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Abstract: The aim of this research was to identify the impacts of land use and subsequent pulse-
driven events on water quality across a gradient of urbanization spanning three blackwater rivers
in northeast Florida that contribute to a common estuary ecosystem. Three blackwater rivers in
St. Augustine, FL, were classified as rural, suburban, and urban, based on percentages of residential,
industrial, and commercial parcel type. Turbidity, dissolved oxygen, fluorescent dissolved organic
matter, chlorophyll a, salinity, and pH were measured at 15 min intervals from May to December
2020. Monthly phosphate, nitrate, ammonium, total coliforms, and E. coli concentrations were also
examined. Principal component analyses identified the distance to the freshwater source, distance to
the inlet, salinity, dissolved oxygen, and pH as major sources of variance between the sites. Significant
physicochemical differences between sites are more likely due to a site’s proximity to an inlet or
freshwater source, rather than the percent of urban parcels, and site distance to freshwater and
saltwater influences should be considered due to its influence on water quality in estuarine systems.
This study provides insight into potential water quality responses to urbanization, or lack thereof,
and addresses challenges in selecting the optimal site locations for long-term in situ water quality
monitoring studies of urbanization in blackwater rivers.
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1. Introduction

Florida’s population is rapidly increasing, with roughly 800 people projected to mi-
grate everyday between 2022 and 2027 [1]. Urban growth models predict that the ur-
banization extent in the southeastern United States will increase by 101% to 192% in the
next 50 years [2]. Florida’s economy relies substantially on eco-tourism, and leverages
public appreciation of springs, beaches, rivers, and other water resources. However, urban
development in Florida has significantly decreased the area of natural habitat, exacerbated
ecosystem fragmentation, and degraded the quantity and quality of natural resources.

Urbanization modifies the landscape through increased infrastructure development,
energy and resource consumption, and nonpoint and point pollutant sources [3,4]. Poor
water quality, characterized by nutrient and contaminant loading, is a major consequence of
urban development. Heavy metals, pharmaceuticals, plastics, pesticides, and fertilizers that
alter ecosystem biogeochemistry and function are released through urban stormwater [5–9],
and ample literature suggests contaminant loading increases with urbanization and im-
pervious coverage [10–14]. Increased impervious surface coupled with the removal of
vegetation and smoothing of the topography, promotes swift surface flow that picks up dis-
solved and particulate matter, such as nutrients, oils, sediment, and dissolved metals [15,16].
Particularly after rainfall events, anthropogenically sourced fertilizers, pet waste, and sed-
iments can contribute to nutrient loading events, high turbidity, or increased inputs of
organic matter due to impervious surfaces and their effect on the local hydrology [12,17–22].
Rural landscapes also have sources of pollution, such as wastes from animals or septic tanks;
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however, pollutant discharge is typically not as extreme, and the absence of impervious
infrastructure allows watershed inputs after rain events to occur more gradually. Pollutant
loading brought on by increased stormwater runoff can cause detrimental ecological effects;
for example, increased turbidity and total suspended solids can inhibit light penetration
for submerged aquatic organisms, additional labile organic matter inputs can encourage
decomposition and subsequent dissolved oxygen depletion, and inputs of fecal matter can
cause serious illness [23,24]. Therefore, it is important to determine and understand the
effects of hydrological flashiness on local aquatic systems so that management strategies
can be implemented to prevent further pollutant loading.

Globally, many studies have been conducted to understand how urbanization affects
local water quality; however, limited research related to this topic is available for the
tidally influenced blackwater systems of northeast Florida. Blackwater river systems are
characterized by high dissolved organic matter loads that deliver tannins, humic and
fulvic acids, and color to the estuary. Freshwater flow from the blackwater rivers moves
nutrients, sediments, and organic material that are important to the biogeochemical cycling
of estuaries, but they also transport many of the anthropogenic pollutants previously
mentioned [25]. Meanwhile, the tidal cycle also influences water quality and may mask
runoff properties [26–28]. Tidal amplitude, estuary length, current speed, and the degree of
vertical mixing are examples of estuarine characteristics that control flushing, or residence
times [29,30]. The natural tidal process can impact several water quality parameters,
such as turbidity, dissolved oxygen, chlorophyll-a, dissolved organic matter, and pH, by
regulating the presence or absence of suspended particulates, organic matter, nutrients,
and carbonates [31,32]. As an effect, incoming constituents from pulse-driven events may
be transported or transformed quickly.

