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Abstract: Despite years of efforts to improve water quality, harmful algal blooms remain a chronic
phenomenon, with devastating environmental, economic, and social impacts in many regions world-
wide. In this study, we assessed the complexity of nutrient pollution attributed to harmful algal
blooms in South Florida (USA) by analyzing 20 years of flow and nutrient data within two headwater
basins in the Lake Okeechobee (LO) watershed. The study used an established advanced regression
method, the Weighted Regression on Time, Discharge, and Season (WRTDS) method, as an analysis
framework to examine the impact of nutrient management practices on water quality trends. The
WRTDS method produced total phosphorus (TP) and total nitrogen (TN) concentration and flux
trends, which were then compared with existing and historic nutrient management records within the
basin. Results from this study highlight divergences in progress to improve water quality. Nutrient
management practices only had a weak impact on TP and TN flux trends in one of the two basins,
where TP flux decreased 2% per year, and TN flux decreased 0.1% per year. TP and TN flux increased
in the second basin. Variances of improvement between the two basins are likely attributable to
differences in contemporary point source loading and legacy nutrient pools from non-point source
inputs 20 years or more before the analysis period. The long-lasting impacts of legacy nutrients also
emphasize a need for investments in technologies and practices that can withdraw nutrients from
enriched soil and water.

Keywords: Lake Okeechobee; legacy phosphorus; BMP; best management practices; CP; conservation
practices; nutrients

1. Introduction

Nutrients, such as nitrogen and phosphorus, are vital for the growth of living things.
However, high nutrient concentrations can be considered pollutants to surface and ground
waters. Eutrophication, an excess of nutrients within surface water, triggers algal growth
or harmful algal blooms. Nutrients within surface and groundwater originate from natural
and anthropogenic sources related to land uses in a watershed. Anthropogenic nutrient
sources can include direct discharges (point sources) and indirect diffusion (non-point
sources) into waterways [1].

Excess nutrients that accumulate within the soil, the vadose zone, and groundwater
are called “legacy” sources [2,3]. Various species of legacy nutrients can be stored within
soil and water: organic forms of nutrients are deposited within the soil profile, inorganic
phosphorus accumulates in soils, and inorganic nitrogen persists in groundwater in the
form of nitrate [2–4]. Due to hydrologic travel time and biogeochemical nutrient cycling,
time lags contribute to accumulating legacy nutrients [2]. Unlike nitrogen, phosphorus does
not cycle from the terrestrial environment to the atmosphere. Therefore, any phosphorus
applied but not used by plants or exported remains stored within soils. Legacy sources of
nitrogen and phosphorus can continue to contribute to the enrichment of waterways for a
long time, sometimes decades [5,6]. The variability of both legacy and contemporary nutri-
ent sources within a watershed makes nutrient pollution a complex environmental problem.
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Social, ecological, and economic factors increase this complexity, as each social–ecological
system is unique to a watershed’s characteristics [7,8].

Improvement in water quality via implementing best management practices (BMPs)
has often been slower and less impactful than predicted by modeling studies at the wa-
tershed scale [9]. BMPs are widely implemented to reduce nutrient pollution, yet gaps
regarding treatment performance still exist. Most research studies on BMP performance
have been short-term empirical studies of single BMPs assessing their potential to treat
nutrient pollution over limited time and spatial scales [9–11]. However, BMP treatment
efficiency may decrease over time, and limited data show long-term nutrient treatment per-
formance at the watershed level [9,12–15]. In addition to gaps regarding BMP performance,
watershed properties, such as hydrologic timing and release of nutrients from legacy pools,
impact the effectiveness of site-level treatments at the watershed scale [3,16].

Long-term monitoring of surface waters can be used to examine whether BMP imple-
mentation within a watershed improves water quality. Due to testing costs, water quality
concentration data are typically collected less frequently than discharge measurements.
Therefore, values are estimated when measured concentration data are unavailable at the
frequency required for an analysis. Of the four types of load estimation methods (aggre-
gation or interpolation, ratio estimators, regression, and advanced regression), advanced
regression methods are the most complex and flexible but require longer data records [17].

The Weighted Regression on Time, Discharge, and Season (WRTDS) is an existing
advanced regression method that utilizes long-term water quality records and daily dis-
charge data to estimate daily concentration and flux values [18]. The influence of year-
to-year discharge variability can be filtered from water quality trends by using the “flow-
normalization” method of WRTDS [19]. The United States Geological Survey (USGS)
utilized the WRTDS methodology to analyze water quality trends of US rivers at approx-
imately 1500 sites [20,21]. Recent refinements to the WRTDS method and studies have
shown trend estimation with WTRDS can be completed with datasets as short as ten
years [19,22]. The capability to remove or consider the influence of the discharge variability
has been used to link sediment trends to changes in land use land cover and evaluate
the effectiveness of nutrient control strategies in the Lake Erie [23] and St. John’s River
Watersheds [24].

