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a b s t r a c t

This study is an analysis of relationships between microalgae (measured as chlorophyll a) and the fecal
indicator bacteria enterococci. Microalgae blooms and enterococci exceedances have been occurring in
Florida’s recreational waterways for years. More recently, this has become a management concern as
microalgae blooms have been attributed to potentially toxic cyanobacteria, and enterococci exceedances
link to human infection/illness. Since both the microalgal blooms and bacterial exceedances occur in
regions that receive managed freshwater releases from Lake Okeechobee, we hypothesized that both the
blooms and exceedances are related to excess nutrients from the lake. Two experimental sites, on Lake
Okeechobee and the St. Lucie River (downstream of the lake), plus a control site on the Loxahatchee River
(which does not receive lake flow) were evaluated. The hypothesis was evaluated through three study
components: 1) analysis of available long-term data from local environmental databases, 2) a year-long
monthly sampling and analysis of chlorophyll a, enterococci, nutrients, and physical-chemical data, and
3) microcosm experiments with altered water/sediment conditions. Results support the hypothesis that
excess nutrients play a role in both chlorophyll a and enterococci levels. For the St. Lucie River, analyses
indicate that chlorophyll a correlated significantly with total Kjeldahl nitrogen (TKN) (R2 ¼ 0.30,
p ¼ 0.008) and the strongest model for enterococci included nitrate-nitrite, TKN, total phosphorus,
orthophosphorus, and turbidity in our long-term analysis (n ¼ 39, R2 ¼ 0.83, p � 0.001). The microcosm
results indicated that chlorophyll a and enterococci only persisted for 36 h in water from all sources, and
that sediments from Lake Okeechobee may have allowed for sustained levels of chlorophyll a and
enterococci levels. Overall similarities were observed in chlorophyll a and enterococci relationships with
nutrient concentrations regardless of a Lake Okeechobee connection, as underscored by a study of flow
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out of the lake and downstream areas. This suggests that both nutrient-rich lake water and untreated
surface water runoff contribute to microalgae blooms and enterococci exceedances in southeast Florida.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In south Florida, there has been an abundance of coastal cyano-
bacteria blooms and exceedances of the fecal indicator bacteria (FIB)
enterococci. In 2018, a confirmed cyanobacteria bloom resulted in a
state of emergency issued for seven counties across the state of
Florida which lasted from July until November 2018 (FDEP, 2018).
During the same period, enterococci exceedances, instances when
the number of enterococci bacteria was higher than 70 colony
forming units (CFU) per 100 mL, occurred at beaches in these same
counties (FDOH, 2018). While some studies have included both
chlorophyll a and FIB measurements, rarely have they been evalu-
ated simultaneously under the same monitoring program.

Cyanobacteria are a type of microalgae referred to as “blue-
green algae,” due to their color, but are technically bacteria that use
photosynthesis (Parmar et al., 2011). There are various groups and
species of microalgae present across Florida, but cyanobacteria, a
majority of which have historically been identified as Microcystis
spp., typically dominate the microalgal blooms in lakes and rivers
throughout the region (Burns, 2008). These microalgae are a
concern since they have the ability to produce toxins, such as
cyanotoxins; the most commonly encountered microcystin, which
can be an irritant to humans, can result in hemorrhage of the liver
(see Dawson, 1998). Cyanobacteria are monitored through the
Florida Department of Environmental Protection (FDEP) Algal
Bloom Monitoring and Response program, along with the Florida
Fish and Wildlife Conservation Commission (FWC). These agencies
identify the species of microalgae, the concentrations, and test for
toxicity. The Florida Department of Health (DOH) determines if an
identified bloom presents a risk to human health and issues beach
advisories (FDEP, 2018).

Bacterial exceedances, particularly FIBs such as enterococci, are
monitored at coastal beaches, some of which are downstream of
rivers and lakes. The beaches are monitored for FIBs by the DOH’s
Florida Healthy Beaches Program (FHBP), a FIBmonitoring database
that extends from 2000 to the current date. Water quality param-
eters including chlorophyll a and nutrient levels, as well as flows of
freshwater in lakes and rivers in Florida, such as Lake Okeechobee,
the St. Lucie River, and the Loxahatchee River, are recorded through
the efforts of the South Florida Water Management District
(SFWMD), the US Army Corps of Engineers (USACE), and as part of
the Comprehensive Everglades Restoration Program (CERP, 1999).
Water quality in the Loxahatchee River, a designated Wild and
Scenic River, is also monitored by the Loxahatchee River District
(LRD) (Stoner and Arrington, 2017).