This study had two goals: (1) to understand patterns between land use and water
quality of brackish rivers in northeast Florida through in situ water monitoring, and (2) to
emphasize the importance of site location and sampling protocol for tidally influenced
study sites aiming to observe specific water quality characteristics, such as those brought
by urbanization.

2. Materials and Methods

This study was conducted from May to December 2020, in three blackwater rivers
near St. Augustine in northeast Florida: (1) the Urban site, located in the San Sebastian
River; (2) the Suburban site, located in Moultrie Creek; and (3) the Rural site, located in
Pellicer Creek. Five supplemental sites were added to further understand of the relation-
ship between local water quality, and tidal influence: Inlet, Estuarine, GTM Inlet, GTM
Urban, and GTM Rural (Figure 1). Sites prefixed with ‘GTM’ were managed by the Guana
Tolomato Matanzas National Estuarine Research Reserve (GTMNERR). All sites experience
semidiurnal tidal fluctuation, ranging from approximately 0.35 to 1.5 m [33]. The study area
includes two inlets—the St. Augustine Inlet, adjacent to the St. Augustine historic district,
and the Matanzas Inlet, located approximately 28 km south. The inlets are connected via
the Matanzas River, a well-mixed estuary. The St. Augustine Inlet was altered and modified
with jetties in the 20th century to improve navigation, while the Matanzas Inlet remains
unchanged [34]. Each blackwater river is a major tributary of the Matanzas River, which is
routinely dredged to accommodate navigation. The site climates are temperate, and June
to September is the wet season with an average rainfall of 140 cm annually [35].

Site distances to the freshwater and saltwater source were determined in Google Earth
Pro© (Ver. 7.3.3.7786). The freshwater threshold was defined by the transition of the creek
headwaters into predominantly forested vegetation. The saltwater source was defined as
the mouth of the nearest inlet. Site distances are plotted according to their distance to the
closest freshwater and saltwater source (Figure 2).
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Figure 1. Locations of the eight deployed YSI EXO 2 multiparameter sondes throughout the Matanzas
River and its tributaries, located in northeast Florida.

Percentage urban land use for this study was categorized by using land use data
provided by the State of Florida’s Department of Revenue and the Water Body IDs (WBID)
delineated by the Florida Department of Environmental Protection, which were then
compiled by the GTMNERR into a map in ArcGIS [36]. Upper and lower watershed areas
of each blackwater river were included in the representation for each site (e.g., Upper
Moultrie Creek and lower Moultrie Creek for the Suburban site). The approximate total
watershed areas for each urbanization category are as follows: Urban (15,560,000 acres),
Suburban sites (50,285,000), and Rural sites (16,076,000). Each parcel type percentage
for a site was calculated by dividing the acreage of parcel type by the overall area of
the blackwater river’s watershed. Total urban land use was the sum of the residential,
commercial, and industrial parcel areas. (Table 1). The contributing watershed area for
each site in the same blackwater river (e.g., Rural and GTM Rural) is naturally different,
but could not be quantified with the available data.
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Table 1. Percentages of parcel type for each site. Percentage of urban parcels (“% Urban”) is the sum
of the residential, commercial, and industrial parcel percentages.

