are
examined and compared to the nutrients supplied by reclaimed wastewater. Results show that
reclaimed wastewater contains significantly more TP (P <0.05) than stormwater runoff that we
were treating in the mesocosms from the city of Naples. This is notable because turfgrasses
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typically require no P fertilization at all, meaning all P from reclaimed wastewater (3.39 kg ha-1
yr-1) used to irrigate turfgrass likely runs off into nearby waterways.
Chapter 4 investigates the suitability of areas within and around the Everglades
Agricultural Areas for wetlaculture implementation on a pilot or full scale. The purpose of
identifying these areas is to locate prime locations for scaling-up the wetlaculture concept from
the mesocosms. Agricultural fields in the Everglades Agricultural Area (EAA) were examined
for potential conversion to wetland usage, while the Stormwater Treatment Areas (STAs) and
Flow Equalization Basins (FEBs), areas that are currently wetlands, were considered for
conversion to agricultural usage. A variety of parameters were evaluated to create a multiplecriteria suitability analysis within GIS software, including compound topographic index, land
use, soil characteristics, and elevation. Results of the study showed that 347 km2 of STA and
FEB land is either highly or moderately suitable for conversion to agricultural use, while 2.7
times that area (947 km2) of EAA land could be highly suitable for conversion from agriculture
to wetland use. It is concluded that the EAA and surrounding lands could provide ideal sites for
full-scale wetlaculture application.
Overall, my dissertation demonstrates that treatment wetlands, and the wetlaculture
system in particular, can be effective in treating nutrient polluted wastewater, whether it comes
from urban stormwater runoff or from agricultural runoff. Chapter 2 illustrates that wetland
mesocosms in southwest Florida successfully sequester nitrogen and phosphorus after an initial
delay, even with elevated soil nutrient baseline conditions. Chapter 3 explains the likely
reasoning behind these baseline conditions by examining the impact of nutrient-laden reclaimed
wastewater irrigation on City of Naples landscapes, ultimately determining that excess
phosphorus inputs to turfgrasses are potentially dangerous to downstream ecosystem health.
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Finally, Chapter 4 establishes that there is more than enough viable land for the implementation
of the wetlaculture system in the EAA by using GIS-based suitability modeling. The final
conclusions of this dissertation indicate that increased usage of treatment wetlands are necessary
to combat nutrient pollution and harmful algal blooms in Florida.
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CHAPTER 1: INTRODUCTION
Over the past several decades, significant increases in agricultural land use and urban
development have become recognized as primary factors in negative environmental impacts like
surface water eutrophication both regionally and globally (Matson et al., 1997; Carpenter et al.,
1998; Dillon et al., 2005; Andersen et al., 2014; Withers et al., 2014; Zhang et al., 2015). Examples
of such impacted ecosystems include most major lakes in China (Jin et al., 2005); Lake
Okeechobee, the St. Lucie Canal, the Caloosahatchee River and their associated estuaries in
Florida (Haan, 1995; He et al., 2014; Kramer et al., 2018); and the Laurentian Great Lakes,
especially Lake Erie (Gons et al., 2008; Michalak et al., 2013; Scavia et al., 2016; Mitsch, 2017b;
Wilson et al., 2018). Phosphorus (P) and nitrogen (N) are the two nutrients commonly found in
fertilizers which act as key limiting factors in harmful algal bloom (HAB) development (Bennett
et al., 2001; Lapointe et al., 2017; Kumar et al., 2018).
In the United States, efforts have been made to reduce both urban and agricultural fertilizer
application in the form of regulations and best management practices (Christen and Ayars, 2001;
Wardropper et al., 2015; Paerl, 2017). However, these practices have not been sufficient in
achieving nutrient reduction goals (Mitsch et al., 2015; Scavia et al., 2017; Kalcic et al., 2018).
Many urban areas and commercial farms remain significant sources of nitrogen and phosphorus to
downstream aquatic ecosystems (Carrico et al., 2018; Swaney et al., 2018). For example, hypoxia
in the northern Gulf of Mexico has been occurring for many decades is due to HABs caused by
large agricultural nutrient influxes from the Mississippi-Ohio-Missouri (MOM) watershed (Mitsch
et al. 2001: Rabalais et al., 2002; Robertson and Saad, 2013; Fennel & Laurent, 2018). Nutrient
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inputs from agricultural and urban stormwater runoff have accelerated present major issues in
places like South Florida with large populations living near coastlines (Wan et al., 2017). The
landscape-scale environmental problem of overloading nutrients to lakes, streams, and estuaries
by excessive fertilizer application and increased anthropogenic N-fixation is in urgent need of a
sustainable landscape-scale solution (Schindler, 1977; Galloway et al., 1995; Mitsch et al., 2001;
Mitsch and Gosselink, 2015).

1.1 Treatment wetlands
Natural wetlands provide a wide variety of ecosystem services, and they have long been
adapted by humans to enhance specific ecosystem functions. Primarily, this has taken place in the
form of treatment wetlands which are created to remove nutrients from stormwater runoff before
it enters lakes and streams (Mitsch et al., 2000; Mitsch and Gosselink, 2015; Land et al., 2013,
2016). The agricultural and urban stormwater treatment function of wetlands can be significant
with different natural or artificial system constructions, locations, and management strategies. In
the Midwestern United States, riparian wetland systems can retain phosphorus at a rate of about 1
– 4 g-P m-2 yr-1 (Mitsch et al., 1995, 2014). Craft and Richardson (1998) estimated phosphorus
accumulation in the Florida Everglades to be 0.46 g-P m-2 yr-1, mostly by peat accretion in the soils
while Mitsch et al. (2015) reported retention rates for constructed wetlands in the Everglades as
high as 1.25 g-P m-2 yr-1. Regular nutrient retention rates of sustainable wetlands have been
suggested to range from 10 to 40 g-N m-2 yr-1 for nitrogen and from 0.5 to 5 g-P m

-2

yr-1 for

phosphorus (Mitsch et al., 2000). Land et al. (2016) suggested that treatment wetlands can average
three to four times higher nutrient retention rates than natural systems, but gave no indication if
these loading rates are sustainable. Additionally, the influence of seasonality and hydrologic
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conditions on agricultural runoff treatment wetlands are still in need of further investigation (Land
et al., 2016). In short, man-made treatment wetlands have massive potential for mitigating the
impacts of over-fertilization and preventing eutrophication in downstream waterways (Figure 1.1).

1.2 Wetlaculture
“Wetlaculture” is a relatively new term that describes the rotation of a landscape from
agricultural land to wetland ecosystem and back to agriculture in an unending loop (Mitsch,
2017a,b, 2018; Jiang and Mitsch, 2020; Boutin et al., 2021; Jiang et al., 2021). Recycling nutrients
from agricultural or urban stormwater runoff through wetland systems is considered an
ecologically engineered sustainable approach to solving eutrophication and other environmental
problems (Mitsch et al., 2000; Bradford-Hartke et al., 2012). The goal of this wetlaculture
(wetland-agriculture) integrated system is to reduce fertilizer usage significantly, benefitting
farmers financially via reduced fertilizer costs and potentially via government incentives, while
also preventing large nutrient loads from polluting the world’s waters. However, before practicing
wetlaculture at a large landscape scale, it is important to first conduct comprehensive smaller-scale
models, e.g., mesocosm studies, over multiple years to best choose suitable wetland locations,
provide appropriate wetland designs, and target appropriate nutrient retention goals.
This study will investigate the first 3 years of wetlaculture experiments in Naples, FL,
emphasizing the nutrient removal capability of 28 replicated wetland mesocosms. Two other
wetlaculture mesocosm experiments have been active in Ohio for 3 years (Mitsch, 2017a,b, 2018;
Jiang and Mitsch, 2019a, b; Jiang and Mitsch, 2020; Boutin et al., 2021; Jiang et al., 2021). The
study also examines the impact of antecedent reclaimed wastewater irrigation on the study site,
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and conducts a GIS-based multi-criteria suitability analysis to identify ideal wetlaculture locations
within and near the Everglades Agricultural Area.

1.3 Wetland mesocosms studies
Wetland research has been conducted on small scales, including microcosms, mesocosms,
and macrocosms (Reddy et al., 1999; Mitsch et al., 2000; Ahn and Mitsch, 2001, 2002; White et
al., 2006; Altor and Mitsch, 2008; Mitsch et al., 2009, 2015; Marios and Mitsch, 2016; Simonin et
al., 2018; Zhang et al., 2018; Servais et al. 2019). Mesocosm research has become a common
scientific method for investigating wetland mechanisms over the past 20 years (Ahn and Mitsch,
2001, 2002; Ahn et al., 2001; Svengsouk and Mitsch, 2001; Anderson and Mitsch, 2005: Altor and
Mitsch, 2008; Villa et al., 2014; Mitsch et al., 2015; Marois and Mitsch, 2015; Marois et al., 2015;
Casierra-Martínez et al., 2017; Lopardo et al. 2019). Reddy et al. (1999) proposed that the
assessment of nutrient retention in small-scale wetland experiments could improve the
understanding and estimation of nutrient removal in larger ecosystems and time-scales.
Wetland mesocosms are designed as simplified and smaller simulations of wetland
ecosystems with specific controlled conditions (Ahn and Mitsch, 2002; Marois and Mitsch, 2015;
Mitsch, 2017a). Conducting research with these miniature wetland systems can provide a scientific
and analytical outlook to guide wetland managers and decision makers (Ahn and Mitsch, 2002).
Mitsch et al. (2015) conducted a three-year, 18-mesocosm (6 m x 1 m x 1 m) study in south Florida
with the conclusion that if ten times the wetland area of the current Stormwater Treatment Areas
(STAs) were implemented at a hydraulic loading rate of 2.6 cm/day, total phosphorus could be
reduced from 30 ppb to the USEPA-recommended concentration of 10 ppb.
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Wetland mesocosm studies have also been used investigate the importance of various
factors on nutrient retention rates, including artificial substrate (Ahn et al., 2001, 2001b) oxygen
availability (Ouellet-Plamondon et al., 2006), water feeding pulsing (Zhang et al., 2012), and
vegetation communities (Marois et al., 2015; Mitsch et al., 2015). While every component of a
wetland system is connected through biological, chemical and physical processes, hydrological
conditions, such as hydroperiod, water level and loading rates, are considered as primary factors
for maintaining wetland water treatment functions (Mitsch and Gosselink, 2015). A two-year
mesocosm (1.22 m x 1.65 m x 0.46 m) study in California showed that hydroperiod variation could
lead to more fluctuating P retention rates, compared to steadier N retention rates (Busnardo et al.,
1992). Cusell et al. (2013) collected soil from two rich fens in the Netherlands and carried out a
mesocosm experiment with controlled water levels. The study showed that low-water levels (15
cm lower than the soil surface) caused reduced pH and high-water levels (15 cm above the soil
surface) resulted in greater P mobilization.
The impact of hydrologic conditions on wetland form and function is major, and these
conditions change with location and management (Nesbit and Mitsch, 2018). Many studies exist
that examine such varied conditions, but comparatively few quantitative studies have been
conducted on developed urban land that was initially wetland in South Florida. By comparing
different water levels and hydraulic loading rates in a stormwater runoff treatment wetland system,
this proposed research will provide a valuable understanding of wetland mechanisms and
dynamics. Going forward, dynamic and spatial mathematical models based on wetland mesocosm
investigations can be developed to predict the behavior of landscape-scale wetlands (Marois and
Mitsch, 2016; Messer et al., 2017).
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1.4 Wetland landscape modeling
Spatial analysis using GIS technology can be a useful tool in wetland science. Reviewing
historical maps and data shows significant drainage of swamp and marsh habitat throughout the
United States in the 1900s (Horvath et al., 2017). In her report on a US Fish and Wildlife study,
Kaufman (2011) shows that wetland loss has slowed in the past two decades, but continues to
decline and change in form and function. Information gained from spatial analyses such as these
can be used to determine where wetland restoration would be most useful and successful (Russell
et al., 1997). It can also be used to predict the hydrologic and ecological properties of wetlands
(McCauley and Jenkins, 2005; Horvath et al., 2017). For example, a study by Mitra & Bezbaruah
(2014) used GIS technology to show how a railroad system fragmented the Ramsar designated
Deepor Beel wetland in India, resulting in measurble degredation of the system. This study is
relevant to the South Florida ecosystem as well, because the Everglades have been fragmented by
several highways and canals. Horvath et al., (2017) estimated that 46.7 million ha of agricultural
land in the United States could potentially be restored to wetland ecosystem. However, there is a
gap in the current knowledge regarding mapping the conversion of farmland to treatment wetlands
on a large scale, with the end goal of recycling nutrients without fertilizer input.
This dissertation will use physical mesocosm models and GIS technology to investigate
the nutrient retention rate of wetlands in urban SW Florida (Naples) and the application of
wetlaculture to a formerly urban landscape. The goal of this research is to provide early
investigations of wetlaculture that landscape-scale restored wetlands in former urban/agricultural
environments can be nutrient sinks and establish a sustainable landscape of rotating agriculture
and natural ecosystems.
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1.5 Testable hypotheses and research objectives
This study makes use of both physical mesocosm models and landscape-scale GIS
models to investigate the rates of wetland nutrient retention in southwest Florida. The primary
hypothesis is that constructed wetlands with stormwater runoff inflows can become efficient
nutrient sinks. The continuous flow of water through the mesocosms eventually creates hydric
soils which mimic a natural wetland habitat, allowing for eventual nutrient sequestration as peat
is accumulated. Secondary hypotheses address the impact of controlled hydrologic variables on
nutrient retention rates and mass, the effect of antecedent reclaimed water irrigation at the
mesocosm site on soils, and the suitability of the Everglades Agricultural Area for wetlaculture
implementation.

1.5.1 Testable hypotheses
1. Saturated soil wetlands will have higher nutrient removal rates than will standing water
level wetlands (~10 cm of standing water).
2. High hydrologic loading rate (HLRH) (~30 cm/week) wetlands will retain a higher retention
of nutrient mass than will low hydraulic loading rate wetlands (HLRL).
3. Treatment wetlands receiving stormwater runoff can succeed in urban/suburban
environments.
4. Recycled grey water used in city sprinkler systems saturated site soils with phosphorus and
led to a delay in the phosphorus removal by these experimental mesocosm wetlands.
5. GIS modeling will find that the EAA and STAs are ideal locations for wetlaculture, with
the EAA ready for transition to wetland, and the STAs ready for transition to agriculture.
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1.5.2 Research objectives
The research objectives for this study involve determining the ability of wetland
mesocosms to retain nutrients based on almost three years of sample collection from an
experimental site in Freedom Park in Naples, FL. Chapter 2 objectives and results for the
mesocosm study are to determine the ideal hydrologic conditions for nutrient retention. The
goals of Chapter 3 of this dissertation are to determine the quantity of phosphorus and nitrogen
contained in reclaimed wastewater, which is used to irrigate many different landscapes across the
state. The primary objective of Chapter 4 is to identify locations using GIS technology in the
Greater Everglades including the Everglades Agricultural Area and Stormwater Treatment Areas
(STAs) that are ideal for the wetlaculture model of nutrient reduction.
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1.7 Figures

Figure 1.1 Basic illustration of nutrient flows through wetland mesocosms involving the
interactions among water, sediments, and wetland plants.
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CHAPTER TWO: IMPACT OF HYDROLOGIC CONDITIONS ON NUTRIENT
RETENTION AND SOIL COMPOSITION IN A WETLACULTURETM MESOCOSM
EXPERIMENT IN SOUTHWEST FLORIDA
2.1 Abstract
This study examines the effect of several hydrologic variables on the nutrient retention
capacity of wetland mesocosms located within Freedom Park in Naples, FL. Nutrient pollution
of surface waters is a major environmental issue facing societies all around the globe. The
agricultural boom of the past century, which has allowed for the expanding global population,
has also contributed to non-point source nutrient pollution in the form of excess fertilizers which
add phosphorus (P) and nitrogen (N) to natural waterways. Non-point source pollution cannot be
directly targeted, so landscape-scale solutions are necessary to tackle such issues. Wetlaculture
alternates agriculture and wetlands and is a landscape scale treatment wetland concept that
incorporates the demands of the agricultural system currently in place. However, in order to best
implement the wetlaculture concept, ideal treatment wetland conditions must first be identified.
This study assesses the impact of hydraulic loading rate and maintained water depth on the
nutrient retention capabilities of wetlaculture mesocosms, with the hypothesis that deeper water
and a higher loading rate would improve nutrient retention. Soil characteristics are also examined
at the beginning and end of the study. Water samples were collected from the inflows and
outflows of 28 wetland mesocosms bi-weekly from 2018 to 2021. All samples were analyzed for
several phosphorus and nitrogen species. The results show that pre-existing high P
concentrations within the site soil used in the mesocosms contributed to a delay in wetland
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nutrient retention. Ultimately, it was found that this wetland function increased in the mesocosms
after about 2 years. The primary conclusions suggest that nutrient-saturated baseline conditions
in soils intended for treatment wetland usage can inhibit goals of achieving rapid nutrient
retention, including the timely implementation of wetlaculture systems.