Lake Okeechobee (LO) in South Florida has a surface area of 1730 km2 and is classified
as shallow, with a mean depth of approximately 2.7 m [25]. The LO watershed is a part of
the Greater Everglades ecosystem and is the most upstream source of nutrient pollution to
LO, the St. Lucie, the Caloosahatchee, and the Everglades [26,27]. The impairment of LO
impacts ecosystems and communities that depend on it for water supply and economic
livelihood [28]. Agriculture within the LO watershed has thrived since the 1850s due to
large-scale drainage and flood protection engineering projects in South Florida. By the
1960s, engineering projects were completed that altered the hydrology, hydraulics, and
water quality within the lake and its watershed [25,29,30].

Beef cattle ranching has been a dominant land use in the LO watershed for hundreds
of years [31]. In the 1920s and 1930s, improved drainage in the region allowed ranching to
intensify from native grasses to high-producing grasses, known as improved pasture, to
increase the carrying capacity of agricultural lands [32,33]. In 2019, improved pasture was
the largest land use within the watershed [34]. In the 1950s, the dairy industry began to
develop on the northern side of LO and within the Taylor Creek Nubbins Slough (TCNS)
and Kissimmee River sub-watersheds [31].

The water quality and nutrient loading from the TCNS sub-watershed of LO have
been a concern since channelization projects within the sub-watershed were completed in
1969. Ongoing water quality studies, nutrient management programs, and policies since
the channelization projects have focused on reducing phosphorus loads to LO. In 1975,
Davis and Marshall [35] concluded that most of the phosphorus loading to LO was from the
TCNS sub-watershed. Frederico [36] completed a regression analysis in six basins within
TCNS and determined poor water quality was linked to dairy operations.
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By 1978, the Taylor Creek Headwaters Program began, providing 100% of the cost
for dairy BMPs, including fencing, watering facilities, shade structures, water retention,
and water conservation practices within the Taylor Creek Headwaters basin. In 1981,
the US Department of Agricultural Rural Clean Waters Program expanded the Taylor
Creek Headwaters program to provide a 75% cost share of BMPs for the entire TCNS sub-
watershed. In 1987, the “Dairy Rule” was added to the Florida Administrative Code (F.A.C.),
a compilation of administrative rules for the state, requiring dairy operations to have
approved collection and treatment systems from areas with a high intensity of cattle [37].
From 1989 to 1992, a buy-out program offered dairy operators financial incentives to move
out of the watershed and accept future land use restrictions. Many farms that received the
financial incentive to close dairy operations shifted to beef operations, with some changing
to citrus and hay [37,38]. By 1992, other programs specified what types of BMPs were
required to collect, capture, treat, and dispose of nutrients in dairy operations within the
LO watershed [39].

After the Dairy Rule, the emphasis shifted to reducing nutrient loads from other agri-
cultural non-point sources. In the late 1980s, additional rules (Rule 40E-61 F.A.C.) limited
the average annual phosphorus concentration based on land use [40]. In 2013, revised
biosolids disposal rules (Rule 62-640 F.A.C.) were enacted, requiring farmers that land apply
biosolids within the LO watershed to demonstrate no new watershed P loading [25,41].

In 2020, all agricultural producers within the LO watershed were mandated to enroll in
the Florida Department of Agricultural and Consumer Services (FDACS) BMP program [42].
FDACS identifies applicable BMPs to a site via commodity-based BMP manuals and catego-
rizes these practices into three types. BMPs for cattle or cow/calf operations are described
in Table 1 [43]. The performance of cow/calf BMPs on nutrient reduction in Florida is
known to be limited; a meta-analysis completed in 2016 only identified four studies suitable
for determining the effectiveness of cow/calf BMPs in reducing nutrient pollution [44].

Table 1. Types and examples of cow/calf best management practices (BMPs) as defined by the Florida
Department of Agricultural and Consumer Services (FDACS).

BMP Types BMP Description BMP Examples

I Non-structural,
Low Cost

Soil Testing
Slow-Release Fertilizer

Timing Fertilizer Application

II 1 Structural,
Moderate Cost

Fencing
Culverts

Sediment Traps
Tailwater Recovery Systems

Water-Control Structures

III 1 Structural,
High Cost

Grade Stabilization
Stormwater Retention/Detention

1 Type II and Type III BMPs are considered advanced treatment, and opportunities exist for cost-sharing with
FDACS and the agricultural producer [43–46].