Site Residential Commercial Industrial Agriculture Parks Other % Urban

Urban 38.9 15.4 1.9 0.1 0.0 43.7 56.2
Suburban 34.2 2.5 4.9 29.5 5.9 23.1 41.6

Rural 4.3 0.5 0.0 4.9 22.8 67.5 4.8
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Multi-parameter water sondes (EXO2, YSI, Inc., Yellow Springs, OH, USA) were used
to collect turbidity, DO, pH, chlorophyll-a, specific conductivity, salinity, fluorescent dis-
solved organic matter (FDOM), and temperature readings. The GTMNERR’s water quality
sondes do not have FDOM sensors; therefore, the site names beginning with ‘GTM’ are not
included with FDOM results. Measurements were taken at 15 min intervals, from May 2020
to December 2020. All sonde probes were calibrated with recommended standards and
protocols every two weeks to limit sensor drift and inaccurate readings [37]. Furthermore,
sonde data was run through the Centralized Data Management Office database used by
all National Estuarine Research Reserves (NERR) to validate data and/or flag data that
may be exceeding typical probe ranges. In the event of probe malfunction, the data for that
sampling period was not used. The GTMNERR collected monthly ammonium, nitrate, and
ortho-phosphate concentrations at the GTM Urban and GTM Rural sites, in accordance
with NERR sampling guidelines [38]. The GTMNERR does not have a sonde or sampling
site in the suburban blackwater river, so only the two endmembers could be examined
for those site names preceding with ‘GTM’. The GTMNERR also measures meteorological
information approximately 4 km from the downstream GTM Rural site [39]. Total precipi-
tation values (cm), taken at 15 min intervals, were used to assess rainfall. All GTMNERR
data incorporated into this study, including sonde, nutrient, and meteorological data, is
publicly available through the surface water monitoring program (SWMP) website [40].

Grab samples were collected once a month from June to December 2020 at the water
column surface opportunistically in high-density polyethylene 125 mL and 1 L bottles for
fecal indicator analysis. Total coliforms and E. coli were measured using IDEXX® Sealer and
Colilert-18 test kit (IDEXX Laboratories, Inc., Westbrook, ME, USA). Defined Substrate Tech-



Water 2023, 15, 4154 5 of 15

nology (DST) nutrient-indicators detect the presence or absence of fecal matter. A reagent
including the nutrient indicators, ortho-nitrophenyl-β-d-galactopyranoside (ONPG) and
4-methylumbelliferyl-β-d-glucuronide (MUG), are added to the collected water samples.
Total and fecal coliforms metabolize ONPG using β-galactosidase enzymes and produce a
yellow color. E. coli metabolize MUG with β-glucuronidase enzymes and produce fluores-
cence. Saline samples (>10 ppt) underwent a 1:20 dilution to reduce salinity interference
with the added enzymes. Water samples are added to a Quanti-Tray, sealed, and incubated
at 35 ± 0.5 ◦C for 18 h. Fluorescence was determined with a 6-watt, 365 nm UV light
in a dark environment. The Quanti-Tray well count presence of a yellow color and/or
fluorescence was determined. To quantify the concentration of total coliforms and E. coli
per 100 mL, a Most Probable Number (MPN) is determined based on the count of positive
wells. The MPN table was provided by IDEXX Laboratories, Inc. (Westbrook, ME, USA).

Statistical analyses were completed in the statistical program, R© (Ver. 1.3.1093, R
Foundation for Statistical Computing, Vienna, Austria). Study period means and standard
deviations were determined for all parameters (Table 2, n = 121,216). Mean values are listed
with plus or minus one standard deviation. Two 10-day events during the data collection
period were selected to magnify any patterns between site location and parameter response.
The first notable weather event was a Nor’easter (a storm characterized by north-easterly
winds on the U.S. East Coast) that occurred 19–21 September 2020, where winds reached
up to 49 mph in the study region and the area experienced roughly 6.5 cm of rainfall.
Tides were measured to be approximately 1 ft above normal high tide for the time period
selected. The second event were three separate rain events that occurred 1–10 November
2020. Rainfall events on 1, 5, and 9 November, brought approximately 2 cm of rainfall
each. The wind and rain events associated with the nor’easter were more persistent over a
period of four days, unlike the November rain events which lasted roughly two to three
hours for each event. A Kruskal–Wallis non-parametric test (α < 0.05) was used to compare
parameters three days before and after the Nor’easter event and the 5 November rainfall
event (n = 290). A correlation matrix provided Spearman correlation coefficients between
each water quality parameter (Table 3).