2.2

Introduction
Agricultural and urban land use has expanded greatly over the past several decades,

contributing to negative environmental outcomes such as eutrophication of surface waters across
the globe (Brix, 1997; Matson et al., 1997; Carpenter et al., 1998; Dillon et al., 2005; Andersen et
al., 2014; Withers et al., 2014; Zhang et al., 2015; Griffiths and Mitsch, 2020; Wang et al., 2020).
The primary culprits of this eutrophication are the typically-limiting nutrients nitrogen and
phosphorus, which are supplied to waterways via fertilizers in the form of non-point source
pollution (Bennett et al., 2001; Lapointe et al., 2017; Kumar et al., 2018). The natural
biogeochemical processes that occur in wetlands remove nutrients from water that flows through
them, making them useful tools for addressing the issue of eutrophication (Mitsch et al., 2000;
Mitsch and Gosselink, 2015; Land et al., 2016). However, the ideal hydrologic circumstances for
maximum nutrient retention within treatment wetlands is not yet fully understood.
In an effort to expand the use and practicality of treatment wetlands, a “wetlaculture”
(wetland + agriculture) model was created to recycle nutrients within a landscape without the need
for additional fertilization (Mitsch, 2017a,b; Mitsch, 2018). The concept involves converting
farmland that was historically wetlands back into treatment wetlands for several years, during
which the sediments will accumulate nutrients, while also converting some treatment wetlands
back into farmland to allow agricultural production to continue. Eventually the wetlands would be
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drained and converted back into agricultural use now with rich soil and no need for fertilizers,
while the farmland is cycled back to wetlands again. Additionally, legacy nutrients within soils
from years of agricultural use can potentially be reduced over time with the wetlaculture model,
as crops grown and harvested remove nutrients from the soils with no further human fertilizer
inputs. Wetlands provide important ecosystem services at greater rates than most other habitats,
including water quality improvement, flood mitigation, support for biodiversity, and carbon
sequestration (Hansson et al., 2005; Zedler and Kercher, 2005; Xu et al., 2018; Thapa et al., 2020).
Wetlaculture specifically aims to enhance the efficacy of water quality improvements by removing
excess nutrients from inflow waters and sequestering them in the wetland sediments. However, all
other ecosystem services that natural wetlands provide will still be provided by created
wetlaculture treatment wetlands. They can be used to alleviate flooding in farm fields, will
naturally provide habitat for a variety of wetland species, and also sequester carbon as peat is
formed. Before the wetlaculture cycle between wetlands and farmland is tested on a large scale,
pilot studies such as mesocosm experiments should be conducted as a proof of concept. Studies
such as this one can help to set nutrient retention objectives for landscape-scale experiments and
give some insight into ideal hydrologic conditions for nutrient retention.
This study examines the first two and a half years of a wetlaculture mesocosm experiment
located in Naples, FL. This portion of the study examines the transition of the mesocosms from
dry soil to functioning wetland habitat, while future research will cycle the mesocosms back to
agricultural use. This study has potential implications for the use of treatment wetlands in sandy
Florida landscapes, and will aid in determining the efficacy of the wetlaculture model.
The hydrologic conditions in which a wetland exists has a large impact on the form and
function of the wetland, and can drastically alter nutrient retention efficiency (Nesbit and Mitsch,
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2018). While there have been many studies that examine the impact of different hydrologic
conditions on wetlands, there have been comparatively few conducted in urban landscapes,
particularly in South Florida. This study will compare different hydraulic loading rates and water
depths within the mesocosms while also examining nutrient flows within water and sediments to
increase our understanding of urban treatment wetland dynamics. It has been proposed that
mesocosm-scale models such as these can help to provide the framework for larger-scale treatment
wetland experiments in the future (Reddy et al., 1999; Ahn and Mitsch, 2002, Mitsch et al., 2015;
Jiang et al., 2021).
The primary goals of this study were to determine the changes in nitrogen and phosphorus
concentrations in the mesocosms over time, compare and evaluate the impacts of two different
hydrologic variables on wetland function within the mesocosms, and to assess changes in soil
chemistry between the beginning and end of the experiment. The hypothesis was that deeper water
maintained within the mesocosms and a greater hydraulic loading rate would improve nutrient
sequestration in the mesocosms. Future research objectives for the mesocosms, potential
improvements on the study, and potential scaling-up to landscape sized wetlaculture experiments
are discussed in the conclusions.

2.3 Methods
2.3.1 Site description
The wetland mesocosm experiment was completed in Naples, Florida (Latitude
26°10’31.3”N, Longitude 81°47’25.3”W) which is located within the Everglades West Coast
watershed (Florida DEP, 2021). The experiment was placed within the borders of Freedom Park,
a 20-ha human-made treatment wetland complex constructed from 2007 to 2009 that receives
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stormwater runoff from 3139 ha of the city of Naples, FL. These wetlands were created with the
purpose of demonstrating the effectiveness of wetland ecosystems at alleviating flooding and
retaining nutrients before water flows into the Gordon River, which releases into the Gulf of
Mexico (Figure 2.1). The Freedom Park wetlands reduce total phosphorus concentrations from
inflows to outflows by 55%, and total nitrogen by 26%, and have been doing so effectively for a
decade (Griffiths and Mitsch, 2017). However, there are notable differences in the function of
these wetlands due to rainfall seasonality, which is an important factor to consider regarding the
hydrologic management of constructed wetlands (Nesbit and Mitsch, 2018). This wetland park
was an ideal location for the mesocosm study due to the ample space, ideal climate, relevant
research subject matter, and ability to educate the general public provided.
Long before the city of Naples was founded in the 1880s, the land in that area was marsh
and swampland. Like most of coastal south Florida, the area was quickly developed and became
a major city on the west coast of the state. This rapid development changed the hydrology of the
area, as paved surfaces and manicured lawns sped the flow of stormwater to the Gulf of Mexico,
impacting mangrove and other wetland ecosystems (Marois and Mitsch, 2017). Review of
historical aerial photographs reveals that the plot of land that Freedom Park now occupies was
never fully developed, but was once a citrus orchard in the 1950s (UFDC Flight 2DD Tile 229,
1962; Collier County, 2021). Though a golf course was constructed just north of the lot, the lack
of paved surface on the land Freedom Park occupies made it an ideal location to create and
restore wetlands.
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2.3.2 Wetland mesocosm and experimental design
The wetland mesocosms in Freedom Park, which consist of twenty-eight 378 L tubs, are
1.22 m long x 0.76 m wide x 0.61 m deep (Figure 2.2 and 2.3), and were constructed from April
11 to May 17, 2018 (Mitsch, 2018). Each row of 7 mesocosms (replicates) represents a different
combination of controlled hydrologic variables. In each tub, about 10 cm of gravel was placed in
the bottom to prevent clogging of the outflow pipe. The water level within each mesocosm is
controlled by adjusting the length of the vertical outflow standpipe. Each mesocosm was then
filled with local soils to about 30 cm depth, and planted with sawgrass (Cladium jamaicense) on
May 3, 2018 to simulate the dominant natural wetland plant community in the Everglades. Plant
succession within the mesocosms was not controlled, but left to natural design. Water was first
added to the mesocosms in mid-June 2018, and the first water quality samples were taken on
June 28, 2018. The water added to the mesocosms comes from the stormwater runoff drainage
ditch that also serves as the source of water for the entirety of the Freedom Park wetland
complex. This water is pumped into two large storage tanks on a raised mound of earth, and then
flowed into the mesocosms weekly via gravity (Figure 2.2).

2.3.3 Hydrologic experiment
The rainy season in South Florida begins around mid-May to early June and lasts until
October, so these are the months when stormwater runoff is abundant. However, there was
typically enough water in the stormwater runoff ditch that serves as the source for this experiment
to flow water into the mesocosms year round. Half (14) of the mesocosms are fed weekly with a
high hydraulic loading rate (HLRH) of 0.30 m/week, and the other half are fed with a lower
hydraulic loading rate (HLRL) of 0.10 m/week. Half of both the high and low HLR mesocosms are
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maintained at a high water level of 8 to 10 cm standing water (SW). The other half are maintained
at a low water level that is typically without standing water (NSW). This results in four hydrologic
treatments, each with 7 replicates: HLRH _SW, HLRH _NSW, HLRL _SW, and HLRL _NSW.
Rainfall was recorded and collected throughout the study, though this deposition theoretically
impacts all the mesocosms equally, as they are all open to the sky.

2.3.4 Water and soil sampling and analysis
Inflow and outflow samples from the mesocosms were collected in acid-washed bottles
every other week. Sampling began in June 2018 and ended February 3, 2021. Rain samples were
collected year round when available. All water samples were preserved in coolers with ice to
keep temperatures below 4° C during transit to labs located at the Everglades Wetland Research
Park nearby. Soluble reactive phosphorus (SRP) and nitrate+nitrite (NOx-N) samples were
filtered through 0.45 µm membranes and analyzed within 48 hours. Total phosphorus (TP) and
total Kjeldahl nitrogen (TKN) samples were preserved via pH adjustment with sulfuric acid (1 <
pH < 2), and could be stored while refrigerated for extended periods of time. Total nitrogen (TN)
was estimated as the sum of TKN and NOx-N. Water samples were analyzed using a Smartchem
200 Autosampler, according to standard EPA analytical methods (USEPA 351.2, Rev 2.0 1993
TKN. USEPA 365.1, Rev 2.0 1993 TP, SRP. USEPA 353.2 Rev 2.0 1993 NOx.).
Soil sample cores (surface to 30 cm depth) were collected in October 2019 and April
2021. Samples were collected from three random mesocosms in each hydrologic scenario, for a
total of twelve samples from the mesocosms per sampling event. Control samples were also
collected from just outside the mesocosms, because this same site soil was used to fill the
mesocosms. Controls were collected on the same dates as the mesocosm samples. Samples were
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collected with an acid washed hand auger and placed in clean plastic bags for transport to the
EWRP lab, where they were air dried, weighed, and passed through a 2mm sieve. Prepared
samples were then sent to STAR Labs at The Ohio State University, where they were analyzed
for nitrogen, carbon, phosphorus, various metals, and organic matter content (USEPA 3051,
2007).

2.3.5 Calculations and statistics
2.3.5.1 Water quality removal rates and fluxes
1.) Removal rate formula:
(#$% &#'() )×,--

RE =

#$%

( Eqn 1)

where, RE is removal efficiency in %; Cin = the nutrient concentration of inflow in mg/L; Cout =
the nutrient concentration of outflow in mg/L.
2.) Nutrient flux formula:
LR = Cin * HLR * N/100;

(Eqn 2)

ER= Cout * HLR * N/100;

(Eqn 3)

RR= LR – ER ;

(Eqn 4)

where, Cin and Cout = average nutrient concentrations of the inflows and outflows in mg/L =
g/m3; HLR = hydraulic loading rate (10 cm/week or 30 cm/week); N = the total weeks of the
hydroperiod in a given year; LR = nutrient loading rate of the inflow in g/m2/year; ER = nutrient
export rate of the outflow in g/m2/year1; RR = nutrient retention rate of the wetland system in
g/m2/year (Jiang & Mitsch, 2020).
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2.3.5.2 Statistical analyses
All data were tested for normality. If normally distributed, Student’s t test or one-way
ANOVA were used, assuming a confidence interval of 95%. Otherwise, non-parametric tests
such as the Kruskal-Wallis method were used. Multiple group comparisons included post hoc
analysis. All statistical analysis was performed in JMP SAS 15.0.

2.4 Results
2.4.1 Temporal changes in nutrient concentrations in the wetland mesocosms
During the course of the 2.5 year study, total phosphorus inflow concentrations varied
from 0.032 mg-P/L to 0.269 mg-P/L, with an average of 0.0951 mg-P/L (n=87). Total nitrogen
inflow concentrations ranged from 1.107 mg-N/L to 4.981 mg-N/L, with an average of 1.888
mg-N/L (n=27). Average TP and TN inflow concentrations were not significantly different
across the three years of sample collection, with years 2020 and 2021 being considered together
due to only two sampling events in the year 2021 (Table 2.1). Inflow concentrations of SRP were
significantly different in each of the three years, though there is no visible trend (p<0.05). In
2020/2021, NOx-N inflow concentrations are significantly greater than in previous years due to a
sustained spike in concentration beginning in November 2020 (p<0.05) (Table 2.1).
TP outflow concentrations ranged from 0.003 mg-P/L to 1.1896 mg-P/L, with an average
of 0.1795 mg-P/L (n=838). TN outflow concentrations ranged from 0.067 mg-N/L to 7.741 mgN/L, with an average of 1.239 mg-N/L (n=755). Both TP and TN outflow concentrations were
significantly different among each of the three years with a negative trend for both, indicating
improving nutrient sequestration (p<0.05) (Table 2.1). NOx-N outflow concentrations for the last
two years were significantly different from the first year, though all values are relatively low due

28

to extremely efficient removal of NOx-N throughout the study (p<0.05) (Table 2.1, Figure 2.4).
Rainfall nutrient concentrations averaged 0.122 mg-P/L for TP, 0.017 mg-P/L for SRP,
0.049 mg-N/L for NOx-N, 0.503 mg-N/L for TKN, and 0.526 mg-N/L for TN over the course of
the study (n=91). With Freedom Park receiving about 140 cm of rain per year, this represents an
important source of nutrients for all landscapes, including the mesocosms. Total nitrogen
deposition, including wet and dry deposition, is about 1.03 g-N m-2 yr-1 within a single
mesocosm because they are roughly one square meter in size. Total phosphorus deposition
within a single mesocosm is about 0.209 g-P m-2 yr-1.

2.4.2 Nutrient removal efficiency
The wetland mesocosms were generally sources, rather than sinks, of nutrients during the
first two years of the study. NOx-N was the exception, averaging ~90% removal efficiency in the
first year, and improving each year thereafter (Table 2.2). February of 2020 was the inflection
point at which SRP, TP, TKN, and TN removal rates began to shift from negative to positive
values. This trend has continued, with SRP removal improving ~97% year over year from 2019
to 2020/2021, TP improving ~158%, TKN improving ~26%, and TN improving ~ 54% (Table
2.2).
The trends of nutrient removal efficiency for nitrogen and phosphorus species over the
course of the study are depicted in Figure 2.4. There were no seasonal trends in removal
efficiency detected. Early in the study, TP, SRP, and TKN removal efficiencies were very erratic
with largely negative values. Only after about two full years of stormwater inflows did nutrient
retention values begin to stabilize in a positive trend. Potential causes for such an extended delay
in successful nutrient sequestration will be discussed in a later section of this dissertation.
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2.4.3 Effects of hydrologic conditions on nutrient retention
The average nutrient removal efficiency of each of the different hydrologic scenarios
over the course of the experiment varied greatly, with many recording overall nutrient export
rather than sequestration. It is more informative to view removal efficiency of the hydrologic
scenarios year-by-year, which can be found in Table 3.3. For SRP, TP, NOx-N, and TN all four
hydrologic scenarios showed statistically significant improvement in nutrient retention between
2019 and 2020/2021 (p<0.05). For TKN, all mesocosms with HLRH were not significantly
different from 2019 to 2020/2021, while all mesocosms with HLRL were significantly different
(p<0.05), although all hydrologic scenarios did trend towards improved sequestration. The
improvements in wetland function within the last year of the study are further illustrated by
Figure 2.5.
For NOx-N, there was no significant difference between hydrologic scenarios in nutrient
removal efficiency in any of the three years. For SRP, most significant differences between
hydrologic scenarios occurred in 2020/2021, with standing water mesocosm have greater
removal than no standing water mesocosms (p<0.05). For TP, HLRL_SW was significantly
different from both no standing water scenarios in 2019. However, there were no significant
differences between scenarios in 2020/2021. For TKN, most significant differences also occurred
in 2019, with all standing water scenarios exporting more than all no standing water scenarios
(p<0.05). In 2020/2021, only HLRL_NSW differed significantly from both standing water
scenarios. For TN, in 2018 all no standing water scenarios differed significantly from all
standing water scenarios, as the no standing water scenarios retained TN while standing water
scenarios exported TN strongly. In 2019, HLRL_SW differed significantly from all other
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scenarios, while HLRH_SW and HLRH_NSW also differed significantly (p<0.05). There were no
significant differences in nutrient retention between hydrologic scenarios for TN in 2020/2021.