Monitoring and BMP studies in the LO watershed, explicitly focusing on the nutri-
ent runoff concentrations for improved pasture and dairy land uses, are summarized in
Table 2. Monitoring runoff concentrations shows the greatest total phosphorus (TP) and
total nitrogen (TN) concentrations associated with dairy operations before BMP imple-
mentation. Before BMPs, catchments with dairy operations recorded TP concentrations
between 1.26 and 6.78 mg/L, and TN concentrations are primarily in the form of Total
Kjeldahl Nitrogen (TKN), ranging between 1.30 and 11.20 mg/L [46,47]. Before BMPs,
catchments with improved pasture as the major agricultural land use and without dairy op-
erations recorded TP concentrations between 0.24 mg/L and 0.96 mg/L and TKN between
1.33 and 2.75 mg/L [36,46]. After BMP implementation, results varied between dairy and
improved pasture sites. At the dairy operations, TP concentrations decreased within the
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catchment [48]. At an improved pasture site, after water control structure BMPs were
implemented, TN concentration decreased from 3.31 to 2.86 mg/L, while TP concentrations
increased from 0.66 mg/L to 0.86 mg/L [49].

Table 2. Nutrient runoff concentrations from pasture and dairy land use in LO watershed at different
phases of BMP implementation within the basin.

Study Year
Major Agricultural

Land Use Land Cover
(Percentage of Basin)

BMP
Implementation Stage

Runoff Concentration (mg/L)

TN 2 TP

1977
[36]

Improved pasture (85%)
Dairy (8.7%)

Before
Taylor Creek
Headwaters

Program: No existing BMPs

TKN: 1.30–5.39
Nitrite: 0.007–0.03

Nitrate: 0.004–0.311
1.26–2.90

Improved pasture (80%)
Citrus (6%)

TKN: 1.17–1.93
Nitrite: 0.004–0.033
Nitrate: 0.007–0.345

0.27–0.905

Improved pasture (79%)
Dairy (21%)

TKN: 2.36–11.20
Nitrite: 0.009–1.56
Nitrate: 0.004–1.88

2.01–6.21

Improved pasture (86%)
Crop (4%)

TKN: 1.33–2.75
Nitrite: 0.007–0.021
Nitrate: 0.004–0.380

0.238–0.957

1995
[48]

Dairy (100%) Before
Dairy Rule

Not Reported

6.78

Dairy (100%) After
Dairy Rule

2.70

Improved pasture (100%) 0.66–0.74

2011 1

[49]
Improved pasture

(100%)

Before BMP
(Water-Control Structure) 3.31 0.66

After BMP
(Water-Control Structure) 2.86 0.89

1 Values are reported as flow-weighted mean concentrations. 2 Total Nitrogen is the addition of Total Kjeldahl
Nitrogen (TKN = ammonia + organic nitrogen) and NOx (NOx = nitrate + nitrite).

Mass balance and modeling studies have parameterized TP loading (or flux) from
land uses in the LO watershed and estimated TP storage within upland soils. Table 3
summarizes TP loading from land uses within the TCNS watershed; values in the table are
a singular value for the study area and can fluctuate based on variables such as fertilizer
usage, herd size, and historical land use. Mass balance studies have estimated that 70% of
phosphorus imported into LO is stored in upland soils that had previously been phosphorus
sinks [37,46]. Using the Watershed Assessment Model, Khare et al. [47] estimated that
61–65% of loading from the TCNS watershed was from legacy, not contemporary sources.

This study aims to evaluate the impact of pasture BMPs for beef cattle (cow/calf) op-
erations on water quality within the LO watershed. Due to the size and complexity of LO’s
watershed and the historical record of land use and water quality within TCNS, two basins
within the TCNS sub-watershed were selected for the study. The WRTDS method produced
flow-normalized TN and TP concentration and flux trends. Flow-normalized trends were
then compared with nutrient management practices to assess the progress in water quality
in the two basins.
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Table 3. Total phosphorus (TP) loading of select land uses in the TCNS sub-watershed to LO from
previous modeling studies.

Land Use Land Cover
TP Loading (kg/ha/yr)

2014 [46] 2021 [47]