Table 2. Mean and standard deviation values (in parentheses) for all sites for the parameters: salinity
(ppt), pH, DO (% sat.), turbidity (FNU), chlorophyll-a (ug/L), temperature (◦C), and FDOM (QSU).

Site Salinity pH DO Turbidity Chl-a Temp. FDOM

Urban
29.7 7.9 89.2 4.7 4.7 19.2 55.2
(1.6) (0.1) (7.3) (2.7) (1.7) (4.1) (6.5)
32.7 7.9 86.0 11.0 9.5 26.1

GTM Urban (2.2) (0.2) (11.9) (48.2) (3.8) (4.5)

Suburban
27.5 7.6 73.2 10.1 6.3 27.0 71.5
(7.2) (0.2) (14.1) (17.2) (3.9) (4.7) (50.1)
34.2 8.0 91.6 10.7 7.5 27.3 16.4

Inlet (1.9) (1.1) (9.4) (16.0) (10.70) (2.8) (16.3)

GTM Inlet
33.1 7.9 89.4 7.5 6.7 26.1
(2.0) (0.1) (10.0) (39.2) (3.4) (4.4)
29.9 7.9 86.4 6.9 6.7 26.3 56.4

Estuarine (4.4) (0.2) (11.3) (9.2) (8.2) (4.5) (40.3)

GTM Rural
8.9 7.0 63.2 10.7 16.1 26.0

(7.0) (0.4) (14.3) (7.0) (4.2) (5.4)
0.2 6.6 47.6 2.2 11.7 23.8 171.2

Rural (0.3) (0.3) (11.8) (10.8) (5.2) (4.7) (26.6)



Water 2023, 15, 4154 6 of 15

Table 3. Correlation analysis for sites including FDOM (Urban, Suburban, Rural, Inlet, and Estuarine).

Salinity pH DO Turb. Chl-a Temp FDOM

Salinity 1
pH 0.93 1
% DO 0.82 0.82 1
Turbidity 0.19 0.18 0.15 1
Chl-a −0.34 −0.34 −0.23 0.07 1
Temp 0.28 0.18 −0.01 0.11 0.01 1
FDOM −0.93 −0.81 −0.77 −0.19 0.29 −0.34 1

A principal component analysis (PCA) was used to understand the relationships
between variables and identify which independent variables (i.e., major principal compo-
nents) produced the most variation in the dataset [41–44]. Average monthly values for each
parameter were used for each site in the analysis (n = 8). Two primary principal component
analyses were focused on: one that considered only the Urban, Suburban, and Rural sites
to understand potential land use-driven differences, and another that considered all sites.
The variables included in both analyses were: pH, turbidity, DO, chlorophyll-a, salinity,
distance to freshwater, and distance to inlet. In the PCA including all sites, FDOM was
not included because the GTM sites do not have FDOM sensors, as previously mentioned.
Biplots were graphed with each associated PCA to visualize the variance among variables
and sites.

3. Results
3.1. Physicochemical Parameter Response

Mean salinities were highest for GTM Inlet and Inlet, and lowest for the Rural site,
indicative of their location along the aquatic continuum. Similarly, average DO and pH
values increased with salinity, where DO was greater than 85% saturation and pH was
at least 7.80 at the most saline sites (>29 ppt). Conversely, the Rural site had the lowest
average pH and DO concentrations. The Inlet sites had the highest average turbidity, while
the Rural sites had the lowest. Chlorophyll-a was highest in the sites furthest from the inlet.

FDOM values were negatively correlated with salinity. The Rural site, furthest from
the inlet, had the highest average FDOM, followed by the Suburban site, the Estuarine site,
the Urban site, and the Inlet site. FDOM standard deviations were highest for the Suburban
site and the Estuarine site (Table 2). Considering the water and land use properties typical
of blackwater rivers at the Rural sites, trends between DO, FDOM, and pH, are likely due
to the naturally occurring inputs of organic matter and their subsequent decomposition.