2.4.4 Mass retention
Using the calculations from section 2.3.5.1, total mass loading and export of nutrient
species of interest can be estimated for each of the hydrologic scenarios. As expected, total
nutrient loading in g m-2 yr-1 is much greater in HLRH scenarios because they receive three times
as much water as HLRL scenarios. TP loading is estimated to be 1.53 and 0.5 g-P m-2 yr-1 for
high and low flow scenarios respectively. These figures does not include P deposition, which is
0.209 g-P m-2 yr-1. TN inflows varied greatly from year to year, but averaged 32.1 and 10.7 g-N
m-2 yr-1 for high and low flow scenarios. These figures do not include N deposition, which is
1.03 g-N m-2 yr-1. After calculating mass nutrient loading and export, nutrient mass retention can
be estimated as well. In concert with nutrient flows measured in the water, mass export of
nutrients greatly exceeded mass inputs during the first two years of the study (Figure 2.6). All
hydrologic scenarios across all nutrient species showed improved mass retention between 2019
and 2020/2021. Low flow hydrologic scenarios mitigated nutrient mass export during the first
two years of the study, but retained less nutrient mass than high flow scenarios once the wetland
mesocosms began functioning in the third year of the study.

2.4.5 Soil sampling results
Total phosphorus concentrations in mesocosm sediments from the October 2019
sampling event ranged from 55 to 116 mg-P kg-1, while control samples ranged from 42 to 100
mg-P kg-1. Mesocosm samples from October 2019 averaged 80 ± 5.86 mg-P kg-1 while samples
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from April 2021 averaged 56 ± 2.27 mg-P kg-1. Percent composition N averaged 0.03 ± 0.002%
for both controls and mesocosms in 2019, and was 0.06 ± 0.01% for controls and 0.04 ± 0.003%
for mesocosms in 2021. Percent composition C averaged 0.46 ± 0.13% for controls and 0.51 ±
0.03% for mesocosms in 2019, and was 0.82 ± 0.1% for controls and 0.56 ± 0.05% for
mesocosms in 2021. Aluminum (Al) concentrations averaged 937 ± 90 mg-Al kg-1 for controls
and 1083 ± 32.4 mg-Al kg-1 for mesocosms in 2019, and averaged 668 ± 25.6 mg-Al kg-1 for
controls and 662 ± 18.2 mg-Al kg-1 for mesocosms in 2021. Iron (Fe) concentrations averaged
127 ± 23.3 mg-Fe kg-1 for controls and 166 ± 9.2 mg-Fe kg-1 for mesocosms in 2019, and
averaged 234 ± 53.8 mg-Fe kg-1 for controls and 76 ± 3.5 mg-Fe kg-1 for mesocosms in 2021
(Table 2.4). Two outlier samples with concentrations twice as large as any other in the dataset
explain the large increase in Fe concentration among control samples in 2021.

2.5 Discussion
2.5.1 Nutrient retention in the Freedom Park mesocosms
The goal of this study was to determine if wetland mesocosms receiving urban
stormwater runoff could achieve similar function to natural wetland systems, and to assess the
impact of water depth and hydraulic loading rate on nutrient retention efficiency. The results of
this study highlight some of the difficulties and unforeseen complications with constructing an
urban treatment wetland, especially in highly sandy soils such as those used in the Freedom Park
mesocosms. Firstly, it is possible the consistent addition of stormwater runoff throughout the dry
season dampened seasonal effects typically seen in other southwest Florida wetlands, as there
were no clear cycles in nutrient removal efficiency with the wet and dry season (Nesbit &
Mitsch, 2018). Further, the mesocosms generally took two years to begin efficiently removing
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nutrients from the inflow water, which is a longer delay than some previous wetland mesocosm
studies, but in-line with what others suggest (Mitsch et al., 2015; Marois & Mitsch, 2016; Jiang
& Mitsch, 2020). It is probable that the significant nutrient exports in the early years of the study,
before the mesocosms became fully functional wetland systems, were exacerbated by many
years of reclaimed water irrigation of the site soils used to fill the mesocosms. Soil test results
indicate that the Freedom Park site soil contains an average of 71 mg-P kg-1, which is about what
one would expect from farmland soils (VanZomeren et al., 2020). As mentioned previously, the
site was a citrus farm much earlier in its history, which also potentially contributed to soil
nutrient concentrations. An elevated baseline situation such as this for the wetland mesocosms
could potentially explain the massive TP export seen in the first year of the study.
In spite of the challenges faced, the results of this study provide evidence that with time,
stormwater runoff-fed urban treatment wetlands can be an effective method of reducing nutrient
loads from inflow waters. The estimated mass retention of total nitrogen (8.0 - 28.5 g-N m-2 yr-1.)
falls within range of values reported in previous studies of expected wetland nutrient retention,
while total phosphorus (0.1 - 0.41 g-P m-2 yr-1) mass retention falls short of these values (Mitsch
et al., 1995, 2000). However, when viewing only data from 2020 and beyond, when the
mesocosms began to fully function as wetlands, TN removal rates (55%) from inflow water
exceed what is expected from previous studies (37%) (Land et al., 2016). TP removal from 2020
going forward (15%) still falls well short of what is expected (46%), but is trending positively
(Land et al., 2016).

33

2.5.2 Role of water level in treatment wetlands
The role of water depth maintained in this particular mesocosms study is difficult to
discern, as some nutrient species benefitted from standing water (SRP), while others did not
(TKN). When viewing all of the water quality data from all years, TP and TN both exported
nutrients with greater magnitude in standing water scenarios than in no standing water scenarios
(Table 2.3). However, this does not paint the complete picture, as nutrient retention rates across
all hydrologic scenarios began to even out in the final year of the study. In order to truly discern
the ideal hydrologic scenario for a stormwater runoff-fed urban treatment wetland, further water
quality data would need to be collected from these mesocosms. However, previous studies have
suggested that standing water is important to many wetland functions, including nutrient
retention (Mitsch & Gosselink, 2015).

2.5.3 The role of hydraulic loading rate in the Freedom Park mesocosms
The hydraulic loading rate did not have a significant impact on any nutrient retention
rates, in either standing water or no standing water mesocosms. However, the loading rate does
impact the sheer mass of nutrients that entered and exited the mesocosms. This means that when
the mesocosms were “young” and exporting nutrients, the higher loading rate mesocosms
exported a greater mass of TN and TP. However, when the mesocosms began to function
efficiently in the final year of the study, the higher loading rate mesocosms retained a greater
mass of TN and TP (Figure 2.6). This is in line with previous studies, which have found a
negative relationship between HLR and retention rate, but a strongly positive relationship
between HLR and mass retention (Chang et al., 2007; Çakir et al., 2015). These results suggest
that when treatment wetlands are initially created, they should be managed at a high HLR in
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order to flush out excess soil nutrients and achieve nutrient retention goals as quickly as
possible. Previously established treatment wetlands in a series could receive this water to prevent
the initial export of nutrients from the new wetland impacting downstream waterways. Once
hydric soils are established and proper wetland function is achieved, the high HLR should be
maintained in order to increase the quantity of nutrients removed, with no further need of
additional treatment wetlands in a series. However, there are other factors to consider besides
nutrient retention when managing the HLR of a treatment wetland, including
sedimentation/disturbance, plant growth, and the diversity of plant and animal inhabitants.

2.5.4 Nutrient and metals concentrations in wetland mesocosm sediments
Generally, it is expected that the sediment concentration of total P in a wetland would
increase over time as the P is removed from inflow waters and sequestered within sediments.
However, if the baseline soil conditions of a newly created wetland already had high
concentrations of P, it is possible that the introduction of flowing water would leach much of the
existing P out of the sediments, leading to a net loss of soil P. This appears to be the case in the
Freedom Park mesocosms, as there was a significant (30%, p<0.05) decrease in soil P measured
from 2019 to 2021. Additionally, soils with higher concentrations of Fe and Al typically contain
higher P concentrations due to their high P sorption capacity (Hansen, 2002; VanZomeren,
2020). The sandy soils at Freedom Park used in the mesocosms had high baseline concentrations
of Fe and Al, which also decreased significantly (54% and 39% respectively, p<0.05) with the
introduction of wet conditions from 2019 to 2021. It is probable that a large portion of the P that
exited the mesocosms over the course of the study did so attached to the Fe and Al ions that
leached out. Ideally, future wetlaculture projects will target locations and soils that were
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formerly wetlands that have lower Fe and Al concentrations, reducing the probability of extreme
initial nutrient export when water is reintroduced.
It is also typically expected that N and C stocks within a wetland increase over time, until
an eventual plateau, as organic matter accumulates to form peat (Maziarz et al., 2019). The
Freedom Park wetland mesocosms met these expectations, as N stocks had a significant overall
increase (35% p<0.05) while C stocks had a non-significant 10% overall increase (p>0.05).
Interestingly, the driest hydrologic scenario (HLRL_NSW) due to the lower hydraulic loading
rate and lack of standing water had 14% and 27% decreases in percent composition of N and C
respectively between 2019 and 2021. It is possible that peat formation was hindered in these
wetland mesocosms due to oxygen being available within the top layer of sediment.

2.5.5 Implications for future wetlaculture research
The next step for this mesocosm study is to convert several of the mesocosms into a crop
to determine how well it will grow without any fertilization added. It is possible that these
mesocosms’ three years of existence as a wetland is not enough time to accrue the necessary
nutrients to support agricultural use, especially since wetland function was only efficient for
about one year. However, the benefit of mesocosm studies such as this is that they can be split
into batches, with several mesocosms maintaining their wetland status while others undergo the
transition to agricultural use. Additionally, due to the plant species composition within the
mesocosms being left to natural design and the high nutrient availability, most mesocosms were
composed largely of cattail (Typha) instead of the initially planted sawgrass (Cladium
jamaicense), which thrives in low nutrient environments, by the end of the study. An area of
potential future research would be to determine if certain wetland plant species are better suited
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for the wetlaculture system than others. Related future research could investigate the possibility
of using aquatic crops or rice paddies as intermediary steps between the wetland and row-crop
phases of wetlaculture.
The findings of this study support the existing literature by providing further evidence
that wetlands can be successful in a wide variety of hydrologic and environmental situations.
While the ultimate goal for wetlaculture is to break into the commercial agricultural field to have
the maximum impact, this study suggests that it is possible to create small-scale wetlands in tight
urban spaces with whatever water source happens to be available. These smaller wetlands could
also theoretically rotate between gardening usage and wetland usage. The time-scale of this
rotation is yet to be determined, but the results of this and other studies show that the initial soil
conditions of a newly created wetland can have a large impact on how quickly they begin to
retain nutrients (Jiang and Mitsch, 2020). Quite recent studies (Boutin et al. 2021) illustrated that
crops can be grown in soils that have been enhanced in nutrients by wetlands.
Future research in wetlaculture will likely be on the landscape scale, and could use this
space to focus on what plant communities will maximize nutrient sequestration within sediments.
Because a goal of wetlaculture is to provide agriculture with fertile soil that does not require
additional fertilizers, wetland plants that accumulate peat most rapidly may be most desirable.
Although treatment wetlands can function year-round in a warm state like Florida, wetlaculture
has just as much value in colder climates where agriculture is expansive and water quality suffers
for it. In these locations, future wetlaculture studies will need to assess what happens to
treatment wetland function in winter months and how it could impact the time-scale of rotation
from wetland to agriculture and back.
Another important aspect of wetlaculture that must be developed to ensure its success in
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the future is a cost share or incentives program for farmers to participate. There must be some
financial benefits for farmers while their fields are in the wetlands phase, and they must have
some amount of insurance that they will maintain profits during the agricultural phase without
adding any fertilizers, even if their yield is slightly less than it would be. Without such a
program, farmers may be incentivized to add fertilizers during the agricultural phase, fully
defeating the purpose of the wetlaculture system. Some work has already been conducted in this
regard, as Sam Miller (Mendoza College of Business, University of Notre Dame) has
collaborated with the Everglades Wetland Research Park in Naples, FL to form an early business
model for wetlaculture (EWRP, 2020). However, further research will be necessary to implement
the system on a large scale.

2.6 Conclusions
The Freedom Park wetland mesocosms were created with sandy soils that were regularly
irrigated with reclaimed wastewater for a decade before the land was converted to a mesocosm
compound. This irrigation with nutrient-rich reclaimed water potentially delayed several
important wetland functions such as nutrient retention. This study also highlights the importance
of adaptive research, as the unexpectedly large initial nutrient exports caused a pivot in the
direction of research towards the likely cause of the exports: reclaimed wastewater irrigation.
Baseline soil P concentrations within mesocosms were elevated, and decreased over time along
with Al and Fe soil concentrations. N and C content within mesocosm sediments generally
increased over time, although the driest hydrologic scenario potentially limited peat formation.
Further description of reclaimed water irrigation impacts can be found in Chapter 3 of this
dissertation. An ideal hydrologic scenario for maximum nutrient retention could not be
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determined from 2.5 years of water quality data, although another year may have allowed trends
to further develop. Despite the slow start, the final year of the study indicates that the model of
urban treatment wetlands fed with stormwater runoff can be successful. Mass retention falls
within or close to expected values, and nutrient retention rates are ideal for TN and trending
positively for TP.
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2.9 Tables
Table 2.1 Mean ± standard error (number of samples) concentration of nitrogen and phosphorus
species at the mesocosm inflow and outflows. All values are in mg/L. SRP is soluble reactive
phosphorus, which is the form of P directly taken up by plants cells. TP is total phosphorus,
which is the measure of all forms of P. NOx-N is Nitrate + Nitrite, which are inorganic forms of
N. Nitrite is transformed into plant-available Nitrate within sediments in the N cycle. TKN is
total Kjeldahl N, which is the sum of N in organic substances and N in ammonium and ammonia.
TN is the sum of NOx-N and TKN. Different letters in the brackets indicate a significant
difference in concentration between years at α=0.05 level. An asterisk indicates that there is a
significant difference in concentration between inflows and outflows within the same year at
α=0.05 level. Years 2020/2021 are grouped due to small sample size in 2021.