Abandoned Dairy 8.82 4.45
Citrus 0.86 2.21
Dairy 3.40 11

Improved Pasture 1.51 1.82
Low Density Residential 0.34 0.63

Unimproved Pasture 0.31 0.96

2. Materials and Methods
2.1. Study Sites

Two primarily agricultural headwater basins within the TCNS sub-watershed (Taylor
Creek Headwaters and Williamson Ditch; Figure 1) were selected for the analysis. Taylor
Creek Headwaters basin has a drainage area of 124 square kilometers (km2) and was
targeted for nutrient reduction in the 1978 Taylor Creek Headwaters Program. In 1982,
14 dairy barns within the catchment and 75 km2 of high-intensity dairy areas and pastures
in the basin were enrolled in the program [50]. Williamson Ditch was constructed for flood
control before 1953 and has a drainage area of 85 km2. Agricultural production within the
Williamson Ditch basin has historically been primarily beef cattle and citrus without dairy
operations [36]. Land use areas for both basins were determined by spatial coverage of
land use codes for 1988, 1995, 1999, 2004, 2008, and 2017, which were downloaded from
the South Florida Water Management District’s (SFWMD) Geospatial Database. Spatial
coverage data were tabulated using ESRI ArcGIS Pro 3.0.3 and are listed in Table 4.
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Figure 1. The two basins in the TCNS catchments sub-watershed to LO were selected for the analy-
sis [51,52]. Discharge and water quality are measured as water within the Taylor Creek Headwaters
Basin discharges to Taylor Creek to the south, and the Williamson Ditch Basin discharges to Taylor
Creek to the southwest (inset map shows the location of the study area within Florida, USA).
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Table 4. Percentage of land use land cover of the Taylor Creek Headwaters and Williamson Ditch
Basin from 1988 to 2017.

Basin Land Use Land Cover 1988 1995 1999 2005 2008 2017

Taylor Creek
Headwaters

Agricultural

Improved Pasture 65.9% 57.2% 62.9% 60.0% 63.0% 55.9%
Pasture 14.6% 3.4% 9.5% 9.4% 7.0% 6.1%
Dairy 0.8% 9.9% 6.3% 6.3% 6.3% 21.1%
Cattle Feeding Operation - - 0.4% 0.3% 2.0% 0.3%
Citrus Groves 2.9% 3.6% 4.3% 4.2% 4.2% 4.1%
Cropland - 4.3% 4.4% 7.0% 4.8% 1.0%
Other Agricultural 0.4% 0.4% 0.4% 0.8% 0.7% 0.7%

Urban
Low Density Residential 1.8% 0.0% 0.3% 0.9% 1.2% 1.4%
Other Urban 0.4% 2.7% 1.3% 1.2% 1.2% 1.2%

Upland Forest 3.8% 7.0% 1.0% 0.8% 0.6% 0.6%

Upland Nonforest - 2.9% 0.6% 0.7% 1.0% 0.4%

Wetland 9.4% 6.3% 7.6% 7.8% 7.4% 6.7%

Water 0.1% 2.2% 0.5% 0.4% 0.4% 0.2%

Williamson
Ditch

Agricultural

Improved Pasture 65.9% 48.8% 60.1% 49.7% 54.5% 52.3%
Pasture 7.9% 13.9% 14.4% 16.0% 17.7% 17.7%
Dairy - 0.2% 0.1% 0.1% 0.1% 0.6%
Cattle Feeding Operation - - - - - -
Citrus Groves 3.8% 4.2% 4.2% 4.2% 4.2% 4.2%
Cropland - 2.8% 3.8% 10.3% 3.5% 3.1%
Other Agricultural 0.4% 0.3% 0.7% 0.5% 0.6% 0.6%

Urban
Low Density Residential 5.0% 0.0% 4.1% 5.2% 5.4% 4.1%
Other Urban 1.8% 8.1% 2.0% 3.2% 3.1% 4.4%

Upland Forest 5.6% 15.3% 1.7% 1.3% 1.6% 1.6%

Upland Nonforest - 1.0% 0.8% 0.6% 1.4% 1.4%

Wetland 9.7% 4.8% 7.7% 8.4% 7.6% 9.7%

Water 0.1% 0.7% 0.4% 0.5% 0.5% 0.5%

2.2. Water Quality Analysis

The WRTDS method was used to produce flow-normalized trends of TN and TP for
the basins. The approach uses USGS’s R-studio package Exploration and Graphics for
RivEr Trends (EGRET) within the R software environment (version 4.2.1) to first estimate
concentration and flux and then compute flow-normalization trends [18,19,53]. The general
model of WRTDS is

ln(c) = β0 + β1t + β2 ln(Q) + β3 sin(2πt) + β4 cos(2πt) + ε, (1)

where fitted coefficients are the βn values, c is the concentration, Q is daily mean discharge,
t is decimal time in years, and ε is uncertainty. A locally weighted regression is used to
fit coefficients, resulting in a unique set of coefficients for each pair of discharge and time
variables over the dataset domain. The WRTDS model fit can be adjusted by changing
parameters for calibration point weights for time, discharge, and seasonal dimensions. As
no considerable improvement was observed by changing parameters, default parameters
were used in this analysis. Daily concentration estimates from the WRTDS model are used
to calculate the estimated flux [18,54].

Model fit was assessed quantitatively using the flux bias statistic. Hirsch and DeCi-
cco [19] define the flux bias statistic as a dimensionless representation of the difference
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between the sum of the estimated flux and the sampled value on all days where water
quality was sampled. The flux bias statistic (B) is calculated as

B =
∑n

i=1 k·ĉi·Qi − ∑n
i=1 k·ci·Qi

∑n
i=1 k·ĉi·Qi

, (2)

where k is a unit conversion factor, ci is the measured concentration on sampled days, ĉi is
the estimated concentration on sampled days, n is the number of sampled days, and Qi is
the discharge on sampled days.