A correlation analysis showed strong relationships in salinity, pH, DO, and temper-
ature. Salinity and pH have a strong positive correlation (R2 = 0.93). DO has positive
correlations with salinity (R2 = 0.82) and pH (R2 = 0.82). Furthermore, there is an in-
verse relationship between FDOM and salinity (R2 = −0.93), pH (R2 = −0.81), and % DO
(R2 = −0.77). Turbidity had no relationships with the other parameters. Chlorophyll-a, a
parameter that is sometimes associated with eutrophication, was not correlated with pH,
FDOM, or DO.

The Kruskal–Wallis test indicated no significant differences in turbidity or FDOM
before and after both weather events, suggesting FDOM and turbidity was correlated more
with salinity and the tidal influence, than the percentage of urban parcels. pH exhibited
significant differences before and after the rainfall events; however, significant differences
were found for all sites. Thus, the influence of external natural processes (i.e., tidal influence,
rainfall, and wind) were likely responsible rather than the level of urbanization.

Standard deviations and means of FDOM and turbidity for the Nor’easter and Novem-
ber rainfall events, with references to the percentage of Urban land and distances of each
site to the freshwater and saltwater sources were determined for the sites that measure
FDOM (Tables S3 and S4). The Urban, Suburban, and Estuarine sites, which are situated in



Water 2023, 15, 4154 7 of 15

the middle of the river–estuary continuum compared to the other sites (Figure 2), have the
highest standard deviations for turbidity and FDOM during both events.

Monthly total coliform and E. coli data for the Urban, Suburban, and Rural sites
suggest there is no correlation between fecal indicators and urbanization (Figure 3). The
Rural site had the highest total coliform and E. coli numbers for most months; although,
it is important to note the Rural site had been declared impaired for fecal coliforms since
1986 due to wild hog populations, septic tank usage, and agricultural activities [45,46].
Total coliforms and E. coli were notably high for the Rural site in August, exceeding the
highest most probable number (>2419.6 MPN) for both analytes. The Suburban site’s E. coli
numbers exceeded the Rural site on three occasions.

Water 2023, 14, x FOR PEER REVIEW 8 of 16 
 

 

 

Figure 3. Bar graph of E. coli and total coliform concentrations (MPN) from June to December 2020, 

for the Rural, Suburban, and Rural sites. Data from the Urban site was unavailable in June. 

3.2. Nutrient Response 

Differences in average inorganic nitrogen (NH4-N and NO3-N) between sites were 

minimal, the GTM Urban site had slightly higher ammonium (0.033 mg NH4-N/L) but 

lower nitrate (0.12 mg NO3-N/L), compared to GTM Rural (0.031 mg NH4-N/L and 0.14 

mg NO3-N/L). Conversely, GTM Rural had higher average ortho-phosphate (0.043 mg P/L 

vs. 0.020 mg P/L), which can be sourced from natural sources (e.g., organic matter) or 

unnatural sources (e.g., septic tanks and fertilizers) [13]. 

3.3. Principal Component Analysis 

To first understand the relationship between land use and water properties, a PCA 

analyzing only the Urban, Suburban, and Rural sites yielded five principal components, 

where a combined 83.3% of the variation can be described in the first two components; 

principal component 1 (PC1) contributed 73.3% and principal component 2 (PC2) re-

turned 10% of the variation (Figure 4). The PCA assessing all sites yielded five principal 

components, where the first two components accounted for 67.6% and 13.4% of the vari-

ation, respectively (Figure 5). In both PCA analyses, salinity, the distances to inlet and 

freshwater sources, DO, and FDOM contributed the most variation to PC1 (Table S5). The 

separation of sites closest to the inlet from those furthest reveals the site limitations in 

determining if effects of urbanization on water quality are present. 
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for the Rural, Suburban, and Rural sites. Data from the Urban site was unavailable in June.