SRP

Inflow
Outflow

TP

Inflow
Outflow

NOx-N

Inflow
Outflow

TKN

Inflow
Outflow

TN

Inflow
Outflow

2018
0.109 ± 0.012 (13)
[A]
0.168 ± 0.013 (139)
[A]
0.096 ± 0.005 (13)
[A] *
0.339 ± 0.019 (139)
[A] *
0.532 ± 0.026 (13)
[A] *
0.045 ± 0.007 (139)
[A] *
0.750 ± 0.080 (8)
[A] *
1.899 ± 0.155 (83)
[A] *
1.327 ± 0.139 (3)
[A]
1.903 ± 0.154 (84)
[A]
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2019
0.045 ± 0.003 (41)
[B]
0.054 ± 0.002 (392)
[B]
0.098 ± 0.011 (38)
[A] *
0.216 ± 0.010 (363)
[B] *
0.384 ± 0.029 (41)
[A] *
0.017 ± 0.001 (392)
[B] *
1.029 ± 0.059 (35)
[B] *
1.412 ± 0.036 (335)
[B] *
1.443 ± 0.062 (12)
[A]
1.426 ± 0.036 (336)
[B]

2020/2021
0.064 ± 0.004 (39)
[C] *
0.029 ± 0.004 (364)
[C] *
0.092 ± 0.010 (36)
[A]
0.074 ± 0.003 (336)
[C]
1.865 ± 0.237 (39)
[B] *
0.021 ± 0.002 (364)
[B] *
0.776 ± 0.044 (36)
[A]
0.862 ± 0.022 (336)
[C]
2.473 ± 0.435 (12)
[A] *
0.883 ± 0.022 (336)
[C] *

Table 2.2 Mean ± standard error nutrient removal efficiency for all species of nitrogen and
phosphorus measured. All values are depicted as percent removal. Negative values indicate
nutrient export from the mesocosms, and positive values indicate nutrient sequestration. All
nutrient species improved in nutrient sequestration capability over the course of the study. Years
2020/2021 are grouped due to small sample size in 2021.
Year

SRP

TP

NOx-N

TKN

TN

2018

-41.16 ±
0.33%

-264.60 ±
0.71%

90.85 ±
0.05%

-161.43 ±
0.11%

-41.71 ±
0.08%

2019

-44.05 ±
0.27%

-161.38 ±
0.39%

93.21 ±
0.03%

-41.78 ±
0.11%

0.36 ±
0.07%

2020/2021

53.11 ±
0.07%

-3.59 ±
0.21%

98.58 ±
0.01%

-15.95 ±
0.09%

53.91 ±
0.07%
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Table 2.3 Mean ± standard error nutrient removal efficiency grouped by hydrologic scenario. All values are depicted as percent
removal. Negative numbers indicate nutrient export rather than retention. SRP is soluble reactive phosphorus, the form of P directly
taken up by plants cells. TP is total phosphorus, the measure of all forms of P. NOx-N is Nitrate + Nitrite, inorganic forms of N.
Nitrite is transformed into plant-available Nitrate in the N cycle. TKN is total Kjeldahl N, the sum of N in organics and N in
ammonium and ammonia. Different letters indicate a significant difference between values across the three years of the study within
each hydrologic scenario, while same letters indicate no significant difference at α=0.05.

SRP

TP

NOx-N

TKN

TN

HLRH_SW
HLRH_NSW
HLRL_SW
HLRL_NSW
HLRH_SW
HLRH_NSW
HLRL_SW
HLRL_NSW
HLRH_SW
HLRH_NSW
HLRL_SW
HLRL_NSW
HLRH_SW
HLRH_NSW
HLRL_SW
HLRL_NSW
HLRH_SW
HLRH_NSW
HLRL_SW
HLRL_NSW

2018
-15.57 ± 30.84% [A]
-102.90 ± 44.81% [A]
-15.11 ± 44.84% [A,B]
-31.27 ± 31.91% [A,B]
-275.06 ± 88.52% [A]
-221.48 ± 48.48% [A]
-432.93 ± 105.7% [A]
-129.07 ± 56.39% [A]
85.14 ± 10.07% [A]
91.46 ± 4.35% [A]
95.70 ± 1.52% [A]
91.11 ± 4.5% [A]
-260.33 ± 21.24% [A]
-71.18 ± 19.36% [A]
-271.45 ± 40.66% [A]
-48.49 ± 7.82% [A]
-96.59 ± 10.68% [A]
3.40 ± 17.65% [A]
-100.73 ± 11.34% [A]
17.55 ± 4.11% [A]

2019
-52.38 ± 28.15% [A]
-81.25 ± 27.31% [A]
-22.64 ±31.74% [A]
-19.92 ± 23.14% [A]
-171.70 ± 47.17% [A]
-92.82 ± 20.08% [B]
-272.32 ± 67.43% [A]
-109.01 ± 27.8% [A]
92.85 ± 2.64% [A]
93.35 ± 2.73% [A]
93.60 ± 2.56% [A]
93.05 ± 2.64% [A]
-50.04 ± 14.12% [B]
-9.02 ± 8.37% [B]
-93.72 ± 21.34% [B]
-14.62 ± 4.61% [B]
-4.81 ± 8.55% [B]
22.05 ± 6.15% [A]
-33.73 ± 11.43% [B]
17.92 ± 4.0% [A]
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2020/2021
69.48 ± 4.77% [B]
39.40 ± 6.35% [B]
58.20 ± 17.2% [B]
45.38 ± 8.55% [B]
4.69 ± 22.26% [B]
-5.78 ± 20.41% [C]
-6.66 ± 20.95% [B]
-6.62 ± 24.31% [B]
98.73 ± 0.28% [B]
98.58 ± 0.27% [B]
98.60 ± 0.25% [B]
98.41 ± 0.24% [B]
-32.45 ± 10.61% [B]
-3.41 ± 9.25% [B]
-35.83 ± 12.96% [C]
7.90 ± 8.36% [C]
47.83 ± 7.48% [C]
59.76 ± 5.28% [B]
45.26 ± 9.31% [C]
62.78 ± 6.21% [B]

Total
2.87 ± 16.47%
-35.62 ±17.6%
11.38 ± 17.9%
4.83 ± 12.92%
-118.37 ± 32.35%
-79.45 ± 19.57%
-192.82 ± 45.19%
-71.40 ± 19.99%
94.03 ± 2.01%
95.18 ± 1.43%
95.96 ± 1.19%
94.92 ± 1.4%
-65.59 ± 15.73%
-13.43 ± 6.98%
-87.74 ± 17.95%
-8.38 ± 5.45%
8.39 ± 10.09%
36.74 ± 5.7%
-6.07 ± 11.76%
37.81 ± 5.44%

Table 2.4 Mean composition ± standard error of several soil parameters from controls taken
outside of mesocosms and mesocosms of different hydrologic scenarios across two sampling
events. Percent change was calculated and depicted in green for an increase and in red for a
decrease between the initial and secondary sampling dates. Statistical significance was calculated
for all mesocosms across all hydrologic scenarios between samples dates for each soil parameter.
Sample
type

Oct 2, 2019 Apr 23, 2021

Controls
61.01±15.63 76.57±8.34
HLRL_NSW 81.75±14.27 53.30±1.65
Average P (mg/kg) HLRL_SW 80.44±9.89
64.00±6.41
HLRH_NSW 81.46±18.06
52.24±1.0
HLRH_SW 76.83±10.93 54.19±4.91
Controls
0.03±0.008
0.06±0.01
HLRL_NSW 0.04±0.001
0.03±0.002
Average %
HLRL_SW 0.03±0.003
0.05±0.009
composition N
HLRH_NSW 0.03±0.005
0.04±0.004
HLRH_SW 0.03±0.002
0.04±0.002
Controls
0.46±0.133
0.82±0.103
HLRL_NSW 0.61±0.027
0.45±0.032
Average %
HLRL_SW 0.57±0.069
0.72±0.162
composition C
HLRH_NSW 0.45±0.061
0.48±0.053
HLRH_SW 0.42±0.036
0.57±0.014
Controls 937.10±89.97 668.15±25.57
HLRL_NSW 1121.67±85.61 685.37±17.44
Average Al (mg/kg) HLRL_SW 1120.03±94.27 648.10±62.54
HLRH_NSW 1063.33±23.95 635.03±33.11
HLRH_SW 1028.13±56.8 680.37±33.01
Controls 127.68±23.27 234.54±53.8
HLRL_NSW 175.97±21.03 79.28±5.28
Average Fe (mg/kg) HLRL_SW 180.73±19.18 83.84±8.1
HLRH_NSW 168.53±20.95 75.30±2.77
HLRH_SW 137.37±6.23 65.64±8.92
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Statistical
Percent
Significance
change
(a=0.05)
25.50%
Yes
-34.79%
-20.43% p<0.001
-35.87%
-29.47%
80.73%
Yes
-14.17%
p<0.006
58.16%
34.38%
62.20%
76.64%
No
-26.91%
p>0.5
26.93%
5.57%
35.56%
-28.70%
Yes
-38.90%
-42.14% p<0.00001
-40.28%
-33.83%
83.69%
Yes
-54.95%
p<0.00001
-53.61%
-55.32%
-52.21%

2.10 Figures

Figure 2.1 Map of Freedom Park in Naples, FL indicating flow pattern through the man-made
wetlands. The red oval near the northwest corner of the map indicates the approximate location
of the mesocosm experimental site in Freedom Park described in this chapter. Map modified
from Mitsch and Gosselink, 2015.

50

Figure 2.2 Photograph of the Freedom Park mesocosms taken in February 2019. Each row was
treated with a different hydrologic scenario. From left to right in the photo, the scenarios are:
HLRH_SW, HLRH_NSW, HLRL_SW, and HLRL_NSW. HLRH_SW mesocosms have a high
loading rate and standing water. HLRH_NSW mesocosms have a high loading rate and no
standing water, but do have wet sediments. HLRL_SW mesocosms have a low loading rate and
standing water. HLRL_NSW mesocosms have a low loading rate and no standing water, but do
have wet sediments.
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Figure 2.3 Illustration of the four different hydrologic scenarios and the internal construction the
mesocosms. A) and B) receive 30 cm of water per week, while C) and D) receive 10 cm per
week. A) and C) are maintained at a water depth of about 10 cm above the sediment surface via
the height of the standpipe, while B) and D) have water depth maintained just below the
sediment surface so that soils are wet but not covered. (Reprinted and modified from Jiang and
Mitsch, 2020). Reprinted with permission.
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Figure 2.4 Percent removal of each nutrient species over 3 years from June 28, 2018 through August 16, 2021. NOx-N removal rates
are very high from the beginning, while most other nutrients slowly trended from export to retention over the 3 years. Any values
above the red line indicate nutrient sequestration, while any values below the red line indicate export. Missing data points are due
primarily to instrument malfunction, while some samples were lost to excess holding time. Data beyond February 3, 2021 were
collected after some mesocosms were taken “offline” and transitioned to agricultural usage in a subsequent study, and are displayed
here to demonstrate the further trend in nutrient sequestration of the remaining mesocosms left online.
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a)

b)
Figure 2.5 Average removal efficiency ± standard error for each nutrient species for 4 separate
hydrologic conditions for a) full 2.5-year study and b) final year Feb 2000 to Feb 2001. The
bottom chart excludes data before February 2020 to illustrate the significant improvement in
nutrient retention in the last year of the study.
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Figure 2.6 Average estimated nutrient mass retention for each nutrient species within each of
four hydrologic treatments over 2.5 years of study. Units are in g-P m-2 yr-1 or g-N m-2 yr-1.
Across all hydrologic conditions, mass retention improved notably in 2020/2021, suggesting a
lessening of the effect of reclaimed wastewater that was applied to this site for an estimated 10
years before our experiment.
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Figure 2.6 (Continued) Average estimated nutrient mass retention for each nutrient species
within each of four hydrologic treatments over 2.5 years of study. Units are in g-P m-2 yr-1 or gN m-2 yr-1. Across all hydrologic conditions, mass retention improved notably in 2020/2021,
suggesting a lessening of the effect of reclaimed wastewater that was applied to this site for an
estimated 10 years before our experiment.
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CHAPTER 3: IMPACT OF NUTRIENT LOADS CAUSED BY RECLAIMED
WASTEWATER APPLICATION ON SOUTHWESTERN FLORIDA LANDSCAPE
3. 1 Abstract
This study aims to determine the impact of reclaimed water irrigation on soils and surface
waters in Naples, FL, the site of the mesocosm study presented in Chapter 2. Water scarcity is a
growing issue globally, so water conservation strategies like reuse of wastewater have become
more common. Wastewater that is partially treated to allow for non-potable uses like crop and
lawn irrigation is called reclaimed wastewater. Using this water is an effective way of limiting
waste of freshwater resources, but has several negative impacts as well. This study focuses on
the impact of largely-ignored nutrient (N and P) concentrations in reclaimed wastewater, and
their effect on soils and the overall nutrient budget in Naples, FL. The results show that, because
turfgrasses in Florida typically require no P fertilization, 3.4 kg ha-1 yr-1 of P inputs from
reclaimed water either adsorbed to soils or flowed into the nearby full-scale wetland surface
water or groundwater aquifers. These excess P inputs potentially contribute to eutrophication of
downstream lakes, streams, and estuaries in Naples, FL, or to the diminished effectiveness of the
Freedom Park full-scale treatment wetlands. Though the use of reclaimed wastewater for
irrigation has many benefits, this study concludes that greater attention must be paid to the
nutrient contributions from this water source to make use of it most effectively and safely to
avoid contributing to harmful algal blooms in both freshwater and saltwater ecosystems.
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3.2 Introduction
Freshwater, while technically a renewable resource, is becoming increasingly scarce as
the global population continues to climb and agricultural demand for irrigation grows (Kummu
et al., 2016). The impending threat of freshwater shortages has rightfully driven governments and
the scientific community to seek alternative sources to conventional freshwater (surface water,
groundwater) (Yi et al., 2011; Ofori et al., 2020). One of the alternatives that has been gaining
popularity is the use of treated wastewater effluent (reclaimed water) for irrigation purposes on a
variety of landscapes (Chen et al., 2013; Vergine et al., 2017; Paul et al., 2020). Agricultural
irrigation, including lawn surfaces and golf courses, accounts for the majority of global
freshwater abstraction (Ventura et al., 2019). This means the reclamation of wastewater for
irrigation purposes, which can be as efficient as 70% recovery of wastewater effluent, is a highly
effective method for conserving freshwater resources (Yi et al., 2011). However, there are
several drawbacks to this method including possible negative soil, nutrient, and public health
impacts (Chen et al., 2013; Ofori et al., 2020; Wu et al., 2020). This study focuses on nutrient
impacts of reclaimed water irrigation in the Naples region of southwest Florida.
The Freedom Park wetland mesocosm experiment, discussed in detail in Chapter 2 of this
dissertation, described nutrient flows through the wetland mesocosms with stormwater runoff
from the city of Naples, FL serving as the inflow source for 31 months. The soils used to fill the
mesocosms were obtained from the holes dug in the ground at the park where the mesocosms
were set. We estimated that Freedom Park was irrigated with reclaimed wastewater for a decade
(~2008-2018) prior to the construction of the mesocosm experiment, which means the soils used
in the tubs were potentially saturated with nitrogen and phosphorus as a result of this irrigation
well before the mesocosm experiment began.

58

The objective of this study is to determine if there is a significant quantity of phosphorus
and nitrogen in the reclaimed wastewater that could have potential downstream impacts on both
inland and coastal aquatic ecosystems in the vicinity of the city of Naples and, for the mesocosm
study, saturated the soils with reclaimed water to the point where the mesocosms could be
sources of nutrients for a few years. The nutrient fertilization requirements for common grasses
and crops in southwest Florida are cross-examined with nutrient concentrations in reclaimed
wastewater to determine if these requirements are being met or exceeded. Ultimately, the goal of
this study is to determine if reclaimed water irrigation could be contributing to harmful algal
bloom events via eutrophication of downstream waterways.

3.3 Methods
3.3.1 Site description
Freedom Park is a 20-ha human-made treatment wetland complex constructed from 2007
to 2009 that receives stormwater runoff from 3139 ha of the city of Naples, FL (Latitude
26°10’31.3”N, Longitude 81°47’25.3”W) (Figure 3.1). The western portion of the park (about 15
ha), which was never fully developed but was a citrus orchard in the 1950s, is where the
constructed wetlands and lakes are now located (Collier County, FP, 2021). This portion of the
park is interwoven with walking paths and lawn areas for recreational purposes, which also
receive irrigation from the reclaimed water sprinkler system. Similar sprinkler systems hooked
up to reclaimed water can be found all around Naples, including at residential lawns and golf
courses (Figure 3.2). All of these systems are serviced by two water reclamation facilities, which
produced 23.8 billion liters of reclaimed water for over 50,000 end users in 2017 (Collier
County, Reuse Section, 2021).