After the model fit was assessed, the EGRET package (version 3.0.7) was used to
normalize concentration and flux by flow to remove sub-annual variations in water quality.
Hirsch and DeCicco [19] describe the flow-normalization method in detail. Generally,
the flow normalization integrates fitted daily estimates of concentration or flux over a
probability density function of daily mean discharges associated with each day of the year.
The length of time, or number of years, associated with the probability density function can
be adjusted within EGRET. Choquette et al. [55] describe how adjusting the time-window
parameter changes the length of time the discharge probability density function is assumed
to be stationary. A time window of zero assumes that flow is stationary over the entire
study period, and a single discharge probability density function is used for the flow-
normalization method, whereas a non-zero time window is based on a moving window.
The uncertainty of the flow-normalized values was evaluated using a second R-studio
package developed by the USGS, the Exploration and Graphics for River Trend confidence
interval (version 2.0.4), which runs a block bootstrap method evaluation to describe the
uncertainty of flow-normalized results [56]. For this analysis, flow-normalized values were
calculated based on a 15-year window. Then, flow-normalized trends of TN and TP were
evaluated to determine insights into the long-term progress of water quality improvement.

2.2.1. Discharge

The USGS continuously records the discharge for each basin. Daily mean discharge
data were downloaded from DBHydro, SFWMD’s database for hydrologic, hydrogeologic,
and water quality data [57]. The data utilized are listed in Table 5. Daily discharge is
an input for WRTDS, a natural log function, and there cannot be negative or zero values
within the input data. Negative values cannot be input in WRTDS due to the regression
analysis and the complications that tailwaters can present in water quality analysis. Still,
due to the small percentage (<0.5%) of negative discharge values within the record, the
dataset was utilized for the WRTDS analysis [20]. Per data entry methodology in Hirsch
and DeCicco [19] and Oelsner et al. [20], negative values were replaced with zero values,
and a very small constant was added to each daily discharge in the stream record. In
this analysis, the very small constant was equal to one percent of the recorded minimum
positive flow value, less than the recommendation in Hirsch and DeCicco [19]. This value
was selected to ensure the small value would not compromise the statistical methods of the
small discharges recorded in the basin.

Table 5. Daily mean discharge data utilized from the SFWMD database.

Basin
(USGS ID) Data Utilized

Daily Mean Discharge Values

Total Missing Zeros Negative Estimated

Taylor Creek
Headwaters
(02274010)

7 August 2003–
23 September 2023 7368 0 199 30 172

Williamson Ditch
(02274490)

4 September 2003–
23 September 2023 7355 0 349 0 229

Due to the influence of discharge on concentration, daily discharge data input into
WRTDS were graphically evaluated using the additional functionality of EGRET. Annual-
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ized statistics were calculated as discrete annual values and a continuous smoothed trend
along the decimal time. The smoothing method is based on a locally weighted scatterplot
smoothing (LOWESS) to create a smooth representation of the median of the distribution
over time [19].

2.2.2. Nutrient Concentrations

Nutrient concentration sample data were also downloaded from DBHydro; the data
utilized are listed in Table 6. Grab samples are collected approximately twice a month by
SFWMD to monitor water quality. Gaps between sampling events are more likely to occur
during the dry season (December to April). TN data were extended before 10 July 2014 by
adding the two constituents of TN, Total Kjeldahl Nitrogen and NOx (nitrate and nitrite).
Samples with data quality remark codes that indicate inaccurate measurements, referred
to as data quality flags in Table 6, were removed from the dataset utilized for the analysis.
Per data entry methodology in Hirsch and DeCicco [19], zero and negative values were
replaced with the reportable detection limit for the given parameter and annotated as a
censored value with a “<” remark code in the input data file for EGRET.

Table 6. Nutrient data values from the SFWMD database.

Basin
(SFWMD ID) Parameter (mg/L) Data Utilized

Data Values

Total Censored Values 1 Data Quality Flag 2

Taylor Creek
Headwaters
(TCNS 213)

Total Nitrogen 10 July 2014–
21 September 2023 126 0 1

Total Kjeldahl Nitrogen 20 August 2003–
17 March 2014 199 0 2

Nitrate and Nitrite 20 August 2003–
21 September 2023 199 20 2

Total Phosphorus 20 August 2003–
21 September 2023 326 0 3

Williamson Ditch
(TCNS 214)

Total Nitrogen 25 June 2014–
6 September 2023 126 0 1

Total Kjeldahl Nitrogen 4 September 2003–
17 February 2014 173 0 3

Nitrate and Nitrite 4 September 2003–
17 February 2014 171 50 0

Total Phosphorus 4 September 2003–
9 September 2023 300 0 1

1 Censored values are samples reported as zero or a negative value. Censored values have been replaced with the
reportable detection limit, annotated, and included in the analysis. 2 Data quality flags are samples reported with
a data quality remark code that indicates inaccurate sampling values. Data values with a data quality flag have
not been included in the analysis.