3.2. Nutrient Response

Differences in average inorganic nitrogen (NH4-N and NO3-N) between sites were
minimal, the GTM Urban site had slightly higher ammonium (0.033 mg NH4-N/L) but
lower nitrate (0.12 mg NO3-N/L), compared to GTM Rural (0.031 mg NH4-N/L and
0.14 mg NO3-N/L). Conversely, GTM Rural had higher average ortho-phosphate
(0.043 mg P/L vs. 0.020 mg P/L), which can be sourced from natural sources (e.g., or-
ganic matter) or unnatural sources (e.g., septic tanks and fertilizers) [13].

3.3. Principal Component Analysis

To first understand the relationship between land use and water properties, a PCA
analyzing only the Urban, Suburban, and Rural sites yielded five principal components,
where a combined 83.3% of the variation can be described in the first two components;
principal component 1 (PC1) contributed 73.3% and principal component 2 (PC2) returned
10% of the variation (Figure 4). The PCA assessing all sites yielded five principal compo-
nents, where the first two components accounted for 67.6% and 13.4% of the variation,
respectively (Figure 5). In both PCA analyses, salinity, the distances to inlet and freshwater
sources, DO, and FDOM contributed the most variation to PC1 (Table S5). The separation
of sites closest to the inlet from those furthest reveals the site limitations in determining if
effects of urbanization on water quality are present.
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salinity, and chlorophyll-a, at all sites: Inlet, GTM Inlet, Estuarine, Urban, GTM Urban, Suburban,
GTM Rural, and Rural.

4. Discussion

Water quality parameters in urban areas were hypothesized to exhibit significant
differences from the rural site, particularly following rainfall events, owing to the reduced
infiltration capacity, altered hydrological pathways, and higher peak flow discharge that
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rapidly enters urban rivers [14,22,47]. This characteristic of urban hydrology suggests
that turbidity, FDOM, and other physicochemical value ranges in estuaries adjacent to
urbanized watersheds would be temporally distinct when compared to rural watersheds.
The flashy nature of urban watersheds was thought to drive, to a large degree, the response
variables measured by sondes. However, dramatic differences in water quality across this
gradient was not observed readily upon analysis of the data collected in this study. Tidal
flushing is thought to play a dominant role in site efficacy due to the site locations varying
with respect to distance from fresh and salt-water inputs.

4.1. Nutrients

The inorganic nitrogen concentrations at GTM Urban did not suggest greater nitrogen
loading compared to GTM Rural. Nitrate at both GTM Rural and GTM Urban was greater
than ammonium concentrations, which is atypical compared to previous studies and what
is known about the biogeochemical cycling of estuaries [27,48]. Fertilizer use, sewage
effluent outputs, or other anthropogenic influences may contribute to the higher average
nitrate concentrations [49–51]. Nitrate is quite mobile given its solubility, so runoff can
transport large amounts following storm events [52,53]. Dissolved inorganic nitrogen often
trends towards fluxing into coastal areas instead of remaining in the estuary during storm
events [54]. Similarly, runoff caused by storm events has been found to double the amount
of total particulate phosphorus entering river systems [55]. In Florida, roughly 80% of septic
tanks are located near water bodies [56] and the properties around the Rural site are known
to be mostly serviced by septic tank systems. Septic tanks add considerable amounts of
phosphate in groundwater [52,57–59] and, like nitrate, it can create eutrophic conditions and
increase biological oxygen demand. A prior study in this region utilizing GTM data came
to a similar conclusion, where GTM Rural had higher total phosphorus concentrations than
the more saline GTM Urban or GTM Inlet sites [27]. Other studies have also acknowledged
an estuary’s dilution capacity for phosphorus and nitrogen compounds [27,48]. Notably,
the publicly available nutrient dataset used in this study offers a small glimpse into the
nutrient dynamics of these sites. Sites were only sampled for ammonium, nitrate, and
ortho-phosphate once monthly, with replicates. Further research attempting to understand
the nutrient dynamics along an aquatic continuum will require more frequent and extensive
sampling efforts, expanded nutrient analyses (e.g., total dissolved nitrogen, total dissolved
phosphorus), as well as opportunistic sampling before and after storm events.