Lake Okeechobee waters discharge to the St. Lucie River, to the
east of the lake, through the St. Lucie Canal to control flooding in
the region near the lake. These discharges are cited by researchers
(Metcalf et al., 2018; Doering, 1996) and citizens as the cause of the
cyanobacterial blooms and enterococci exceedances; others
implicate septic tanks (Lapointe et al., 2015, Lapointe et al., 2012).
Research by Donahue et al., (2017) further indicated that Florida
beaches with rivers within a 600 m distance of sampling sites had
statistically higher FIB exceedances compared to those without
riverine influence. Two of the highest exceedances in the statewere
sampled at Roosevelt Bridge (on the St. Lucie River, connected to
Lake Okeechobee), and Dubois Park (on the Loxahatchee River, not
connected to Lake Okeechobee) (Donahue et al., 2017). Given the
observations of cyanobacteria blooms in Lake Okeechobee (Havens
et al., 2003) and the St. Lucie River (Kramer et al., 2018), as well as
the enterococci exceedances at coastal beaches downstream, we
hypothesized that water from Lake Okeechobee may be contrib-
uting to cyanobacteria blooms and elevated enterococci within
both Lake Okeechobee and the St. Lucie River. Furthermore, we
anticipated that the drivers of both the blooms and enterococci
exceedances may be related.

The objectives of this study were to evaluate the correlations
between chlorophyll a (measure of microalgae biomass) and
enterococci with surface water quality measures, and to conduct
experiments to evaluate the influence of the water’s source on
bacterial abundance and algal biomass. To explore this, we (1)
analyzed long-term data on selected water quality and environ-
mental measures, (2) conducted a year-long monthly field sam-
pling study, and (3) completedmicrocosm studies in the laboratory.
Of note, a confirmed cyanobacteria bloom, which resulted in a state
of emergency declaration for seven Florida counties, occurred in
our study areas at Lake Okeechobee and east of the lake in Palm
Beach and Martin Counties during the last three months of the
year-long field study (JuneeAugust 2018; See Supplemental
Table 2). The year-long monthly field sampling study provides a
unique data set prior to the 2018 cyanobacteria bloom (confirmed
as Microcystis aeruginosa).
2. Study site description

Monthly field sampling sites for the year-long study included
Canal Point, on Lake Okeechobee; Roosevelt Bridge, east of the lake
on the St. Lucie River; and Dubois Park, on the Loxahatchee River,
which is east of the lake and south of the St. Lucie River, and does
not receive discharges from Lake Okeechobee (Fig. 1; GPS co-
ordinates in Supplementary Table S1). The Canal Point site was
selected as it was the closest public access point to the lake, located
within 13 km of water control structure S308 and within 250 m of
S352, where water quality data were regularly collected by SFWMD
(Fig. 1). Roosevelt Bridge is located 110 m east of a SFWMD water
quality monitoring site (SE03) and 11 km east of water control
structure S80 (Fig. 1). Thus, data were collected from sites S352,
S308, and Canal Point within Lake Okeechobee; S80, SE03 and
Roosevelt Bridge within the St. Lucie River; and Dubois Park within
the Loxahatchee River (control site, no connection to Lake Okee-
chobee) (Fig. 1). Water quality and hydrologic data collected by
SFWMD were used in the long-term analysis, as was enterococci
and environmental data collected by DOH.
3. Methods

The study was conducted in three parts: (1) long-term
(2000e2018) data trend analysis for chlorophyll a, enterococci,
and nutrients, along with an evaluation of physical-chemical data,
hydrologic measures, and environmental conditions; (2) a year-
long field sampling campaign from September 2017 until August
2018 documenting chlorophyll a, pheophytin, enterococci, and
nutrients, along with an evaluation of physical-chemical data, and
environmental conditions; (3) and a series of four laboratory-based



Fig. 1. General location of monthly sampling sites, water quality monitoring sites, and water control structures. Monthly sampling sites include Canal Point, on Lake Okeechobee;
Roosevelt Bridge, on the St. Lucie River; and Dubois Park, on the Loxahatchee River. Roosevelt Bridge and Dubois Park are also DOH monitoring sites for enterococci. Water quality
monitoring stations include S352, within Lake Okeechobee; S80 within the St. Lucie Canal, and SE03 on the St. Lucie River. Water control structures include S308, on Lake
Okeechobee; and S80, where the St. Lucie Canal connects to the St. Lucie River. Basemap courtesy of U.S Census-TIGERweb.
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microcosm studies of chlorophyll a and enterococci using different
sources of water and/or sediments.

3.1. Long-term data and analysis

Long-term data were combined from two primary databases:
SFWMD’s DBHYDRO environmental database, and the DOH’s FHBP.
DBHYDRO was used for chlorophyll a, nutrient, physical-chemical,
and hydrologic data, whereas the DOH FHBP was used for entero-
cocci and environmental data collected at the time of DOH sample
collection. As the databases are collected by different agencies and
are used for different purposes, not all of the variables, nutrients,
physical-chemical, or hydrologic data are available throughout the
entire period of study. Most notably, chlorophyll a could not be
used for the multiple regression analysis due to the data gaps. No
DOH enterococci data was available for areas within Lake Okee-
chobee. Thus, Canal Point could not be included in the long-term
evaluation of DOH enterococci.