2.3. Nutrient Sources and Treatment

Point and non-point sources of nutrient pollution and treatment practices within
the basins were investigated to examine the relationship between water quality trends
and known treatment practices. Permitted activities were compiled from the Florida
Department of Environmental Protection OCULUS and Nexus Portal websites by searching
records of biosolids applications and wastewater treatment plants, which includes permits
for dairy and domestic wastewater operations [58,59]. Available land use and land cover
data not accounted for within permitted activities were assumed to be associated with
contributions to nutrient loading, such as fertilizer usage or the presence of an onsite
sewage treatment and disposal system.

FDACS provided anonymized agricultural BMP enrollment data to analyze enrollment
coverage of all BMPs and the number of cow/calf BMPs for the predominant pasture land
use in the basins. BMP enrollment data consisted of one geodatabase and one tabular
database linked with an anonymous numerical identifier. The geodatabase included
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coverage of BMP enrollment within the TCNS sub-watershed. The tabular database had
the year of enrollment and responses to questions within the 2008 FDACS Cow/Calf BMP
manual. FDACS representatives completed responses to questions within the tabular
database, and questions indicate which BMPs are required to be implemented by producers
enrolled in the FDACS BMP program. This analysis defines a cow/calf BMP as questions
within the tabular database designated with a “yes”. BMP enrollment data were processed
using the spatial database to identify IDs within the boundaries of Taylor Creek Headwater
and Williamson Ditch catchments. Finally, “yes” responses in the tabular database for each
numerical identification were totaled to determine the number of cow/calf BMPs required
to be implemented within the catchment.

3. Results
3.1. Discharge Analysis

Annualized daily discharge variability for Taylor Creek Headwaters and Williamson
Ditch are shown in Figure 2. Results in Figures 2–5 are shown over time in a hydrologic, or
water year (WY), which spans from October 1 to September 30. Over the analysis period,
daily discharge ranged between 0.00 m3/s and 42.76 m3/s for Taylor Creek Headwaters
and between 0.00 m3/s and 21.15 m3/s for Williamson Ditch. The mean daily discharge in
Taylor Creek Headwaters has a broader range within the analysis period than Williamson
Ditch. Taylor Creek Headwaters had a slightly increasing mean daily discharge, and
Williamson Ditch had a slightly increasing median daily discharge, but other trends show
minimal changes between WY2004 and WY2023. Seasonal annualized discharge trends for
both basins are shown in Figure 3. The annual maximum 30-day mean of daily discharges,
a high flow statistic, within the wet season (May to November) and dry season (December
to April) shows the difference in the maximum average of daily discharge within a 30-day
window. Annualized seasonal 30-day maximums had slightly decreasing trends in both
basins in the wet season. During the dry season, annualized 30-day maximums were
scattered within a range of 0 to 2 m3/s. In both basins, annual and seasonal statistics do
not show considerable variations or trends during the analysis period.
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3.2. Water Quality Trends

The WRTDS model was fit to TN and TP sample data in both basins. The flux bias
statistics, which provide a dimensionless representation of model fit, are listed in Table 7
for each model. The flux bias statistics for each model are between −0.01 and 0.01 and close
to zero, suggesting an acceptable, good model fit [19].

Table 7. Flux bias statistic, a representation of the model fit, for WRTDS models.

Basin
Flux Bias Statistic

TN TP

Taylor Creek Headwaters −0.005 0.002
Williamson Ditch 0.004 −0.002

Flow-normalized water quality trends (solid line) with confidence intervals (dashed line)
from EGRET are shown in Figure 4 (concentration) and Figure 5 (flux). Flux is the product
of discharge and concentration; considering the normalized trend of both concentration and
flux can provide different insights into the pollutant sources within a basin. Broadly, a trend
in normalized concentration indicates a change in the contribution of a point source or base
flow within the basin, and a change in the trend of a normalized flux indicates a change in the
contribution from a non-point source. Trends in flux can be more affected by contributions
from non-point sources because as discharges increase, so does the contribution of runoff
from non-point sources (e.g., due to fertilizer and manure washing away from the land to
water). In contrast, point source contributions are likely higher as discharges decrease because
effluents from point sources are generally independent of the runoff quantity. Therefore, point
sources make up a larger fraction of the flow under low flow conditions [18].