59

3.3.2 Data collection
3.3.2.1 Freedom Park sprinkler system sampling
The reclaimed water sprinkler system at Freedom Park was sampled 2 times from
September 2019 to January 2020. Samples were collected by laying 8 acid-washed bins (49.5 cm
X 34.3 cm) in range of sprinkler heads for several minutes, until sufficient volume for nutrient
analyses were collected. Samples were then transferred from the bins to acid-washed sample
bottles, which were immediately placed in a cooler with ice to keep temperatures below 4°
Celsius for transport to the Everglades Wetland Research Park Lab for analysis.
All water samples collected were measured for four total species of two different
nutrients: phosphorus and nitrogen. Soluble reactive phosphorus (SRP) and nitrate+nitrite (NOxN) samples were filtered through 0.45 µm membranes and analyzed within 48 hours. Total
phosphorus (TP) and total Kjeldahl nitrogen (TKN) samples were preserved via pH adjustment
with sulfuric acid, and can be stored while refrigerated for extended periods of time. Total
nitrogen (TN) was estimated as the sum of TKN and NOx-N. Water samples were analyzed
using a Smartchem 200 Autosampler, according to standard EPA analytical methods (USEPA
351.2, Rev 2.0 1993 TKN. USEPA 365.1, Rev 2.0 1993 TP, SRP. USEPA 353.2 Rev 2.0 1993
NOx.).

3.3.2.2 City of Naples utilities reclaimed water quality
Reclaimed water nutrient data are publicly available on Naples city government websites,
but only for one quarter at a time. So a request for a full historical dataset was made to the City
of Naples Utilities Department. This dataset begins in January 2014 and ends December 2020,
and includes measurements of TP, TKN, NOx-N, and TN in varying frequencies. Sampling and
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laboratory analyses for this dataset was conducted by the City of Naples Utilities Department,
which used standard EPA analytical methods (Rice et al., 1999 TP. USEPA 365.4, 1974 TP.
USEPA 353.2 Rev 2.0 1993 NOx. USEPA 351.2, Rev 2.0 1993 TKN).

3.3.2.3 City of Naples stormwater runoff samples
The city of Naples stormwater runoff that was collected for this study served as the
inflow water for the mesocosm study, discussed further in Chapter 2 of this dissertation.
Stormwater runoff, which collects in a drainage ditch before being pumped into a holding lake
within the park, is the main source of water for the Freedom Park wetland complex. Water is
pumped from this drainage ditch into holding tanks within the wetland mesocosm experimental
site, and is then flows into the mesocosms. Inflow samples of this drainage ditch stormwater are
collected at the nozzle before they reach the mesocosms. They are processed and analyzed in the
same way as the sprinkler water samples. These stormwater runoff samples serve as a frame of
reference for the reclaimed water samples.

3.3.2.4 Rainfall sampling
Rainfall samples were collected in a plastic acid-washed rain meter located within the
Freedom Park mesocosm experimental site after rain events year round. All samples collected in
this way were processed and analyzed in the same way as described above. Rainfall contributes
nutrients to any landscape it falls on, so it must be accounted for when measuring total nutrient
inputs to these landscapes. Publicly available daily rainfall records were collected from the South
Florida Water Management District, which has a rain gauge located at Freedom Park (SFWMD,
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2021). For the purposes of this study, rain gauge data were collected from May 2018 through
March 2021 to coincide with the first phase of the mesocosm experiment.

3.3.2.5 Nitrogen deposition
Atmospheric nitrogen deposition can represent a significant source of N input to a
landscape, and therefore cannot be ignored when considering whether or not that land is overfertilized (Lu et al., 2021). Nitrogen deposition data were collected from the National
Atmospheric Deposition Program (NADP), which provides publicly available US maps for a
wide variety of atmospheric deposition. Maps depicting TN deposition, particulate nitrate dry
deposition, and wet nitrate deposition from the years 2010-2019 were examined to form an
estimate of N deposition in Naples, FL (NADP, 2020). Maps for the years 2020 and 2021 are
not yet available on the NADP database.

3.3.2.6 Common Florida grasses and sugarcane nutrient requirements
Reclaimed water irrigation is most often applied to agricultural land, as well as private
lawns, parks, and golf courses, all of which are plentiful in South Florida (Erel et al., 2019).
Therefore, it is important to understand the nutrient demands of areas with these land-use
designations to determine if reclaimed water irrigation is adding excess nutrients to the
landscape. Turfgrass is by far the most common type of grass used for lawns and golf courses in
the state of Florida, although there are many different varieties (IFAS, 2018). Sugarcane (genus
Saccharum) is one of the most common crops grown by big agricultural business in the state,
which has different fertilization requirements than turfgrasses (Rice et al., 2010). Data for
fertilization requirements for turfgrasses were collected from the University of Florida Institute

62

of Food and Agricultural Sciences (IFAS), which has published a series that examines a variety
of common Florida grasses (Shaddox, 2017). Sugarcane fertilization recommendations were also
gathered from a UF IFAS publication to determine if reclaimed water would satisfy or exceed
sugarcane nutrient demand (Rice et al., 2010).

3.3.3 Statistics
All data were tested for normality. If normally distributed, Student’s t test or one-way
ANOVA were used, assuming a confidence interval of 95%. Otherwise, non-parametric tests
such as the Kruskal-Wallis method were used. Multiple group comparisons included post hoc
analysis. All statistical analysis was performed in JMP SAS 15.0.

3.4 Results
3.4.1 Reclaimed water nutrient loads at Freedom Park sprinkler heads and the wastewater
treatment plant
Reclaimed water was sampled at Freedom Park on two occasions (n=13). Samples were
analyzed for SRP, TP, NOx-N, and TKN, with TN being calculated as the sum of NOx-N and
TKN. For the dataset created by the Utilities Department, TP (n=185), TKN (n=12), NOx-N
(n=17), and TN (n=18) were collected. SRP was not measured by the Utilities Department.
Means of samples collected from Freedom Park sprinkler heads were significantly different from
samples measured at the wastewater treatment plant for all analytes except TN (p<0.05) (Figure
3-3). The water from the sprinkler heads and the water from the wastewater treatment plant are
from the same source of reclaimed water, so nutrient concentration values were expected to be
similar.
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3.4.2 City of Naples stormwater runoff nutrient loads
City of Naples stormwater runoff was sampled as part of the Freedom Park mesocosm
experiment. These samples were analyzed for TP (n=87), SRP (n=93), NOx-N (n=93), TKN
(n=79), and TN (n=27). Means of these samples were significantly different than both the Freedom
Park sprinkler samples and the wastewater treatment plant water for TP and NOx-N (p<0.05).
Stormwater runoff means were significantly different than the sprinkler samples only for TKN and
TN , while there was no significant difference between SRP samples (p<0.05) (Figure 3-3). The
purpose of including stormwater runoff nutrient data in this study is to illustrate that there are
environmentally impactful quantities of nutrients in reclaimed water as well. Stormwater runoff,
whether agricultural or urban/rural, is often cited as the primary culprit in contributing to
eutrophication of downstream waterways and the incidence of harmful algal blooms (Dillon et al.,
2005; Mitsch & Gosselink, 2015; Carrico et al., 2018; Adams et al., 2020). If nutrient
concentrations in stormwater runoff are an environmental concern, then comparable
concentrations within reclaimed water must be treated with the same concern.

3.4.3 Rainfall nutrient loads
Rainfall samples collected from Freedom Park were analyzed for TP (n=18), SRP (n=19),
NOx-N (n=19), TKN (n=17), and TN (n=17). Rainfall quantity was recorded by the South Florida
Water Management District (SFWMD) rainfall gauge located at Freedom Park. Data span from
May 2018 to February 2021 to align with the construction of the Freedom Park mesocosm study.
Across this time span, annual rainfall averaged 138 cm per year, with a wet season that typically
lasted from May to September and a dry season in all other months. During the wet seasons daily
rainfall averaged 0.67 cm per day, while daily rainfall averaged only 0.19 cm per day during the
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dry seasons (Table 3-1). The city of Naples, FL is 4,250 ha, 75 % of which (3,190 ha) are land
surface. With an annual rainfall of 138 cm per year, 44.0 billion L (11.6 billion gallons) of water
fall on land surfaces in the city of Naples each year (Perlman, 2021). The average concentrations
of TP, NOx-N, and TN measured in rainwater were 0.122 mg/L, 0.049 mg/L, and 0.526 mg/L
respectively. Taking these figures into consideration, 5,370 kg TP, 2,157 kg NOx-N, and 23,155
kg TN are deposited by rainfall onto land surfaces in the city of Naples annually. This equates to
1.68 kg-TP ha-1 yr-1, 0.67 kg-NOx-N ha-1 yr-1and 7.26 kg-TN ha-1 yr-1. These quantities make up
the majority (~70%) of total nitrogen deposition, which will be examined in the next section.

3.4.4 Nutrient deposition
Nitrogen deposition in Naples, FL was estimated by closely examining several N
deposition maps from NADP for the years 2010-2019. Total N deposition maps, which include
wet N deposition via rainfall, dry deposition of particulate nitrate maps, and wet deposition of
nitrate maps were all included in this study (Table 3-2). An increase in nitrogen emissions over
the last century of human history has led to a gradual increase in nitrogen deposition (Galloway
et al., 2004). It is possible that current levels of nitrogen deposition already exceed healthy
amounts for tropical and wetland habitat (Pardo et al., 2011). However, assessment of the past
decade of N deposition shows that the upward trend has flattened in Naples, FL. The NADP does
not yet provide nitrogen deposition data for 2020, but similar values to what have been
experienced the past decade can be expected. Total N deposition was estimated to average 10.3
kg-N ha-1 yr-1.
While wet deposition of P was estimated in the previous section, dry deposition
represents a greater challenge in measurement. Bulk precipitation collectors and wet/dry bucket
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sampling techniques are prone to contamination are therefore have questionable accuracy.
Several studies from around the world have found that there are no consistent seasonal trends for
phosphorus deposition, including in Florida (Pollman et al., 2002; Boehme et al., 2011). Large
range estimates for dry TP deposition are between 0.2 and 0.8 kg-P ha-1 yr-1 for coastal/inland
ecosystems like Naples, FL (Redfield, 2002). Another study found average P deposition rates in
the Florida Everglades to be 0.41 ± 0.33 kg-P ha-1 yr-1, again showing the large variability and
general uncertainty in P deposition data, with little correlation between wet and dry P deposition
(Ahn and James, 2001).

3.4.5 Common Florida grasses nutrient demands
Turfgrasses (Cynodon dactylon, Stenotaphrum secundatum, Zoysia) are by far the most
common grasses used on residential lawns, parks, and golf courses in South Florida (Shaddox,
2017). There are a wide variety of turfgrass options that are suited to different needs, with three
of the most common being Bermudagrass, St. Augustine grass, and Zoysia grass. It is
recommended that Bermudagrass be fertilized at least 5 times per year, and up to 8 times per
year depending on the maintenance level desired by the property owner. St. Augustine grass
should be fertilized 4 to 6 times per year, and Zoysia grass should be fertilized 3 to 5 times per
year. For the purposes of this study, a “moderate” maintenance level will be used to calculate the
amount of fertilization recommended for each type of grass (Shaddox, 2017). The extent and
type of fertilization required for each fertilization event varies, with complete fertilizers, slow
release nitrogen fertilizers, and soluble nitrogen fertilizers all utilized. While soil P tests are
always recommended to determine specific needs, turfgrass often does not require any additional
P fertilization due to low demand, legacy nutrients from historical fertilization of the land, or due
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to natural characteristics of the soil. The maximum amount of phosphorus to be applied to
turfgrasses, should their soils require it, is 24.4 kg-P ha-1 (Shaddox, 2017).
Complete fertilizers are those that typically contain N, P, and Potassium (K), though most
fertilizers marketed for turfgrass have no P. Slow release nitrogen and soluble nitrogen fertilizers
exclusively deliver N. It is recommended that complete fertilizers be applied at a rate of 48.8 kgN ha-1, with no more than 34.2 kg of the N being soluble. Slow release fertilizers may be applied
at a rate of 97.6 kg-N ha-1 in spring and summer, and 48.8 kg-N ha-1 in fall and winter. Soluble N
fertilizers should be applied at no more than 34.2 kg-N ha-1 (Shaddox, 2017). Given these values,
the total weight of N typically recommended for a 1 ha area of turfgrass in a year was calculated
for each of the three types of grass named above (Table 3.3).

3.4.6 Sugarcane nutrient demands
Sugarcane is the most extensively grown row crop in Florida, spanning about 178,000
hectares primarily in the Everglades Agricultural area. About eighty percent of the crop is grown
on muck soils, while the remaining 20% is grown on sand, with some portion of each being
transitional between muck and sand (Baucum & Rice, 2009). These soil designations are
important because the amount of fertilizers applied to sugarcane vary drastically depending on
where they are grown. On organic muck soils it is recommended that no N fertilizers be added at
all, as the N contents already in the soils naturally release during soil mineralization processes
(Rice et al., 2010). On the other hand, sugarcane grown on sandy soils should receive 200 kg ha-1
yr-1. Growers are expected to use a mix of complete, slow release, and soluble nitrogen
fertilizers, but ideal application timings are still unclear due to high rainfall events in South
Florida (Rice et al., 2010). This uncertainty can lead to N leaching out of soils, reducing crop
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productivity and harming nearby water bodies. In soils that are a transitional mix of sand and
muck, an application of 34 to 123 kg-N ha-1 yr-1. is recommended based on how much of the soil
is sand and how much is muck. The same timing uncertainties apply to these soils as well.
Unlike turfgrass, sugarcane often requires significant P fertilization for proper growth
(Rice et al., 2010). Sugarcane is grown via ratooning, which involves harvesting the stalks
aboveground, leaving the root system and several inches still standing to regrow for the next
season. Any amount of P application to soil should be conducted only after a soil test to
determine if any P is required. Assuming a full fertilization is necessary after the soil test, new
and first ratoon crops should receive 37 kg-P ha-1 yr-1, second ratoon crops should receive 35 kgP ha-1 yr-1and subsequent ratoons should receive 20 kg-P ha-1 yr-1 (Rice et al., 2010).

3.5 Discussion
3.5.1 Nutrient supply vs demand
One objective of this study was to determine if the application of reclaimed water for
irrigation purposes would fall short, meet, or exceed the N and P requirements for a variety of
common landscapes in South Florida, with specific focus on turfgrasses and sugarcane. To do
this, all N and P inputs to these landscapes had to be accounted for, including rainfall and N
deposition. Total N deposition in Naples, FL as determined from examination of a decade of
NADP maps averages 10.3 kg-N ha-1 yr-1. A substantial 7.26 kg-N ha-1 yr-1 of this deposition is
rainfall, as determined from rainfall sample collection and analysis of rain gauge data. TP is also
deposited on the landscape in rainfall at a rate of 1.68 kg-P ha-1 yr-1.
Determining the mass of TN and TP added to the landscape from reclaimed water
irrigation is an exercise in estimation due to the large variance in how much water users choose
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to output from their irrigation systems. An average irrigation system in grasses for lawns, parks,
and golf courses utilizes sprinkler zones that output about 45.4 liters per minute (12 gallons per
minute). A 0.202 ha (0.5 acre) property with 10 zones for coverage on a standard irrigation
schedule of 20-min cycles 4 days per week at this liter/min output would use 145,360 liters per
month (38,400 gallons per month) (Troutman, NC Govt., 2020). These values give an irrigation
rate of 8.62 million L ha-1 yr-1, or 862 L m-2 yr-1.
Using this amount of water and the average nutrient concentrations measured at Freedom
Park sprinkler heads and the wastewater treatment plant, the mass of TN and TP added by
reclaimed water to a typical turfgrass lawn in Naples, FL is estimated to be 16.2 kg-N ha-1 yr-1
and 3.4 kg-P ha-1 yr-1. Adding these values to the rainfall and deposition values given in the
sections above produces a total of 26.5 kg-N ha-1 yr-1 and 5.48 kg-P ha-1 yr-1 added to the
landscape before any direct fertilization efforts from humans. These estimates are likely
conservative, as the quantity of irrigation in the consistent heat of South Florida potentially
exceeds the values used in this scenario. More intensive irrigation, such as one might use in rowcrop agriculture, would significantly increase the mass of TN and TP reclaimed water could add
to the landscape (Table 3.4).