3.1.1. DBHYDRO nutrient and hydrologic data and analysis
DBHYDRO is an online database updated by the SFWMD that

stores hydrologic and water quality data (www.sfwmd.gov). From
DBHYDRO, data for chlorophyll a (and its degradation product
pheophytin), nutrients (nitrate-nitrite, total Kjeldahl nitrogen
[TKN], orthophosphorus, phosphorus), physical-chemical data
(turbidity, water temperature, pH, salinity, and dissolved oxygen
[DO]) and hydrologic data (flow, gate, stage, rain, gage height) were
obtained. These data were collected from the monitoring stations
within Lake Okeechobee (S352 and S308), along the St. Lucie Canal
(S80), and within the St. Lucie River (SE03). They were evaluated
using multiple linear regressions. The dependent variables, namely
chlorophyll a, pheophytin, and enterococci (DOH) were regressed
on independent variables (specific nutrients, physical-chemical
measures, and hydrologic conditions) to identify which combina-
tion of independent predictor variables significantly (p � 0.05)
influenced the dependent variables. Exploratory factor analysis
(principal axis factoring analysis) was used to both identify un-
derlying covariance between predictor variables and select inde-
pendent variables for model inclusion (Costello and Osborne,
2005). Factor analysis was accomplished through PROC FACTOR,
where variables were scored (principal component method) and
latent weighted (ordinary least squares) co-variance extracted as a
vector based on a VarimaxeOrthogonal rotation (O’Rourke and
Hatcher, 2013). Results report the rate and direction of individual
relationships (positive or negative rate of change) as parameter
estimates (i.e., regression coefficients) with associated p-values.
The final adjusted R2 values were used to account for the number of
predictor variables included in the models. All statistics were
conducted using Statistical Analysis System (SAS)(SAS 9.4, SAS
Institute, Cary, North Carolina) version 9.4. Normality of data was
assessed using residual plots, and data were not transformed.

3.1.2. DOH enterococci and environmental data and analysis
The DOH collects and stores data through the FHBP and data is

publicly available on the FHBP website (Florida Department of
Health, 2018). The DOH FHBP data consisted of enterococci and
environmental data collected at the time of sampling by the DOH.
These data were separated into two types: quantitative (numeric)
and qualitative (categorical). Quantitative data included entero-
cocci levels and quantitative environmental data (rainfall 24 h
before collection, rainfall 3 days before collection, rainfall in the last
week before collection, air temperature, and water temperature).
Qualitative data included categorized environmental data (non-
quantitative descriptions of weather conditions, tides, and current
conditions). These data were collected by DOH environmental
specialists on a weekly basis within the St. Lucie River (Roosevelt
Bridge) and the Loxahatchee River (Dubois Park) and corresponded
to conditions at the time that enterococci samples were collected.

Statistical analysis for long-term DOH data included linear
regression and analysis of variance (ANOVA). Linear regression was
used to evaluate enterococci with respect to quantitative environ-
mental data (rainfall, air temperature, water temperature), while
ANOVA using Statistical Analysis System (SAS)was used to evaluate
categorical environmental data (weather [sunny/cloudy/rainy],
tidal conditions A [high/medium/low], tidal conditions B [ebb/
flood/slack], current direction A [still/north/south/east/west], cur-
rent direction B [along shore left to right/along shore right to left/
neither], and current strength [strong/moderate/weak]).

http://www.sfwmd.gov
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3.1.3. Analysis of DBHYDRO nutrient and hydrologic data and DOH
enterococci data

Enterococci (DOH) were analyzed against nutrient and hy-
drologic data (DBHYDRO). Statistical analysis was conducted
using multiple regression and factor analysis as described above.
Additionally, within Lake Okeechobee (S308), some of the flows
were recorded as negative numbers, which corresponded to
‘back-pumping’, a practice in which water is pumped out of the
St. Lucie Canal into Lake Okeechobee, the opposite direction of
normal flow. T-tests were performed on the DOH Roosevelt
Bridge enterococci and DBHYDRO S308 hydrologic flow data
(positive versus negative values) to identify significant differ-
ences (p � 0.05) in enterococci levels at Roosevelt Bridge based
on flow direction. Building on this, hydrologic flow data from
S308 and S80 was also analyzed against Roosevelt Bridge
enterococci and chlorophyll a levels, along with other physical-
chemical parameters from S80. Chlorophyll a, enterococci, nu-
trients, and turbidity levels were analyzed during periods where
both S308 and S80 flow was positive (measuring lake and
downstream watershed contribution) and when flow from S308
was zero and S80 was positive (measuring St. Lucie Canal
watershed contribution only). These are the only analyses in
which DBHYDRO data and DOH data are evaluated against each
other.

3.2. Year-long field study data and analysis

To evaluate the potential drivers of the microalgae blooms and
enterococci exceedances, a year-long study of monthly field mea-
surements was conducted at sites within Lake Okeechobee (Canal
Point), the St. Lucie River (Roosevelt Bridge), and the Loxahatchee
River (Dubois Park).

During each monthly visit, surface (<0.3 m) water samples were
collected, and physical-chemical measures and local meteorolog-
ical conditions were recorded in the field. Water samples were
collected and then analyzed for chlorophyll a, pheophytin,
enterococci, nutrients (nitrate-nitrite, total Kjeldahl nitrogen [TKN],
orthophosphorus, and total phosphorus) and turbidity. Brief de-
scriptions of the analysis methods used for these measures are
provided in the supplemental text. Physical-chemical measure-
ments of sampling depth, water temperature, pH, salinity, and
dissolved oxygen (DO) were recorded via field meter (Hydrolab
Surveyor 4 with Hydrotech Compact Minisonde 4a). Meteorological
conditions including air temperature, wind, and humidity were
recorded via the NavClock for iPhone App (Version 3.3.5, Split Rail,
Inc.), which reports these measurements from the nearest weather
station based on GPS location.