In the Taylor Creek Headwaters basin, TN and TP concentrations increased after
WY2015. However, over the whole analysis period, TP flux decreased from 76 to 42 kg/d
(45%), and TN flux decreased slightly from 220 to 217 kg/d (2%). The unit area TP flux,
dividing TP flux by the basin’s drainage area, decreases from 2.2 to 1.2 kg/ha/yr over
the analysis period. The decreasing nutrient flux could indicate a drawdown of nutrients
stored in upland soils after implementing BMPs. Since average discharges and TP flux



Resources 2024, 13, 28 12 of 17

have decreasing trends, an increasing TP concentration trend within the analysis period
was unexpected. These results indicate that TN and TP concentration changes could be
attributed to a growing contribution from a point source in the basin.

TN and TP concentration and flux trends in the Williamson Ditch basin increased
from WY2004 to WY2023; TP flux increased from 24 to 57 kg/d (140%), and TN rose mildly
from 112 to 126 kg/d (11%). The unit area TP flux rose from 1.0 to 2.4 kg/ha/yr over the
analysis period. Because the concentration and flux both increased, the increase in nutrient
concentrations was attributed to increased loading or flux of nutrients from the basin to the
surface water and an increasing contribution from a point source.

3.3. Nutrient Sources and Treatment

Taylor Creek Headwaters and Williamson Ditch basins do not have any biosolids
application permits within the OCULUS database; however, both basins have wastewater
treatment permits. Permitted wastewater treatment plants were assumed to account for
the location and type of contemporary point sources in the basins. Since the permitted
capacity represents the maximum threshold of a given wastewater system, capacity was
not considered to represent flows, effluent concentrations, or effluent loads. Available land
use and land cover data were utilized to investigate windows of time when the capacity of
a treatment operation increased after a permit was approved.

Taylor Creek Headwaters basin has two wastewater treatment permits associated with a
single dairy producer and four dairy barns. Wastewater from the dairy farm is treated and
stored in waste storage lagoons and then land applied within a sprayfield. The dairy operation
is located within the Otter Creek tributary at the northern edge of the Taylor Creek Headwater
basin boundary. The dairy farm has permits in OCULUS beginning in 1989, and the treatment
capacity of the operation increased in both 2006 and 2021. The increased capacity is likely
related to increased dairy land use within the basin. From 2005 to 2017, 18.3 km2 of other land
uses, including field crops, confined feeding operations, improved pasture, upland forest, and
upland nonforest, were transformed into dairy land use within the basin.

Williamson Ditch Basin has one municipal wastewater treatment facility and one
industrial wastewater treatment facility. The industrial facility is at the northeastern edge
of the basin and is permitted to treat 0.91 million liters per day (MLD). The municipal
wastewater treatment facility is in close proximity (<2 km) to the sampling point for the
Williamson Ditch basin and has permits in OCULUS since the 1990s. In 1997 and 2006,
the facility increased its permitted capacity. Increased capacity was also reflected in land
use for sewage treatment in the basin; from 1995 to 2008, land used for sewage treatment
increased from 10 km2 to 66 km2. Today, the facility is permitted for 18.2 MLD and effluent
discharges are split between deep water aquifer injections, onsite detention, and two land
application locations within the basin. One land application location is at the facility, and
the other is at an agricultural site within the basin.

Cow/calf BMPs implemented in the enrollment program are quantified over time in
Table 8; land parcels associated with the program are hatched in Figure 6 to show spatial
coverage over time. BMP enrollment in the cow/calf program began in 2000 in the Taylor
Creek Headwaters Basin and in 2010 in the Williamson Ditch Basin. Enrollment within the
program grew over time, and by 2020, most landowners in the basins were enrolled.

Since 2020, agricultural producers within the study area have been mandated to enroll
in the BMP program [42]. An agricultural producer is enrolled in the BMP program after
the following steps are completed: (1) the producer contacts FDACS regarding enrolling,
(2) an FDACS representative visits the site to identify all applicable BMPs, and (3) a notice
to implement is signed. FDACS identifies applicable BMPs via commodity-based BMP
Manuals; FDACS BMP types are described in Table 1. Producers are required to implement
all applicable BMPs as soon as possible but no later than 18 months after an initial site visit.
After enrolling a site, FDACS performs site visits every two years to confirm that BMPs
are maintained. Once a producer is enrolled in the program and BMPs are implemented,
implementation will continue into the future [43].
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Table 8. Cumulative total BMPs implemented within the FDACS cow/calf BMP program in basins
Taylor Creek Headwaters and Williamson Ditch.