4.2. Tidal Flushing

Correlation matrices show inverse relationships between DO and FDOM, and FDOM
and salinity, indicative of the interconnectedness of DOM abundance, freshwater tendency,
and biological oxygen demand particularly found in blackwater rivers. In blackwater
river systems, particularly near the freshwater source, the high dissolved organic carbon
concentrations can increase biological oxygen demand as microorganisms use oxygen and
carbon as an electron acceptor and energy source, respectively [60–62]. The Rural site in
Pellicer Creek is naturally enriched with high amounts of dissolved organic matter, and as
flows transport the FDOM downstream, photolytic processes, tidal mixing and biological
decomposition degrades labile dissolved organic matter resulting in the saline sites having
the lowest measured FDOM values [63–66]. Strong correlations between DO, salinity, and
FDOM, and a weak correlation between DO and chlorophyll-a, suggest DO is influenced
more by salinity and FDOM concentrations—regulated by the distance to the inlet or
freshwater source—rather than a proliferation of algae and other photosynthetic organisms
that could be caused by urbanization-induced eutrophication. Positive correlations between
DO, salinity, and pH were foreseeable, given the tidal influence that occurs at those sites
closer to the inlet. The principal component analysis results also suggest that site differences
are attributed to a site’s location along the aquatic continuum. Salinity, distance to the
inlet, and distance to the freshwater source were the primary parameters that explained the
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variation between sites, suggesting that the sites’ location along the river-estuary continuum
and not the degree of urbanization, is driving the water quality results in this study.

Although approximate residence times of each site are unknown, residence time
indexes (RTI) were previously calculated for GTM Urban, GTM Rural, and GTM Inlet, based
on weighted ratings of tidal excursion, freshwater flow, wind, and several other factors [27].
RTIs ranged from 1–4, where 1 indicated the lowest residence time and 4 was the highest.
The results suggested GTM Urban and GTM Inlet have a RTI of 1, and GTM Rural has an
RTI of 2. The findings stressed how the distance to the inlet and freshwater source alters the
residence time of nutrients, chlorophyll-a, and dissolved organic matter, thus influencing
the dynamics for the aforementioned parameters. Shortly after, a comprehensive three-
dimensional tidal circulation model was developed to simulate flushing times for the same
segments of the Matanzas River, often containing sites from this study [67]. Estimated
flushing times are comparable to the residence time indices from the previous study: the
segment near the St. Augustine Inlet, including sites GTM Urban and Urban sites, had the
lowest flushing time of around 2 days. Segments near Matanzas Inlet (i.e., GTM Inlet and
Inlet sites) had a flushing time between 3–4 days. Those sites furthest from either inlet had
the longest flushing time, approximately two weeks. The calculated flushing times from
both studies in the region support the observations that the Urban and Inlet sites experience
tidal flushing that can diminish, or remove, discrete effects of urbanization and storm
events. For example, tidal fluctuations, or lack of, can significantly dilute microbiological
concentrations [56,68]. A study of E. coli distribution in this region indicated spring tides
flush out pollutants, whereas the neap tide increased residence time [56]. Contrary to
original predictions, the Urban site exhibited the lowest fecal indicator concentrations
on most occasions, and this could be attributed to its proximity to the inlet and the low
residence time of coliforms. A site’s proximity to an inlet suggests effects from urbanization
that could be evident in that system, are diminished due to decreased water residence
time [69]. Previous studies have highlighted the importance of short-term scale sampling, in
order to assess tidal variability, the contributions of river flow, and their influence on water
quality [25,70]. The 15 min sampling interval in this study provided a detailed dataset that
distinguished a site’s tidal variability; however, other critical parameters, such as nutrients,
were not included in those frequent measurements. Long term monitoring programs may
benefit from incorporating periods of burst sampling in order to capture short-term water
quality patterns, such as increased turbidities caused by hydrological flashiness.