To assess relationships with rainfall, rainfall data were collected
from the National Oceanic and Atmospheric Administration
(NOAA)’s National Centers for Environmental Information (NCEI),
formerly the National Climatic Data Center (NCDC). NCEI rainfall
data came fromweather stations near Canal Point (USC00081276),
S308 (US1FLMT0016), Roosevelt Bridge (USC00088620), and
Dubois Park (USC00084461).

Analysis for the year-long monthly field sampling data
included time-series analysis at each site and multiple regression
(following the same methods outlined above) of sampled chlo-
rophyll a and enterococci against individual nutrients and
physical-chemical data. To mirror the analysis of the rainfall data
collected by DOH, and analyzed in this long-term study, regres-
sion analysis was performed on the NCEI rainfall data using
similar time periods (rainfall amounts one month, one week,
three days, and 24 h before the collection dates) against the
chlorophyll a and enterococci data collected in the monthly field
sampling study.
3.3. Microcosms

The microcosm studies were designed to evaluate the impacts
from Lake Okeechobee water and sediment on microalgae (indi-
cated by chlorophyll a) and enterococci. Surface water samples
were collected from Lake Okeechobee (Canal Point), the St. Lucie
River (Roosevelt Bridge) and the Loxahatchee River (Dubois Park).
Sediments were collected from Lake Okeechobee (Canal Point)
and the Loxahatchee River (Dubois Park). Dubois Park water and
sediments were used as controls, as the Loxahatchee River is not
connected to Lake Okeechobee, yet experiences high levels of
enterococci.

Four laboratory-based microcosm experiments were conducted
at the University of Miami Department of Marine Biology and
Ecology laboratory. All microcosms were conducted without
replication. For all microcosms, water was analyzed for chlorophyll
a and enterococci every 12 h, for a 36-h period following sample
collection. Chlorophyll a and enterococci were measured over time
under two conditions: water only, and water with sediment. To
isolate the impacts from Lake Okeechobee, microcosms considered:
1) surfacewater only from Lake Okeechobee (CP), the St. Lucie River
(RB) and the Loxahatchee River (DP), collected June 2018, 2) surface
water þ deionized (DI) water (2:1 dilution) from Lake Okeechobee
(Canal Point) and the Loxahatchee River (Dubois Park), collected
September 2017, 3) surface water þ sediment from Lake Okee-
chobee (Canal Point), collected November 2017, and 4) Lake
Okeechobee (Canal Point) surface water with either Lake Okee-
chobee sediments (Canal Point) or Loxahatchee (Dubois Park)
sediments, collected January 2018. Light and temperature were
designed for microalgae or enterococci growth. Conditions used for
microalgae growth were 19 �C with alternating light and dark cy-
cles. For enterococci, growth conditions were 41 �C under dark
conditions (EPA, 2009). Microcosms with sediment involved the
lowering or raising of a sediment tray into or out of the water every
12 h to simulate wetting and drying cycles (Supplementary Fig. S1).

The first experiment, which evaluated water only at all three
sites, consisted of six individual 1 L clear plastic bottle microcosms.
All six of the microcosms in the first experiment were kept in algae
room conditions (19 �C, light/dark). Three microcosms consisted of
water bottles collected directly from Lake Okeechobee (Canal
Point), the St. Lucie River (Roosevelt Bridge) and the Loxahatchee
River (Dubois Park). The other three microcosms consisted of water
from the same sites; the waters for these microcosms were filtered
following the normal procedure for total suspended solids (boro-
silicate filter, 1.5 mm, nominal pore size).

The second experiment analyzed surface water from Lake
Okeechobee (Canal Point) and the Loxahatchee River (Dubois Park)
considering pure samples and 2:1 DI water dilutions. Six 1L mi-
crocosms were created. One set (3 samples) of the collected water
was maintained in the algae culture room (19 �C, light/dark); the
second set of 3 was incubated under conditions recommended for
enterococci growth (41 �C, dark). Microcosms in the algae room
were housed in clear glass bottles; those in the incubator condi-
tions were housed in brown Nalgene sampling bottles. All caps
were vented. The water combinations included: (1) 500 mL Dubois
Park/500 mL Canal Point, (2) 500 mL Dubois Park/500 mL DI, and
(3) 500 mL Canal Point/500 mL DI.

The third experiment evaluated only the Lake Okeechobee
environment. The microcosms were composed of water and
sediment. Two microcosms were created, one for each condition
(algae culture room or enterococci incubator). A double tray sys-
tem was developed to allow the sediment to have periods of
exposure as well as to be covered by water. Sediment was placed
in a tray (upper tray) at the bottom of a larger tray filled with
water (lower tray). The upper tray was raised or lowered at each
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sampling interval (every 12 h), to simulate wetting and drying
cycles (Brakenhoff et al., 2018; Feng et al., 2015; Marchant et al.,
2017) typically observed at the coast due to tides. Measurements
were taken before and after the tray was moved; measurements
taken after are designated by a 0.1 after the hour it was collected
(e.g. 12.1).