3.5.1.2 Grasses
Turfgrasses require a substantial amount of N fertilization to achieve ideal growth, color,
and thickness (Table 3-4; Shaddox, 2017). It is clear that natural deposition plus reclaimed water
nutrient inputs do not approach the TN necessary to grow healthy turfgrass. However, if a user of
reclaimed water irrigation were unaware of the TN concentrations it contained and followed the
recommended fertilization schedule for their turfgrass, they would likely add more N than
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necessary. Overfertilization such as this could potentially “burn” the grass and lead to pollution
of nearby waterways (Shaddox, 2017). Turfgrass also often requires no additional P fertilization
beyond natural deposition, which means in these situations any P additions from reclaimed water
are excess additions that will inevitably run off the landscape or infiltrate to groundwater. This is
perhaps the most significant finding of this study due to the potential impact such quantities of P
might have on harmful algal blooms, especially freshwater blue-green algal blooms close to the
coastline.

3.5.1.3 Sugarcane
The potential use of reclaimed water on sugarcane fields is an interesting case because it
depends very heavily on where the sugarcane is planted. Sugarcane planted in muck soils
requires no N fertilization at all, so use of reclaimed water would not be recommended.
However, sugarcane planted in very sandy soils can require up to 202 kg-N ha-1 yr-1, so irrigation
with reclaimed water could be an efficient and effective way to provide a portion of the
necessary N while cutting fertilizer costs. Sugarcane planted in soils that are transitional between
sand and muck require as little as 33.6 kg-N ha-1 yr-1 which means natural deposition and
reclaimed water could provide nearly all the fertilization needed.
The TP requirements of sugarcane are often high, but depend entirely on a soil test to
determine the extent of P fertilization required (Shaddox, 2017). Assuming the soils require P
fertilization, they can require anywhere from 20 to 37 kg-P ha-1 yr-1 depending on the ratoon of
the crop. Reclaimed wastewater, rainwater, and dry deposition could therefore provide 15 to 27
percent of all TP fertilization needs.
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3.6 Conclusions
Utilization of reclaimed wastewater for irrigation is a growing strategy to combat
increasing freshwater scarcity (Chojnacka et al., 2020). While there are many benefits to this
technology, this study has identified scenarios in which misuse of reclaimed wastewater can lead
to ecological harm. There are meaningful concentrations of both TN and TP within reclaimed
wastewater measured both from sprinkler heads at Freedom Park in Naples, FL, and from the
wastewater treatment plant that creates the reclaimed water when compared to nutrient
concentrations found in city of Naples stormwater runoff. There is potential for the nutrients
within the water to be put to good use by irrigating landscapes already deficient in TN and TP,
and reducing the need for direct fertilization.
However, the majority of reclaimed wastewater in the city of Naples is applied on
turfgrass-covered landscapes like lawns, parks, and golf courses. While turfgrass has a much
higher demand for TN than reclaimed water can provide, it often requires no anthropogenic P
fertilization at all. This means the vast majority of the phosphorus from reclaimed water added to
the Naples landscape runs off into storm drains and eventually into lakes, streams, and the ocean.
Additionally, the amount of reclaimed wastewater that is wasted due to sprinkler head
inefficiency or damage is an area of concern for future research. Any water from a sprinkler head
that rotates too far and hits concrete, or sprinklers that run in the middle of a rainstorm contribute
their nutrient loads almost immediately to downstream waterways. All of these nutrients being
added to landscapes that do not have the capacity to absorb them potentially contribute to
harmful algal blooms downstream.
Reclaimed water has the potential to be an effective irrigation source for a select portion
of sugarcane that is grown in sandy soils where TN fertilization is needed. However, the majority
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of sugarcane is planted in muck soils in the Everglades Agricultural Area and would not be an
ideal target for reclaimed water irrigation because of potential overfertilization.
The Freedom Park mesocosm experimental site was open turfgrass for nine years before
its construction, and was irrigated with reclaimed wastewater during this time. The results of this
study showed that long-term application of reclaimed water to turfgrass resulted in
overfertilization of phosphorus to the uplands of the wetland park, only discovered when we
inserted a small (28 m2) mesocosm experiment on the 20-ha site. Potential future research to
expand on this study could include N and P isotope analysis of reclaimed water, stormwater
runoff, shallow groundwater, and nearby lakes and streams in an attempt to identify what portion
of N and P present in those waters actually comes from reclaimed water.
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3.9 Tables
Table 3.1 Total and monthly average rainfall as measured by the Collier County rain gauge at
Freedom Park in Naples, FL, May 2018 – July 2021.
2018
2019
Total, Average, Total, Average,
Month
cm
cm/day
cm
cm/day
January
X
X
8.69
0.28
February
X
X
3.68
0.13
March
X
X
4.83
0.16
April
X
X
4.39
0.15
May
25.81
0.83
11.20
0.36
June
11.35
0.38
17.53
0.58
July
12.29
0.40
34.62
1.12
August
41.25
1.33
23.37
0.75
September 28.58
0.95
6.17
0.21
October
8.20
0.26
11.63
0.38
November 5.13
0.17
2.84
0.09
December
3.02
0.10
12.01
0.39
Annual 135.64
0.55
140.97
0.39
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2020
Total, Average,
cm
cm/day
5.79
0.19
2.08
0.07
0.00
0.00
9.60
0.32
18.62
0.60
28.91
0.96
9.32
0.30
10.31
0.33
28.80
0.96
6.91
0.22
10.29
0.34
9.22
0.30
139.85
0.38

2021
Total, Average,
cm
cm/day
1.40
0.05
2.59
0.09
1.42
0.05
6.10
0.20
0.66
0.02
37.36
1.25
28.68
0.93
X
X
X
X
X
X
X
X
X
X
78.21
0.37

Table 3.2 Estimated nitrogen deposition as determined from analysis of NADP maps for three
different forms of nitrogen from 2010-2019. All values are measured in kg-N ha-1 yr-1.

Year
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

Dry
Wet
Total
Particulate
Deposition Nitrogen
Deposition of of Nitrate Deposition
Nitrate
1.2
1.5
12.0
1.0
2.0
10.0
0.8
1.0
9.0
0.8
1.5
10.0
0.9
2.3
10.0
0.8
2.3
9.0
0.9
2.0
10.0
0.9
2.3
11.0
0.8
1.7
11.0
0.8
2.2
11.0

Table 3.3 Nitrogen demand (kg-N ha-1 yr-1) for three of the most commonly utilized turfgrasses
for residential lawns, parks, and golf courses in South Florida.

Complete Fertilizer
Slow Release N
Fertilizer
Soluble N Fertilizer

Bermuda
grass
146.47

St. Augustine
grass
97.65

146.47

146.47

68.35

34.18

34.18

97.65
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Zoysia grass
48.82

Table 3.4 An overview of total nitrogen (TN) and total phosphorus (TP) provided naturally by
rainfall, total deposition and reclaimed wastewater, and TN and TP demanded by common
Florida grasses and sugarcane.
Nutrient Supply, kg ha-1 yr-1
Reclaimed
Rainfall*
Total Deposition
Total
Water
TN
7.26
10.3
16.16
26.46
TP
1.68
2.09
3.39
5.48
-1
-1
Plant Nutrient Demand, kg ha yr
Bermuda
St. Augustine
Zoysia grass
Sugarcane
grass
grass
TN
327.12
278.3
24.83
0-201.76
TP
0-24.4
0-24.4
0-24.4
0-37
*Rainfall is a portion of total deposition, so is it not added to the total.

80

3.10 Figures

Source: Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community

Legend
Freedom Park Boundary
Mesocosm Experiment Boundary
0

0.0375 0.075

0.15

0.225

0.3
Kilometers

Reclaimed Water Irrigated Areas

.

Figure 3.1. Satellite imagery of Freedom Park in Naples, FL. The yellow border indicates the
bounds of the park. The red box indicates the location of the mesocosm experimental site. The
blue polygons on the western (left) portion of the park illustrate large areas of turfgrass irrigated
with reclaimed wastewater immediately adjacent to the mesocosm experiment.
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Figure 3.2. Reclaimed water system in Naples, Florida (City of Naples, 2018). The purple and
light shaded areas combined depict the city limits. The purple areas are regions already served by
reclaimed water as of 2018, while the numbered regions are areas up for potential introduction of
reclaimed water. The green box indicates the approximate location of the 20-ha Freedom Park
wetland park, the site of our wetlaculture mesocosm study. (Reprinted from “2012-2017
Reclaimed Water System Expansion Program Summary Report” from Weston & Sampson.)
Reprinted with permission.
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Figure 3.3. Mean ± standard error concentrations (mg/L) at Freedom Park reclaimed water
sprinkler heads, stormwater runoff collected from Freedom Park, and reclaimed water sampled at
the wastewater treatment plant for total nitrogen (TN), total Kjeldahl nitrogen (TKN), nitrite +
nitrate nitrogen (NOx-N), total phosphorus (TP) and soluble reactive phosphorus. Different
letters indicate significant differences between the means at α=0.05 (P <0.05).
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CHAPTER FOUR: IDENTIFYING IDEAL WETLACULTURE SITES IN THE
EVERGLADES AGRICULTURAL AREA TO MITIGATE DOWNSTREAM
HARMFUL ALGAL BLOOMS
4.1 Abstract
This study focuses on identifying the most suitable locations in central South Florida,
specifically within the Everglades Agricultural Area (EAA), the Stormwater Treatment Areas
(STAs) and the Flow Equalization Basins (FEBs), for the implementation of wetlaculture
ecotechnology. Harmful algal blooms are a growing problem in both Florida’s fresh and coastal
waters. Non-point source nutrient pollution from agricultural and urban runoff is the primary
contributor to this issue. The wetlaculture system provides a landscape-scale solution to this issue.
Two GIS-based suitability models were developed to determine which agricultural areas are best
suited for wetland restoration, and which wetlands are best suited for conversion to agriculture.
Key parameters are defined, scored, and normalized onto a single scale for both conversions.
Parameter scores were overlaid to produce weighted suitability maps according to differing model
scenarios. This study found that 947 km2 of EAA agricultural lands are “highly suitable” for
conversion to treatment wetlands, and that 347 km2 of STA and FEB lands are “highly or
moderately suitable” for conversion to agricultural usage. It is suggested that the EAA and STAs
are ideal locations for the implementation of wetlaculture pilot studies. This study also suggests
that any wetlaculture activity in this area could lead to a net gain of wetlands.
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4.2 Introduction
Harmful algae blooms are a growing environmental and human health concern driven
largely by anthropogenic nutrient inputs to waterways (Mitsch et al., 2000; Paerl et al., 2016;
Lapointe et al., 2017). In both Florida and many other parts of the world, the majority of excess
nutrient runoff comes from industrial agricultural fields and urban runoff (Howarth et al., 2002;
Heisler et al., 2008; Land et al., 2016; Gilbert & Burford, 2017; Griffiths and Mitsch, 2020;
Griffiths et al., 2021). Extreme algae bloom events in both inland and coastal waters have been
experienced in South Florida as a result of high-volume/high-nutrient outflows from Lake
Okeechobee and the canals that run east, west and south from it (Kirkpatrick et al., 2004; Mitsch
et al., 2015; Mitsch, 2016; Mitsch, 2019). Dense agricultural lands called the Everglades
Agricultural Area (EAA) just south of the lake necessitate tile drainage to prevent flooding
crops, which exacerbates fertilizer runoff issues (King et al., 2015). Because nitrogen and
phosphorus pollution occurs primarily from these non-point sources, a landscape scale solution is
necessary to tackle the geographic breadth of the problem.
The concept of wetlaculture (wetlands + agriculture) is one such landscape scale
technique proposed by Mitsch (2017a, b, 2018) to tackle widespread nutrient pollution. The
concept involves converting portions of agricultural land into wetland plots for several years,
during which the natural function of the wetland system will accumulate nutrients in its
sediments while cleaning the agricultural outflow water that flows through it (Jiang and Mitsch,
2020). Eventually these wetland plots are rotated back to agricultural usage with no need for any
fertilization due to the nutrient-rich sediments generated during the wetland phase (Mitsch,
2017b; Boutin et al., 2021). Theoretically, wetlaculture will simultaneously clean water for
downstream environments, reduce annual fertilizer inputs to the landscape, and cut costs for
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farmers while maintaining the agricultural economy currently in place. However, in order for the
wetlaculture model to meet the most success, ideal locations for implementation of the
technology must be determined. This paper makes use of geographic information systems (GIS)
technology to locate plots of land within the EAA and the nearby stormwater treatment areas
(STAs) that would be most suitable for the application of wetlaculture.
GIS is a common tool used in wetlands research, delineation, connectivity, and planning,
with a wide variety of applications (Gessler et al., 1995; Palmeri and Trepel, 2002; Rains et al.,
2013). This study aims to apply the information gathered and analyzed within a GIS-built model
to guide decision making in wetlaculture development. Suitability analyses for ideal wetland
restoration and construction locations have been conducted in the past, and serve as both
inspiration and proof-of-concept for the model used in this study (Russell et al., 1997; White and
Fennessy, 2005). However, these earlier studies avoided recommending farmlands as locations
for wetland construction. This study is unique in that the wetlaculture model specifically seeks
out farmlands in the EAA, lands that were historically part of the Florida Everglades (Izuno,
1989). The GIS model developed in this study was created using several steps: 1) define
parameters important to wetlaculture function and rank them according to their suitability; 2)
normalize the scores assigned to parameters by reclassifying them into a single scale; 3) run
several model simulations with differing weights given to parameters to examine multiple
outcomes; 4) analyze the information gathered to provide guidance in targeting the most suitable
wetlaculture locations.
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4.3 Methods
4.3.1 Study area
The Everglades Agricultural Area is a 3000 km2 section of land that is primarily used for
sugarcane growing, and was designated by the Central and Southern Florida Flood Control
District in the late 1940s (Izuno, 1989). While drainage efforts south of Lake Okeechobee had
been underway for many years before the 1940s, the creation of the EAA specifically delineated
these lands for agricultural usage (Figure 4.1). The EAA now spans 6 different watersheds, with
a gentle slope and drainage direction southwards (Figure 4.2). Before western settlers made
significant efforts to colonize and drain much of the South Florida landscape, the lands
comprising the current EAA made up only a portion of the whole Everglades ecosystem. This
system began to the north in the Kissimmee chain of lakes region and would feed Lake
Okeechobee, which would sometimes overflow its southern banks creating the “river of grass”
that is the Everglades (Stoneman Douglas, 1947; Izuno, 1989). The historical wetlands that
covered the lands south of the lake generated significant amounts of peat that made for ideal
farmland once drained. Sugarcane is now the dominant crop in the region, requiring drainage in
the wet season and irrigation in the dry season (Baucum & Rice, 2009). Row crops such as these,
planted on carefully managed fields that were historical wetlands, present an interesting
opportunity for wetlaculture implementation.
The STAs began with the implementation of the Everglades Nutrient Removal Project in
1989, which first created a treatment wetland in a portion of what is now STA-1W (Chimney and
Goforth, 2006). The Everglades Protection Act was passed in 1991, paving the way for STA
operations to begin in earnest in 1994. Expansion of the STA project began in 1999 and
continued until 2018, reaching its current size of about 230 km2. These treatment wetlands
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intercept nutrient-polluted water from the EAA, cleaning it before it travels south to Everglades
National Park. As of 2018, the STAs have removed 6,165 metric tons of phosphorus from inflow
waters (SFWMD, n.d.). Because wetlaculture involves both flipping agricultural land to wetland
usage and wetlands to agricultural usage, the STAs are ideal targets for initial implementation of
the latter.