Basin Year of Enrollment
Cumulative Total

Type I BMPs Type II BMPs

Taylor Creek
Headwaters

2000–2004 70 2
2005–2009 70 2
2010–2014 286 11
2015–2019 1032 22
2020–2021 1493 26

Williamson Ditch
2010–2014 292 9
2015–2019 805 16
2020–2021 1059 66

Resources 2024, 13, 28 13 of 17 
 

 

2020–2021 1493 26 

Williamson Ditch 
2010–2014 292 9 
2015–2019 805 16 
2020–2021 1059 66 

Since 2020, agricultural producers within the study area have been mandated to en-
roll in the BMP program [42]. An agricultural producer is enrolled in the BMP program 
after the following steps are completed: (1) the producer contacts FDACS regarding en-
rolling, (2) an FDACS representative visits the site to identify all applicable BMPs, and (3) 
a notice to implement is signed. FDACS identifies applicable BMPs via commodity-based 
BMP Manuals; FDACS BMP types are described in Table 1. Producers are required to im-
plement all applicable BMPs as soon as possible but no later than 18 months after an initial 
site visit. After enrolling a site, FDACS performs site visits every two years to confirm that 
BMPs are maintained. Once a producer is enrolled in the program and BMPs are imple-
mented, implementation will continue into the future [43]. 

 
Figure 6. Spatial distribution land use land cover (LULC) for (a) 1999, (b) 2004, (c) 2008, (d) 2017, 
and (2017) overlayed with agricultural best management practice (Ag. BMP) enrollment in the Tay-
lor Creek Headwaters and Williamson Ditch catchments during (a) 2000–2004, (b) 2005–2009, (c) 

Figure 6. Spatial distribution land use land cover (LULC) for (a) 1999, (b) 2004, (c) 2008, (d) 2017,
and (2017) overlayed with agricultural best management practice (Ag. BMP) enrollment in the
Taylor Creek Headwaters and Williamson Ditch catchments during (a) 2000–2004, (b) 2005–2009,
(c) 2010–2014, (d) 2015–2019, and (e) 2020–2021. Cow/Calf BMP enrollments are grouped based on
the time of enrollment, and all other agricultural commodity BMPs are categorized together.
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4. Discussion

Although there have been large investments in BMPs to manage agricultural nutrient
sources from the LO watershed in the last 5 decades, nutrient concentrations associated
with improved pastures are similar to those of the 1970s. After smoothing high frequency
and seasonal variabilities in the data using the WRTDS method, the two adjacent headwater
basins within the TCNS sub-watershed had different flow-normalized water quality trends.
TP flux decreased in the Taylor Creek Headwaters basin, while TP and TN concentrations
rose simultaneously during the analyzed period. In the Williamson Ditch basin, TP and TN
concentration and flux increased with varying rates over the analyzed period. Differences
in contemporary point sources and historical land uses between the two basins provide
insights into differing water quality trends during the WRTDS analysis period.

Regarding point sources (wastewater treatment plants and dairy operations), both
basins would benefit from implementing advanced nutrient removal technologies. For
the Williamson Ditch Basin, increased trends of TN and TP concentrations and fluxes
(from WY2004–WY2016) are linked to the expansion of the municipal wastewater treatment
facility (between 1997 and 2006) and increased land application of treated effluent. For
Taylor Creek Headwaters, nutrient concentrations could be decreased by implementing
chemical phosphate removal and reusing treated wastewater within expanding dairy
operations [60].

Before the analyzed period, the basins had different land uses, contributing to dif-
ferences in legacy nutrient pools. Hydrologic and biogeochemical cycling lags of legacy
nutrients could continue contributing to the TP exported downstream during the analyzed
period. The dairy buy-out implemented in the 1980s only impacted the Taylor Creek
Headwaters basin, where TP flux in WY2004 was still elevated at 2.2 kg/ha/yr. Over the
analyzed period, TP flux decreased to 1.2 kg/ha/yr, approaching the average loading for
unimproved pasture (0.64 kg/ha/yr), possibly due to the combination of depleting legacy
sources and BMP implementation. At the same time, the Williamson Ditch basin, a basin
without a history of dairy operations, has an increasing TP flux trend from 1.0 kg/ha/yr in
WY2004, despite BMP implementation.

BMPs implemented at cow/calf operations on improved pasture in the study area are
very similar to practices implemented in the 1980s. These BMPs can decrease contemporary
loading with non-structural (Type I) and structural (Type II) BMPs. Still, as seen in TP flux
trends in the Taylor Creek Headwaters basin, it may take decades for BMP implementation
to reduce TP loading if historical land uses contributed to legacy nutrient pools [2–6,61–64].
New and innovative BMPs are needed to control phosphorus remobilization downstream
or deplete legacy phosphorus sources more efficiently [49,60,65].

The results of the WRTDS method in the context of the historical nutrient sources,
management, and research in the LO watershed highlight the variability of nutrient dynam-
ics within two headwater basins. The difference in flux and concentration trends provided
insight into the reasons for the mixed progress from nutrient management between the
basins. Although the method is limited from wide use in the LO watershed by the con-
straint of a positive continuous discharge record without tailwater effects, it could still
provide additional insights into nutrient management progress in other agricultural or
urban watershed uplands.
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