The fourth experiment evaluated the effect of sediment source.
Two microcosms were created. One consisted of Lake Okeechobee
water (Canal Point) and Loxahatchee River (Dubois Park) sedi-
ments, and the other consisted of Lake Okeechobee (Canal Point)
water and Lake Okeechobee (Canal Point) sediments. Both micro-
cosms were kept in algae culture room conditions (19 �C, light/
dark) using the double tray system as in the third experiment with
the tray raised or lowered every 12 h.

Lake Okeechobee sediment consisted of mixed rock/shell fill
collected from the littoral zone from Canal Point. Loxahatchee River
sediment consisted of beach sand collected at Dubois Park. Grain
size distributions were measured for general categorization of
sediment types using the Standard Test Method for Particle-Size
Analysis of Soils (ASTM, 2007). See Supplementary Table S4 for
detailed results of grain size distributions.
4. Results

4.1. Long-term study data

4.1.1. DBHYDRO multiple regression of chlorophyll a, pheophytin,
and enterococci against nutrient, physical-chemical, meteorological,
and hydrologic data

Analysis was conducted in two parts. The first part (Table 1)
analyzed dependent variables (chlorophyll a, pheophytin, and
enterococci) against nutrients and physical-chemical measures (i.e.,
independent predictor variables) at Lake Okeechobee (S308), the St.
Lucie Canal (S80) and the St. Lucie River (SE03) (Fig. 1; Table 1). The
second (Table 2) analyzed enterococci levels at Roosevelt Bridge
against the hydrologic data at Lake Okeechobee (S308) and the St.
Table 1
Individual nutrient and physical-chemical measures included in multiple regression mode
conduct multiple regression or comparison between dependent variable and itself omitt

Dependent Variables Enterococci (DOH
Roosevelt Bridge) n ¼ 230,
F ¼ 1.87, p ¼ 0.08,
R2 ¼ 0.03

Enterococci (DOH Roosevelt
Bridge) n ¼ 49, F ¼ 13.8,
p � 0.0001,
R2 ¼ 0.57

Enteroc
Rooseve
F ¼ 19.2
R2 ¼ 0.8

Independent
Variables

Parameter Estimate, p-value

Measurement
Location for
Independent
Variables

S308,
Lake Okeechobee

S80,
St. Lucie Canal

SE03,
St. Lucie

Chlorophyll a (mg/L) Not included Not included 0.75, 0.7
Pheophytin (mg/L) Not included Not included �0.90, 0
Enterococci (CFU/

100 mL)
Not included Not included Not inc

Nitrate-nitrite (mg/
L)

61.9, 0.06 Not included 304, 0.0

TKN (mg/L) �33.7, 0.10 57.3, 0.02 �73.8, 0
Total Phosphorus

(mg/L)
�6.26, 0.95 �170, 0.07 1345, �

Orthophosphorus
(mg/L)

Not included Not included �1320,

Turbidity (NTU) 0.27, 0.30 1.87, 0.0002 �3.66, 0
Water Temperature

(�C)
3.67, 0.06 Not included 1.63, 0.5

pH 11.6, 0.6 �7.18, 0.647 Not inc
Salinity (ppt) Not included Not included �0.078,
DO (mg/L) 0.64, 0.90 0.21, 0.95 4.97, 0.6
Lucie Canal (S80). Among both data sets, the only significant cor-
relations (p � 0.05) were observed at the St. Lucie River (SE03) and
the St. Lucie Canal (S80). None were observed in Lake Okeechobee
(S308).

At SE03, when evaluating chlorophyll a through multiple
regression, the strongest model included pheophytin, TKN, water
temperature and salinity (n ¼ 139, F ¼ 15.8, p � 0.0001, R2 ¼ 0.30;
Table 1). Individually, chlorophyll a significantly correlated with
pheophytin (parameter estimate ¼ 1.12, p � 0.0001) and TKN
(parameter estimate ¼ 6.92 p ¼ 0.008) as independent variables
(Table 1). The model for pheophytin at SE03 included chlorophyll a,
nitrate-nitrite, TKN, total phosphorus, water temperature, and
salinity through multiple regression (n ¼ 139, F ¼ 12.0, p � 0.0001,
R2 ¼ 0.32; Table 1). Individually, pheophytin was significantly
correlated with chlorophyll a only (parameter estimate ¼ 0.18,
p � 0.0001; Table 1). The strongest enterococci model at SE03
included chlorophyll a, pheophytin, nitrate-nitrite, TKN, total
phosphorus, orthophosphorus, turbidity, water temperature,
salinity, and DO (n ¼ 39, F ¼ 19.2, p � 0.0001, R2 ¼ 0.83; Table 1).
Individually, enterococci demonstrated significant correlations
with nitrate-nitrite, TKN, total phosphorus, orthophosphorus, and
turbidity (individual p-values �0.05; Table 1).