4.3. Storm Events

An increase in impervious surfaces and subsequent hydrological flashiness associated
with urbanization was predicted to distinguish the water quality characteristics in rural
areas from more urban sites. According to the Kruskal–Wallis results, the Rural sites
remained relatively stable during both storm events (Tables S1 and S2). Similarly, the sites
closest to the inlet primarily responded to tidal changes and were relatively unaffected
by the rainfall events. pH was shown to be statistically significantly different after both
storms for all sites, which is indicative of an increase in FDOM imports throughout the
river-estuary continuum following rain events, particularly from the blackwater rivers.
FDOM indicates the presence of freshwater, which results in slightly lower salinity and
concomitant drop in pH. Since all sites experienced significant pH changes before and after
storm events, there is insufficient data to suggest that increasing urbanization influences
pH. Rather, the naturally occurring FDOM exports from the blackwater rivers is driving
the significant changes in pH throughout the aquatic continuum. Significantly higher
turbidities seen at the sites closest to the inlet were likely because of their proximity to
the inlet and the consequent sediment resuspension from strong tidal currents or boat
wakes [71,72]. Although increased suspended solids in the water column can be an effect
of hydrological flashiness, the spatial variability of sites introduces confounding variables
like the tidal influence, which hinder accurate site comparisons for the selected parameters
measured. Weather patterns can have a substantial influence on the aquatic continuum,
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through means of affecting tidal intensity, wind patterns, flooding duration, water level, and
other characteristics of the hydrologic regime [73], which can heighten turbid conditions or
influence residence times. Furthermore, rainfall can dilute incoming pollutant loading and
contribute to reduced residence times in some cases [74]. The simultaneity of a high tide
and increased rainfall could significantly mask the effects of sediment loads or pollutants
associated with hydrological flashiness. A study in Pellicer Creek found that FDOM
concentrations were much higher during low tide during Hurricane Irma than low tide,
potentially signaling this diluting effect [35]. Future studies and monitoring programs
examining the effects of runoff on water quality may benefit from intensive sampling
during low tide to reduce the effects of the tidal cycle on pollutant residence time.

Notably, the Suburban, Urban, and Estuarine sites had the highest standard deviations
following the rainfall events for FDOM and turbidity. This could indicate that those sites
closer to either endmember along the aquatic continuum (i.e., freshwater input or inlet),
experience less variance in general, most likely due to the buffering capacities of their
adjacent hydrological inputs. Relative to the other sites, the Suburban and Estuarine sites
are situated furthest from the freshwater and saltwater inputs; thus, their locations may
more easily reveal the effects of the storm events on water quality. These sites may provide
the optimal site location in tidally influenced study areas; however, more research needs to
be completed to support this.

Characterizing runoff pollution is a challenging undertaking, as nonpoint sources of
pollutants and sediments are ubiquitous in urbanized areas and difficult to fully capture.
Furthermore, examination of water quality trends is hindered by attempts to define the
fluctuating hydrological and geomorphic boundaries of estuary-river continuums [75].
Care should be taken in long-term monitoring programs to establish sites throughout the
river–estuary continuum to best capture its fluctuating tendencies. Due to funding and
staff limitations, long-term water quality monitoring programs are typically dominated by
in situ sonde deployments and infrequent nutrient sampling; thus, the optimal research
design for studying hydrological flashiness may be unfeasible. Current efforts to study
storm runoff and its effects on estuarine water quality are dominated by integrated models
that incorporate land use, rainfall runoff characteristics, topography, and other physical
processes [76–78]. When paired with large datasets taken throughout the aquatic contin-
uum, they can be effective for management and restoration programs aiming to characterize
and improve water quality.

5. Conclusions

This effort to characterize the impacts of urbanization along a rural–urban gradient
in an estuarine system suggests tidal influence can mask changes in water quality that
may be due to urbanization, highlighting the importance of site location and methodology
in monitoring and assessment programs. Further research should aim to reduce data
variability by selecting locations with similar hydrological characteristics, which is highly
dependent on the distances to freshwater or saltwater inputs. Alternative models and
analyses to isolate tidal marine influence or reduce confounding factors between sites
may be suitable for future datasets. Representative water quality measurements not only
maximize time and resources, but provide the necessary guidance that resource managers
and urban planners need for making decisions that reduce our anthropogenic footprint.
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