4.3.2 Data collection
Publicly available GIS data was gathered from several sources to provide the foundation
for the GIS model developed in this study. The National Resources Conservation Service
(NRCS), a division of the United States Department of Agriculture (USDA) has a large online
database that includes the Web Soil Survey (https://websoilsurvey.nrcs.usda.gov/app/). The
United States Geologic Survey (USGS) and the Florida Department of Environmental Protection
(FDEP) also provide a wide variety of data layers that can be accessed on a categorical basis.
The Florida Geographic Data Library (FGDL) is a hub for many GIS data providers that allows
data searches and downloads across several platforms. The data collected from these sources
includes thorough soil composition information, land use/land change (LULC) data, hydrologic
records, and elevation/topographic data. ArcGIS Desktop 10.8.1 software was used to generate
all analyses, maps, and models for this study (Environmental Systems Research Institute,
Redlands, CA).
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4.4 Creating the suitability analysis model
4.4.1 Identifying and scoring the parameters
The first suitability model was generated by identifying 7 key factors within the EAA
important to wetland function, and also specifically important to potential wetlaculture usage.
Five of the factors were scored on a sliding scale from 1 to 4, with 1 being least suitable for
wetlaculture, and 4 being most suitable. The other two parameters were exclusion factors,
meaning a binary response of “Yes” or “No” was found, with raster cells answering “No”
excluded from the suitability model (Table 4.1). The second suitability model was created by
identifying 6 key factors within the STAs and other nearby wetlands of interest, most notably the
flow equalization basins (FEBs), important to potential agricultural usage. All six factors were
also scored on a scale from 1 to 4, with no exclusion factors. Exclusion factors did not apply in
this analysis because all of the area of interest (AOI) analyzed was applicable wetland habitat
(Table 4.2). All of these parameters were chosen for use in the models based on the assumption
that they represent the most important factors in the successful creation of wetlands or farmlands
respectively. A mental model was created to clarify the connections between ideal wetlaculture
locations, the scored parameters, and the suitability model output (Figure 4.3)

4.4.1.1 Land use parameters
Land use data gathered for this study encompasses two of the parameters used to generate
the first suitability model. The first of these is the exclusion factor which inquires whether a cell
of raster data is or is not classified as farmland. Because wetlaculture specifically aims to cycle
farmland and wetlands, only cells that were classified as farmland were included in the first
model. The majority of the EAA is used for some sort of agricultural purpose, so most of the
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EAA was included in the model (Figure 4.4). The second parameter accounts for the specific
land use purpose of prime farmland within the EAA. Prime farmland is defined and delineated
by the USDA as land that has the “best combination of physical and chemical characteristics for
producing food, feed, forage, fiber, and oilseed crops” (NRCS, n.d.). The prime farmland land
use categories within the EAA were grouped into four score classes according to how suitable
they would be for wetlaculture purposes, with row crops like sugarcane being ranked highly and
woody citrus groves ranked low (Table 4.1).
The second suitability model which analyzes the STAs and FEBs incorporates one land
use parameter; the starting operation/construction date. The STAs are divided into many
treatment cells with slightly differing functions or vegetation (Chimney and Goforth, 2006).
These cells were constructed and began operations at dates ranging from 1994 to 2018 (Pietro,
2012). The starting operation date is of interest to this study because the longer a wetland has
been functioning, the more time it has had to sequester nutrients within its sediments (Mitsch and
Gosselink, 2015). This means that STA cells or FEBs that were constructed further in the past
are more likely to have sediments ideal for agricultural usage within the wetlaculture model.

4.4.1.2 Soil parameters
Soil data were primarily gathered from the 2018 gridded Soil Survey Geographic
database (gSSURGO) created by the NRCS. The criteria for soils in the first suitability analysis
include one exclusion factor (hydric soils) and three scored parameters (soil order, drainage
class, hydrologic soil group) (Table 4.1). Wetlands have hydric soils by definition, so only raster
cells that contained hydric soils were included in this suitability model (Mitsch and Gosselink,
2015) (Figure 4.5). Soil order defines the taxonomic classification, of which there are 12 main
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groups, of the soils found within each raster cell. The USDA created these 12 groups, of which 7
appear in the EAA, to differentiate between soils according to a variety of physical and chemical
properties (NRCS, n.d.). These characteristics were used to reclassify the 7 orders into a score of
1 to 4, with Histosols scoring the highest due to their close association with wetland ecosystems
(Table 4.1) (Figure 4.6). The drainage class of soils, also defined by the USDA, determines how
quickly water will permeate the sediments and drain from the surface (NRCS, n.d.). There are 7
drainage classes ranging from excessively drained to very poorly drained, although only 4
classes appear in the EAA with most soils being poorly drained (Table 4.1). This parameter is
used in the models because poorly drained soils are highly indicative of potential wetland
habitat. Hydrologic soil groups, again created by the NRCS, divide the runoff potential of soils
into four main groups: A, B, C, or D, where A is low and D is high runoff potential (NRCS,
n.d.). If two groups are listed with a slash (A/D) the letter before the slash indicates current dry
condition runoff potential, where the letter after the slash indicates saturated condition runoff
potential. Only 4 of the ten possible group combinations are present in the EAA, with most
displaying a high runoff potential during hypothetical wet conditions due to mucky soils (Table
4.1) (Figure 4.6). Hydrologic soil groups are used in the models because soils with high runoff
potential indicate sediments that water does not rapidly permeate, again pointing to ideal wetland
habitat assuming the flow of water is controlled.
The second suitability analysis includes only soil order, drainage class, and hydrologic
soil group for soil parameters because the presence or lack of hydric soils does not prohibit the
potential use of land for agricultural purposes. Scoring for soil order remains the same as in the
first analysis due to the typical nutrient availability within the different types of soils, again
making Histosols ideal for agricultural usage. Soil drainage class scoring and hydrologic soil
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group scoring are the opposite for this analysis because better drained and generally drier soils
are ideal for sugarcane growth (Table 4.2) (Figure 4.7).

4.4.1.3 Hydrologic parameter
The hydrologic parameter used for both suitability analyses is the Compound
Topographic Index (CTI), which can be calculated in GIS software by accounting for the slope,
flow direction, and flow accumulation of water on a surface using a digital elevation model. CTI
is often referred to as the steady-state wetness index, which is a function of slope and upstream
catchment area per unit width orthogonal to the direction of flow, and can be defined by the
equation:
!"# = ln (

)s
.
tan β

where ß is the slope in radians, and As is the specific basin area [(flow accumulation + 1) * pixel
area (m2)] (Gessler et al., 1995). CTI has been used by many studies in the past to identify
wetlands (Palmeri & Trepel, 2002; Rampi et al., 2014, Horvath et al., 2017) and even to project
ideal locations for future wetlands (White and Fennessy, 2005; Moreno-Mateos et al., 2010;
Zhang and Song, 2014). Because CTI accurately predicts potential wet zones in a landscape,
high CTI values strongly correlate with other soil attributes that predict wet zones (Moore et al.
1993). This makes it a valuable tool in guiding decision making for potential wetlaculture
locations as well. Past literature guided what was deemed a “good” CTI value for a wetland, with
higher values being better in general (Gessler et al., 2000; Babbar-Sebens et al., 2013). These
CTI values were then reclassified into ranges that were ranked 1 to 4 (Table 4.1) (Figure 4.6).
Lower CTI values are preferred for agricultural usage, as lesser water accumulation potential is
important to prevent crops from flooding (Table 4.2).
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Elevation above sea level is also a parameter used in the second suitability analysis as a
means of supporting CTI output by identifying major “sinks” within the landscape. The vast
majority of the EAA rests between 2 and 4 meters above sea level, particularly within sugarcane
fields. This indicates that any land in the STAs or FEBs which lies below 2 meters above sea
level is less suitable for agricultural usage, particularly those areas that are fully below sea level.
The scoring of this parameter ranks sinks such as these lowly and higher ground that is more
likely to drain water quickly highly (Table 4.2) (Figure 4.8).

4.4.2 Sensitivity analysis of models with differently weighted parameters
After all of the parameters had their scores normalized to the 1-4 scale, they were each
assigned a weight within the models to determine their relative importance to suitable
wetlaculture locations. The first suitability analysis model was run 5 separate times, each
distributing the weight of the parameters differently to determine the impact different priorities
would have on the decision making process. This replication of the model under different weight
scenarios acts as a sensitivity analysis to estimate the general uncertainty in each parameter. The
original model weights each of the 5 parameters evenly, while 3 others modify CTI higher or
lower with other parameters remaining even, and the final model increases the weight of prime
farmland land use, while CTI weight is lowered (Table 4.1) The magnitude of the parameter
weights chosen in each model was based largely around adjusting CTI because it has been used
many times in past research as a means of identifying ideal wetland construction locations, and is
therefore regarded as a more robust measure of wetland suitability. These models overlay each of
the normalized raster parameter layers, multiply the score by the weight assigned, then combine
the scores from each layer for each raster cell to create a new output raster with an overall
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suitability score (Figure 4.9). The overall suitability score is also on a 1 to 4 scale, with 1 being
least suitable and 4 being most suitable for wetlaculture application. However, overall suitability
scores of 1 are so sparse in the first suitability analysis models that they were grouped in with
scores of 2 in the “Poorly suitable” category in Table 4.3.
The second suitability analysis was run 6 separate times, also acting as a sensitivity
analysis, with the first weighing all parameters as equally as possible. The next three models
each weigh one variable more heavily than the rest to determine the magnitude of their impact on
total suitability output. This method was chosen to attempt to understand which parameters had
an outsized impact on model outcomes. As a result of this, the final two models suppress the
weight of soil drainage class to test the outcome of largely ignoring natural soil drainage due to
the likely use of man-made drainage during agricultural usage (Table 4.2).

4.5 Results and discussion
4.5.1 Examining parameter scoring outcomes
The EAA and some surrounding lands were chosen as the area of interest for this study
specifically because it was likely to contain a large amount of viable land for wetlaculture
implementation. Wetlaculture must make use of farmland by definition, and successful
constructed wetlands in the STAs are very close, making it clear that both phases of wetlaculture
are possible in the region. The two exclusion factors (hydric soils, presence of farmland)
represented the largest potential barriers to the effective implementation of the first model, as
they could have potentially clipped a massive amount of the EAA out of the study entirely.
However, the vast majority of soils within the EAA are still hydric from their historical existence
as part of the Everglades, so very little land was lost to that exclusion (Figure 4.5). For the other
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exclusion factor, farmland makes up 2,434 km2 of the EAA, which is ~74% of the total land
area. Noticeably more land was lost to this exclusion factor, although this is largely due to the
presence of two wildlife management areas and the STAs within the EAA (Figure 4.4). The A1
and L8 FEBs and a portion of the C-139 Basin were included in the second suitability analysis
along with all of the STAs because they are state-owned wetland habitat that are not under
protected status, and are generally used for temporary water storage purposes. In total, the AOI
for this second study covers almost 348 km2 of wetland habitat potentially available for flipping
to agriculture within the wetlaculture system.
Scoring for prime farmland land usage was a somewhat subjective undertaking, but one
that was based in the real-life applicability of wetlaculture within those landscapes. Row and
field crops like sugarcane were scored highest because they represent the easiest potential
transition from wetland to cropland and back. When converting to a wetland, the remaining
ratoons could simply be tilled into the soil and the outflow could be plugged. When converting to
agriculture, the existing tile drainage infrastructure will speed the transition back to dry fields
ready to be planted. On the other hand, the slow growth and woody tissue of citrus groves makes
them unlikely candidates for wetlaculture implementation despite technically being designated as
agricultural usage. The vast majority of agricultural usage within the EAA is sugarcane (~1780
km2), so a large portion of the study area scores highly in this parameter (Baucum & Rice, 2009).
The soil order parameter was scored based on which kinds of soils are most ideal for both
wetland and agricultural usage. Histosols, which are essentially peats, are formed exclusively in
wetland habitat, which explains their dominance in the EAA (NRCS, n.d.). Soils with high
organic content and rich in nutrients such as these scored highly, while soils like Spodosols and
Entisols, which are often acid, infertile, and sandy scored low. The drainage class and hydrologic
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soil groups which aided in keeping water on the landscape scored highly in the first suitability
analysis and low in the second, while those that facilitated drainage were scored low in the first
and high in the second. The hydroperiod of a landscape is important to its definition as a
wetland, so soils that are pre-disposed to retaining water are ideal for the wetland portion of
wetlaculture locations (Mitsch & Gosselink, 2015). Unsurprisingly, Histosol soils tend to have a
very high runoff potential due to their low-permeability peat, while also being very poorly
drained. The confluence of all these soil factors indicates that Histosol soils, where most of
sugarcane is grown, represent ideal conditions for wetlaculture implementation (Figure 4.6).
The compound topographic index is a common tool used in GIS software for wetland
identification and restoration projections (White and Fennessy, 2005; Jiang and Mitsch, 2020).
Because wetlaculture relies on the successful sequestration of nutrients during its wetland phase
to drive crop production in its agricultural phase, it is important for the wetlands to achieve full
function as soon as possible after transitioning to cropland. This transition is sped along by
creating wetlands in areas that CTI deems are predisposed to being wet, and farmland in lands
that are predisposed to being dry. Babbar-Sebens et al. (2013) established that ideal CTI values
for wetland locations are 11.5 or greater after examining a range of values from 2 to 12 in zeroorder upland areas (Gessler et al., 2000). In the first study, any CTI values below 11.5 were
considered less suitable, while the maximum values 18-25 were considered most suitable. In the
second study the converse was true, with low values being scored as most suitable for
agricultural use, and high CTI values least suitable. The vast majority of CTI values in the first
study fell between 11.5 and 18, with extremely flat and gently sloped sugarcane fields generally
scoring very high. In the second study, most CTI values again fell between 8.5 and 15 due to the
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entire AOI already being wetland habitat, which means scores were generally average or poor in
agricultural suitability (Figure 4.8).
The elevation parameter used in the second suitability analysis was scored in such a way
as to primarily identify particular low points within the AOI that would present flooding issues to
potential agriculture. There were very few of these sinks in the landscape that scored lowly, with
the vast majority of the AOI residing within the same 2 to 4 meters above sea level range as the
EAA. As mentioned earlier in section 4.4.1.1, the starting operation date parameter was scored
according to age of the STA treatment cells or FEBs, with older wetlands scoring highly and
newer wetlands scoring low.

4.5.2 Suitable wetlaculture sites
The suitability maps for wetlaculture sites determined by the first analysis of 5 models
run varied only slightly among models 1, 2, and 3, but greatly between 4 and 5 (Table 4.2)
(Figure 4.9). In each of the first four models only CTI is targeted for adjustment, with the
remaining parameters weighted evenly. Only in model 4, with CTI weighted at 50% importance,
is a marked difference in output achieved. The resistance to change of the model output when
CTI weight is altered suggests there is relatively low uncertainty in CTI. Putting heavy emphasis
on CTI reduced the level 4 score (highly suitable) from about 46% to less than 1% of total output
area (~2,122 km2 total area), while the level 3 score (moderately suitable) increased from 48% to
89% of total output area. On the other hand, putting greater emphasis on land use and reduced
emphasis on CTI (model 5) resulted in output almost entirely (~84%; 1,776 km2) scored as
“highly suitable”. It is clear from analysis of each of the models that row and field crops like
sugarcane currently occupy the lands where soil factors and topographic conditions are ideal for
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wetland construction, especially in sections near the STAs and wildlife management areas
(Figure 4.9).
For the second suitability analysis, scores of 4 and 3 were considered “highly suitable for
agricultural usage,” scores of 2 were considered “moderately suitable,” and scores of 1 were
considered “poorly suitable.” Level 3 scores are also considered “highly suitable” because
overall suitability scores of 4 were very rare, likely due to depression from overall low CTI and
soil drainage class scores. The “baseline” equal weights model resulted in 245 km2 (~70% of
total AOI area) being “highly suitable,” with ~29% being “moderately suitable” for agricultural
usage (Figure 4.10). Model 2, which increased the weight of the starting operation date
parameter, resulted in the lowest “highly suitable” scenario (~46%), but the highest “moderately
suitable” scenario (~53%). Model 5, which reduced the weight of the soil drainage class to 5%,
resulted in the greatest “highly suitable” output (~89%). This portion of the sensitivity analysis
shows that changes in soil drainage class weight have a large impact on model output, suggesting
a relatively high uncertainty in the effect of soil drainage class. The common theme among all 6
models is that “poorly suitable” land for agricultural usage never exceeded 1.5 km2 (~0.4%)
(Table 4.4) (Figure 4.11).
When considering the results of both suitability analyses together, the potential for
farmers to reclaim STA land for sugarcane usage while temporarily giving up nearby land for
wetland construction becomes clear. The models from the first EAA analysis suggest an average
“highly suitable” area for wetlands of about 947 km2, which greatly exceeds Mitsch’s (2016)
recommendations for about 404 km2 further treatment wetlands in South Florida to handle the
water volumes that should be heading to the Everglades, but are often shunted to the coast
instead due to nutrient pollution. Realistically, nowhere near the maximum amount of highly
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suitable EAA land area will be used for wetlaculture all at once. However, the results of the
second suitability analysis paint a picture of compromise.
The models from the second STA and FEB analysis result in an average “highly suitable”
area for farmland of 239 km2, and “moderately suitable” area of 108 km2. If farmers were to use
both highly and moderately suitable STA and FEB lands, an even exchange of 347 km2 could be
made between wetland and farmland. While an even trade in land use such as this would not
actually increase the total amount of wetlands on the landscape, it would begin the important
wetlaculture cycle that prevents further application of fertilizers and takes old wetlands with
waning efficacy out of commission, all while cleaning water and continuing agricultural
production. Essentially, there is more than enough suitable land within the EAA to meet South
Florida’s needs for nutrient retention and cleaner water, and sufficient land within the STAs and
FEBs to kick-start the wetlaculture process.