For S80 enterococci (DOH-Roosevelt Bridge data), the strongest
multiple regression model included TKN, total phosphorus,
turbidity, pH, and DO (n ¼ 49, F ¼ 13.8, p � 0.0001, R2 ¼ 0.57;
Table 1). Individually, enterococci correlated significantly with TKN,
and turbidity (individual p-values �0.05; Table 1).

For the hydrologic data (Table 2), multiple regression models
indicated that at S80, enterococci levels were correlated with flow,
gate, stage, rain, and gage height (p ¼ 0.0005, R2 ¼ 0.23). Individ-
ually, enterococci correlated significantly with stage, rain, and gate
height (individual p-values �0.05). At S308 (Lake Okeechobee), the
enterococci model included flow, gate, stage, and rain, although the
model was not significant (p ¼ 0.3, R2 ¼ 0.008; Table 2), with no
individual variables correlating significantly with hydrologic data.

Overall, multiple regression results suggest that TKN is an
ls for chlorophyll a, pheophytin, and enterococci. Not included ¼ insufficient data to
ed.

occi (DOH
lt Bridge) n ¼ 39,
, p � 0.0001,
3

Chlorophyll a (DBHYDRO
Roosevelt Bridge) n ¼ 139,
F ¼ 15.8 p � 0.0001,
R2 ¼ 0.30

Pheophytin (DBHYDRO
Roosevelt Bridge) n ¼ 139,
F ¼ 12.0, p � 0.0001,
R2 ¼ 0.32

River
SE03,
St. Lucie River

SE03,
St. Lucie River

0 Not included 0.18, �0.0001
.73 1.12, �0.0001 Not included

luded Not included Not included

01 Not included 1.71, 0.60

.04 6.92, 0.008 �0.64, 0.60
0.0001 Not included 6.66, 0.06

�0.0001 Not included Not included

.001 Not included Not included
0.11, 0.50 0.12, 0.10

luded Not included Not included
0.9 0.12, 0.20 �0.010, 0.80
0 Not included Not included



Table 2
Hydrologic measures significantly correlating with enterococci using multiple regression by site. Insufficient chlorophyll a and pheophytin data at S308 and S80 to conduct
multiple regression. Gate ¼ height at which the gate is lifted to release water. Stage ¼ height or elevation of water above an established datum plane (here NGVD29). Gage
height ¼ height of the water in the stream above a reference point.

Dependent Variables Enterococci DOH Roosevelt Bridge, n ¼ 98, F ¼ 1.19, p ¼ 0.3,
R2 ¼ 0.008

Enterococci DOH Roosevelt Bridge, n ¼ 74, F ¼ 5.05, p ¼ 0.0005,
R2 ¼ 0.23

Independent Variables Parameter Estimate, p-value

Measurement Location for Independent
Variables

S308,
Lake Okeechobee

S80,
St. Lucie Canal

Flow (cfs) �0.0077, 0.4 �0.02, 0.4
Gate (feet) 8.12, 0.1 59.1, 0.5
Stage (feet NGVD29) 4.84, 0.2 �308, 0.04
Rain (inches) �0.40, 0.1 84.3, <0.0001
Gage height (feet) Not included 307, 0.04
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important predictor of chlorophyll a, pheophytin, and enterococci.
Enterococci also demonstrated significant associations with total
phosphorus, orthophosphorus, and turbidity.
4.1.2. DBHYDRO Lake Okeechobee (S308) and St. Lucie Canal (S80)
flow and DOH St. Lucie River (Roosevelt Bridge) enterococci data

Results from a T-test performed to distinguish differences in
enterococci by flow direction show that there was a statistically
significant difference in enterococci levels (p � 0.001) at Roosevelt
Bridge when freshwater was flowing downstream (from Lake
Okeechobee into the St. Lucie River, mean enterococci 49.7 CFU/
100 mL, n ¼ 733) versus when it was reporting a negative flow
(from the St. Lucie River into Lake Okeechobee, mean enterococci
17.8 CFU/100mL, n¼ 95). These findings suggest that flow from the
lake may be a contributor to enterococci at Roosevelt Bridge,
serving as a direct bacterial source, indirectly promoting conditions
that allow enterococci to proliferate, or as a covariate of rainfall (see
Figs. 2a, 3a and 3b).

Building on this, hydrologic flow data from S308 and S80 was
also analyzed against Roosevelt Bridge chlorophyll a, enterococci,
nutrient levels, and physical-chemical parameters. The number of
data points for chlorophyll a was small (a total of seven), so not all
of the analyses could be performed for this parameter. Hydrologic
conditions were divided into four categories depending upon
whether flow in S308 or S80 was positive. These conditions
included: 1) S308 greater than zero and S80 flow at zero (no
contribution to Roosevelt Bridge), 2) both S308 and S80 flow
greater than zero (lake plus St. Lucie Canal watershed contribution),
3) both S308 and S80 flow at zero or less [only S308 has back
pumping or negative flows] (no contribution to Roosevelt Bridge),
and 4) S308 flow is zero, S80 is greater than zero (contribution from
St. Lucie Canal watershed). Given the small sample size, chlorophyll
a could not be divided into all four categories; it was divided into
categories 1 and 3. The means were highest under condition 1
(7.50 mg/L), followed by condition 3 (5.80 mg/L). For enterococci, the
means were highest under condition 2 (74.3 CFU/100 ml), followed
by condition 4 (44.7 CFU/100 ml), condition 1 (30.0 CFU/100 ml),
and then condition 3 (26.0 CFU/100 ml). The means for ortho-
phosphorus followed the same pattern, with their highest values
under conditions 2 (both lake and watershed contributing) fol-
lowed by condition 4 (watershed only contributing) (Table 3).

For TKN and total phosphorus, condition 4 was higher followed
by condition 2; for nitrate-nitrite, the means were nearly the same
in both conditions.

To further evaluate lake versus watershed contributions, con-
dition 2 was evaluated in terms of the relative contributions from
the lake versus the watershed. When flow through S308 (Lake
Okeechobee contribution) was higher than through S80 (St. Lucie
Canal watershed contribution), the enterococci meanwas 58.9 CFU/
100 ml. When flow through S80 was higher, the enterococci levels
averaged 93.3 CFU/100 ml at Roosevelt Bridge. For nutrients and
physical-chemical parameters, the mean concentrations did not
differ significantly in terms of whether flows through S308 versus
S80 were higher, with the exception of turbidity. The turbidity
when S308 had more flow (mean of 21.0 NTU) was statistically
higher than the turbidity when S80 had more flow (mean of 3.8
NTU).

4.1.3. Linear regression and ANOVA for analysis of DOH enterococci
and environmental data in the St. Lucie and Loxahatchee Rivers

When quantitative environmental values were considered,
linear regression showed that enterococci at the St. Lucie River
(Roosevelt Bridge) was significantly correlated with rainfall during
all periods tested, although the correlations were relatively weak
with low R2 values (R2 � 0.04; Supplementary Table S5). Similarly,
in the Loxahatchee River at Dubois Park, correlations between
enterococci and rainfall were significant, although R2 values were
weak (R2 � 0.002). Enterococci at Roosevelt Bridge showed sig-
nificant positive correlations with air and water temperatures.
Enterococci did not correlate significantly with temperatures at
Dubois Park (Supplementary Table S5).

When the categorical environmental variables were considered
(Table 4), at Roosevelt Bridge, enterococci levels did not show a
significant difference when sorted by weather (p� 0.05). At Dubois
Park, enterococci levels, when sorted by different weather, were
statistically different (n ¼ 729, F-value 12.55, p � 0.0001), with a
strong difference in enterococci levels between weather observed
to be sunny (1) versus cloudy (2) versus rainy (3) conditions
(Table 4). Enterococci did not show significant differences with tidal
conditions A or B at either site. However, at Dubois Park, entero-
cocci levels differed statistically by tidal conditions B (n ¼ 607, F-
value ¼ 5.33, p-value ¼ 0.005), with a strong difference between
tide observed as ebb tide (1) versus flood (2) and slack (3) tide.
Enterococci levels did not significantly differ by current direction A
at either site. Current direction B was statistically significant at
Roosevelt Bridge (n ¼ 582, F-value ¼ 5.7, p-value ¼ 0.004) and at
Dubois Park (F-value 5.3, p-value ¼ 0.04). The current strength
categories showed no significant differences at either site.

Overall, rainfall was associated with enterococci at both Roo-
sevelt Bridge and Dubois Park. Temperature and current direction B
were important at Roosevelt Bridge, while weather and tidal con-
ditions B were factors significantly influencing enterococci levels at
Dubois Park (Table 4).

4.2. Year-long monthly field sampling data and analysis

In the St. Lucie River, water quality parameters at the Roosevelt
Bridge site changed according to the tides. During flood tides, the



Fig. 2. a. Canal Point rainfall (cm) in the month before sampling (NCEI). b. Canal Point chlorophyll a, pheophytin, and enterococci. c. Canal Point total nitrogen (TN), TKN, nitrate-
nitrite, phosphorus, orthophosphorus.
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field meter readings of water quality parameters were similar to
those found in the Loxahatchee River at Dubois Park, whereas
during ebb tides, the field meter readings were similar to param-
eters measured in Lake Okeechobee at Canal Point (Supplementary
Table S8). Meteorological data demonstrated that the wind and
humidity increased, and the air temperature dropped
(Supplementary Table S6) toward the coast. For the physical-
chemical measures, salinity increased and turbidity decreased to-
ward the coast. The complete set of all of the observations is
available in the supplement (Supplementary Tables S7 and S8).
4.2.1. Time-series analysis for each site
In general, chlorophyll a, pheophytin, and enterococci