4.5.3 Project constraints and future research opportunities
This study employed a multi-criteria suitability analysis (Carver, 1991) while utilizing the
Weighted Overlay tool within ArcGIS software. Any analyses conducted within the software can
only be as accurate as the source data allows, which in the first study meant an output raster
resolution of about 280 m2 per cell. The second study had an improved resolution of 30 m2 per
cell due to the lack of the land use raster employed in the first analysis, which had the largest cell
size of any layer used. The suitability analyses could potentially be improved by source data with
greater resolution, by incorporating further data layers like soil nutrients at varying depths or
water quality data from specific catchment areas to narrow down what constitutes ideal
wetlaculture locations.
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All of the models used in this study are generated under several assumptions which must
be addressed. The first is that suitability scores are constant through time and that the distribution
of parameters used in the study are also constant. The soil characteristics used in the study are
unlikely to change in human time scales, but there is potential for elevation, CTI, and prime
farmland usage to change in the relatively near-future. Any changes to these variables would
alter the model output. The second major assumption of this study is that the correct parameters
were chosen to best determine ideal wetland and farmland usage. Justification for the parameters
chosen is provided in sections 4.4.1 through 4.4.1.3, though it can be argued that additional
parameters, such as the economics of choosing certain parcels of land for wetlaculture, would
improve the model output. Parameters such as these were not considered in this study due to time
constraints and an attempt mitigate extreme complexity.
Any multi-criteria suitability analysis also has an inherent amount of uncertainty, which
was estimated in this study with a sensitivity analysis. The low variance in the results of the first
set of models suggest low uncertainty in the effect of the parameters that were weight-adjusted.
The higher variance in the results of the second set of models suggests that soil drainage class
and starting operation date parameters have relatively higher uncertainty. The main goal of
wetlaculture is to reduce current nutrient runoff concentrations from agricultural landscapes,
while also reducing the need for future fertilization. This priority highlights the benefits of
including nutrient data in a suitability analysis like this study. There is currently no publicly
available nutrient data for the EAA that this study could locate, and sporadic nutrient data for the
STAs, so data quality and availability was a main constraint for this study and similar suitability
analyses.
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4.6 Conclusions
Nitrogen and phosphorus pollution from agricultural runoff is a long-running problem in
South Florida and across the world that is often addressed with temporary band-aid solutions that
treat the symptoms instead of the source. Landscape-scale solutions, such as large treatment
wetlands for non-point source pollution may be the only way to truly address the issue. However,
there is little incentive for people to give up currently productive lands for treatment wetland
purposes. Wetlaculture aims to address this problem by creating a continuous cycle between
wetland benefits and agricultural production while decreasing further fertilizer inputs to the
landscape.
Determining where to implement wetlaculture is the first step of the process, which this
study has attempted to complete via GIS-based suitability analysis models. The results of these
analyses show that significant portions of both the Everglades Agricultural Area and Stormwater
Treatment Areas are ideal candidates for wetlaculture implementation. While future suitability
analyses for wetlaculture could be further refined with improved data quality and availability,
there is enough evidence from the results of this study to suggest early pilot study locations for
wetlands within the EAA, and farmlands within the STAs and FEBs.
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4.9 Tables
Table 4.1 The first suitability analysis for the EAA makes use of 7 total parameters, two of which are exclusion factors. Values of each
parameter were normalized into a 1-4 scale. These scores were overlaid and weighted according to 5 different modeling scenarios.
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Table 4.2 The second suitability analysis for the STAs and FEBs makes use of 6 different scored parameters. All parameters have their
actual values normalized on a 1 to 4 scale, with 1 being least suitable and 4 being most suitable. These scores were then overlaid and
weighted differently according to six different modeling scenarios.

109

Table 4.3 The tabular version of the EAA suitability model output is visible here, and is
analogous to the graphical output seen in Figure 4.7. Model 5, which puts significant emphasis
on current land use designation and little weight on CTI, results in the greatest amount of land
categorized as “highly suitable” for wetlaculture.

Model
1

Model
2

Model
3

Model
4

Model
5

Suitability Level

Area (km2)

Highly suitable
Moderately
Suitable
Poorly Suitable
Highly suitable
Moderately
Suitable
Poorly Suitable
Highly suitable
Moderately
Suitable
Poorly Suitable
Highly suitable
Moderately
Suitable
Poorly Suitable
Highly suitable
Moderately
Suitable
Poorly Suitable

983

Percentage
(%)
46.33

1033

48.67

106
982

5.00
46.28

1022

48.17

118
983

5.55
46.33

1036

48.81

103
14

4.86
0.64

1890

89.07

218
1776

10.29
83.69

212

10.00

134

6.31
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Table 4.4 The tabular version of the STA and FEB suitability model is visible here, and is
analogous to the graphical output seen in Figures 4.10 and 4.11. Model 5, which puts least
weight on soil drainage class, results in the greatest amount of “highly suitable” land for
agricultural use.

Model
1

Model
2

Model
3

Model
4

Model
5

Model
6

Suitability Level

Area (km2)

Highly Suitable
Moderately
Suitable
Poorly Suitable
Highly Suitable
Moderately
Suitable
Poorly Suitable
Highly Suitable
Moderately
Suitable
Poorly Suitable
Highly Suitable
Moderately
Suitable
Poorly Suitable
Highly Suitable
Moderately
Suitable
Poorly Suitable
Highly Suitable
Moderately
Suitable
Poorly Suitable

246

Percentage
(%)
70.62

101

29.14

>1
161

0.24
46.30

186

53.44

>1
196

0.26
56.32

152

43.60

>1
211

0.09
60.59

136

39.18

>1
311

0.22
89.34

37

10.56

>1
309

0.10
88.94

37

10.69

1

0.37
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4.10 Figures

Figure 4.1 The Everglades Agricultural Area is located on the east coast of the United States
within southern central Florida, just south of Lake Okeechobee. It is comprised of three sections:
the main EAA, the C-139 Basin to the left and the C-139 Annex to the bottom left.
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Figure 4.2 The EAA shares boundaries with six different watersheds, with the notable Water
Conservation Area watersheds just south of the agricultural lands. There is a very gradual slope
from Lake Okeechobee down to Florida Bay, creating the signature slow moving Everglades
“river of grass.” Significant channelization of the EAA seen in this map keeps the land dry
enough for agricultural use.
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Figure 4.3 This mental model conceptualizes the connections between the larger goal of identifying ideal wetlaculture locations, the
broader characteristics that are important to this goal, and the specific parameters from which data were gathered and weighted in
multiple combinations to determine an overall suitability score layer in GIS software.
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Figure 4.4 About 74% of the total land within the EAA has a farmland land use designation. The
four largest pink areas indicating no farmland are the two wildlife management areas, the A1
Flow Equalization Basin, and the residential neighborhood of Montura. The STAs, which are
also non-farmland, are indicated for reference.
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Figure 4.5 Before human hydrologic intervention in the form of drainage canals and the Herbert
Hoover Dike, Lake Okeechobee had no primary outlet river and would occasionally overflow its
southern bank. This fairly regular sheet flow created wetland habitat in what is now the EAA,
whose hydric soils largely persist to the present day.
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Figure 4.6 Each map depicts one of the 5 scored parameters for the EAA suitability analysis,
which have been normalized to a 1 to 4 scale to allow for comparison and overlay. At a glance it
is apparent that the large eastern portion of the EAA, which is primarily sugarcane fields, scores
highly in most categories.
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Figure 4.7 Each map depicts one of the parameters used in the STA and FEB suitability analysis.
Each layer is normalized to be scored on a 1 to 4 scale to allow for comparison and overlay.
Scores of 4 are most suitable for agricultural use, while scores of 1 are least suitable. This figure
depicts half of the parameters used in the analysis. The remaining parameters can be found in
Figure 4.8.
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Figure 4.8 Each map depicts one of the parameters used in the STA and FEB suitability analysis.
Each layer is normalized to be scored on a 1 to 4 scale to allow for comparison and overlay.
Scores of 4 are most suitable for agricultural use, while scores of 1 are least suitable. This figure
depicts half of the parameters used in the analysis. The remaining parameters can be found in
Figure 4.7.
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Figure 4.9 Each map depicts the same data weighted differently for each suitability model
scenario. Model 4 weights CTI most heavily, resulting in a significant decrease in “highly
suitable” land area. Model 5 weights CTI the least, while also weighting land use highly,
resulting in the greatest “highly suitable” land area.
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Figure 4.10 Each map depicts the same data for the STA and FEB suitability analysis weighted
differently for each scenario. Model 5, the top right scenario, results is the greatest amount of
“highly suitable” area for agricultural usage. This figure depicts half of the models run in this
analysis. The other half of the models can be found in Figure 4.11.
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Figure 4.11 Each map depicts the same data for the STA and FEB suitability analysis weighted
differently for each scenario. Model 2, the top left scenario, results is the least amount of “highly
suitable” area for agricultural usage. This figure depicts half of the models run in this analysis.
The other half of the models can be found in Figure 4.10.
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CHAPTER FIVE: SUMMARY AND CONCLUSIONS
5.1 Wetlaculture mesocosm experiment
The wetlaculture mesocosm experiment is located within Freedom Park in Naples, FL.
The site was wetland habitat long ago, was used for agriculture in the 1950s, and became a
treatment wetland park in 2007. After the mesocosms were constructed in 2018, they were all
planted with sawgrass (Cladium jamaicense) and filled with the same soil taken from Freedom
Park. They were divided into four hydrologic scenarios, and fed stormwater runoff from the City
of Naples from June 2018 to February 2021. Water samples were collected biweekly over the
duration of the study, and sediment samples were collected twice: once toward the beginning of
the study, and once toward the end.

5.1.1 Water quality and soils nutrient cycling
•

Mesocosms were nutrient sources for the first two years of the study but became sinks in
final year of the study.

•

NOx-N removal efficiency was extremely high from the beginning of the study. TN
removal efficiency met goals only in the final year.

•

TP removal efficiency never achieved ranges met in previous studies, but was trending
positively.

•

Mass nutrient retention rates fell short of values in previous studies, but improved in
final year. HLR is the most important factor in mass nutrient retention or export.
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•

Decrease in P, Fe, and Al concentrations between soil sampling events correlates with
large P export in first two years of study.

•

Percent composition N and C increased over course of the study, indicating peat
formation.

•

Baseline soil conditions have a large impact on the speed with which treatment wetlands
become sinks, rather than sources of nutrients.

5.2 Reclaimed wastewater study
Large TP exports early in the mesocosm study and elevated P concentrations within early
mesocosm soil samples generated the theory that the antecedent usage of reclaimed water on the
future site of the mesocosm study was the root cause of the large P exports. Samples of
reclaimed water were collected from sprinkler heads at Freedom Park, and reclaimed water data
gathered by the Naples Utilities department at the wastewater treatment plant that creates the
water was provided for this study. An analysis of nutrient supply via wet and dry deposition and
reclaimed wastewater irrigation vs nutrient demand of common southwest Florida plants was
conducted.

5.2.1 Nutrient supply vs demand
•

Reclaimed wastewater irrigation provides only 6% of N demand for most turfgrass
species grown throughout southwest Florida.

•

Turfgrasses typically require no P fertilization, so 100% of P added via reclaimed
wastewater irrigation (~3.39 kg-P ha-1 yr-1) is excess.
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•

N and P demands of sugarcane depend on the soils in which they are planted. Most
Florida sugarcane is planted in muck soils that require no N fertilization, so reclaimed
wastewater irrigation would be inadvisable.

•

Sugarcane planted in sandy or transitional soils could have most of their N needs and
15-27% of P needs met by reclaimed water irrigation and natural deposition.

•

Soils used in the Freedom Park mesocosms likely acquired their elevated baseline P
concentrations from years of reclaimed water irrigation before the mesocosm study,
though isotope analyses would be needed to verify.

5.3 Wetlaculture suitability analyses
Before the wetlaculture system can be sized-up to the landscape scale, ideal locations for
implementation of this technology had to first be identified. This was achieved by executing a
series of multi-criteria suitability analyses within GIS technology. The study area targeted for
conversion of farmland to wetlands was the Everglades Agricultural Area, while the areas
targeted for conversion of wetlands to farmland was the Stormwater Treatment Areas and Flow
Equalization Basins. The Compound Topographic Index, land use, elevation, and several soil
characteristics were the parameters used to conduct the suitability analyses.

5.3.1 Ideal wetlaculture locations
•

Five differently weighted suitability models were generated for the EAA analysis. Six
differently weighted suitability models were generated for the STA/FEB analysis.
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•

Average “highly suitable” area among all models within EAA for conversion to
wetlands is 947 km2, three times the average “highly or moderately” suitable area of 347
km2 among all models within STA/FEBs for conversion to agriculture.

•

Overall, the greater EAA (and adjacent created wetlands) provide many suitable
locations for the implementation of large-scale wetlaculture projects in the future
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Appendix A: Mesocosm water quality data 2018-2021
Table 1A. Soluble reactive phosphorus mesocosm inflow and outflow data. All data are in mg-P/L.
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Table 1A. (Continued)
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Table 1A. (Continued)
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Table 1B. Total phosphorus mesocosm inflow and outflow data. All data are in mg-P/L.
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Table 1B. (Continued)
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Table 1C. Nitrate+Nitrite mesocosm inflow and outflow data. All data are in mg-N/L.
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Table 1C. (Continued)
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Table 1D. Total Kjeldahl nitrogen mesocosm inflow and outflow data. All data are in mg-N/L.
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Table 1D. (Continued)
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Table 1E. Total nitrogen mesocosm inflow and outflow data. All data are in mg-N/L.
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Table 1E. (Continued)

138

Appendix B: Mesocosm soil data 2019-2021
Table 2A. Soil data for several elements of interest to the mesocosm study.
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Appendix C: Freedom Park sprinkler head reclaimed water data and rainfall nutrient data
2019-2021
Table 3A. Nutrient data collected directly from sprinkler heads at Freedom Park.
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Table 3B. Nutrient data collected at Freedom Park from various rainfall events throughout the
study.
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Appendix D: City of Naples wastewater treatment plant reclaimed water data 2014-2020
Table 4A. Total phosphorus data from the wastewater treatment plant collected from 2014-2020. All values are in mg-P/L.
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Table 4B. Total nitrogen, total Kjeldahl nitrogen, and Nitrate+Nitrite data from the wastewater
treatment plant collected from 2014-2020. All values are in mg-N/L.
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Appendix E: Copyright Permissions

Figure 5A. This email from Weston & Sampson provides copyright permission for use of Figure
3.2.
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Figure 5B. This document from Elsevier provides copyright permission for use of Figure 2.3.
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Figure 5B. (Continued) This document from Elsevier provides copyright permission for use of
Figure 2.3.
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