decreased during the dry season (NovembereApril) and increased
during the wet season (MayeOctober), as shown in the corre-
sponding rainfall records of each site (Figs. 2e4). In Lake Okee-
chobee at Canal Point (Fig. 2), rainfall appeared to coincide with
elevated chlorophyll a, pheophytin, and enterococci from May
through August; in March, total nitrogen, TKN, and phosphorus
coincided with increased enterococci. In the St. Lucie River at
Roosevelt Bridge (Fig. 3), chlorophyll a and pheophytin demon-
strated a peak during January 2018. Enterococci remained low
(~100 CFU/100 ml or below) for most of the study, until June
(1,020 CFU/100 ml), when rainfall, total nitrogen, TKN, total
phosphorus, and orthophosphate increased. Elevated levels were
observed in all measures shown from May until August. In the
Loxahatchee River at Dubois Park (Fig. 4), rainfall did not appear to
have as much of an impact on chlorophyll a, pheophytin, or
enterococci at the beginning of the study as it did at the end.
Chlorophyll a was elevated for this site at the beginning of the
study, as was total nitrogen, TKN, and phosphorus. For the
remainder of the field sampling period, chlorophyll a and pheo-
phytin remained at a low level (both around 3 mg/L or below),
while enterococci increased in March (200 CFU/100 mL, up from
40 CFU/100 mL in February), along with increasing total nitrogen
and TKN. Enterococci increased again in May (330 CFU/100 mL, up
from 30 CFU/100 mL in April), coinciding with the wet season.

Overall, all concentrations tended to decrease from Lake Okee-
chobee (Canal Point) to the St. Lucie (Roosevelt Bridge) to the
Loxahatchee (Dubois Park) (Figs. 2e4). Chlorophyll a, pheophytin,
and enterococci, generally increased with rainfall and nutrients.
4.2.2. Multiple regression of chlorophyll a, pheophytin, and
enterococci against nutrient, physical-chemical, and meteorological
data

Multiple regression analysis of the data collected during the



Fig. 3. a. Flow out of Lake Okeechobee (cubic meters per second) into the St. Lucie Canal during the monthly sampling period. b. Roosevelt Bridge rainfall (cm) in the month before
sampling (NCEI). c. chlorophyll a, pheophytin, and enterococci. d. Roosevelt Bridge Roosevelt Bridge total nitrogen (TN), TKN, nitrate-nitrite, orthophosphorus.

Table 3
Means for Chlorophyll a, enterococci, and selected physical-chemical parameters.

Condition Chlorophyll a (mg/
L)

Enterococci (CFU per
100 mL)

Total Phosphorus
(mg/L)

Nitrate_Nitrite
(mg/L)

Total Kjeldahl Nitrogen
(mg/L)

Orthophosphorus
(mg/L)

Turbidity
(NTU)

1 7.5 29.96 0.11 0.06 0.92 0.05 7.43
2 N/A 74.26 0.16 0.2 1.17 0.09 15.32
3 5.8 26.01 0.11 0.1 0.72 0.04 5.97
4 N/A 44.73 0.27 0.2 1.37 0.07 20.08
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year-long field sampling (Table 5) showed that for Lake Okeecho-
bee at Canal Point, themodel for chlorophyll a included pH, salinity,
and sample depth (n ¼ 12, F ¼ 3.9, p ¼ 0.05, R2 ¼ 0.45). Indepen-
dently, there were no significant correlations between chlorophyll
a and any of the independent variables (individual p � 0.05). The
model for pheophytin included chlorophyll a and enterococci, total
phosphorus, water temperature, salinity, DO, sample depth, and
wave height (n ¼ 12, F ¼ 9.8, p ¼ 0.04, R2 ¼ 0.86). Independently
significant correlations were observed with chlorophyll a and DO
(individual p � 0.05). The model for enterococci included nitrate-
nitrate, TKN, orthophosphorus, salinity, and DO, but was not sig-
nificant (n ¼ 12, F ¼ 1.2, p ¼ 0.4, R2 ¼ 0.08). Enterococci did not
correlate significantly with any of the independent variables (in-
dividual p � 0.05).



Table 4
Results from ANOVA analyses, comparing enterococci levels versus categorical variables at Roosevelt Bridge (St. Lucie River) and Dubois Park (Loxahatchee River), 2000e2018.

Variable ANOVA, Categorical Variables

Site Mean (CFU/
100 mL)

ENT R2 F p-values

Weather (sunny (1), cloudy (2), rainy (3)) Roosevelt
Bridge

1 ¼ 43.4 0.002 0.72 0.5, no significant difference
2 ¼ 42.9
3 ¼ 69.0

Dubois Park 1 ¼ 31.4 0.03 12.6 <0.0001, significant difference between 1 and 2,
1-32 ¼ 63.4

3 ¼ 86.3
Tidal Conditions A (high, medium, low) Roosevelt

Bridge
1 ¼ 43.9 0.002 0.62 p ¼ 0.5, no significant difference
2 ¼ 42.4
3 ¼ 51.9

Dubois Park 1 ¼ 47.1 0.007 2.72 p ¼ 0.07, no significant difference
2 ¼ 31.5
3 ¼ 38.0

Tidal Conditions B (ebb, flood, slack) Roosevelt
Bridge

1 ¼ 21.5 0.005 1.38 p ¼ 0.3,
no significant difference2 ¼ 31.8

3 ¼ 27.0
Dubois Park 1 ¼ 20.9 0.02 5.33 p¼ 0.005, significant difference between 1 and 2,

1-32 ¼ 40.5
3 ¼ 48.8

Current Direction A (still, north, south, east, west) Roosevelt
Bridge

3 ¼ 4.0 0.06 0.40 p ¼ 0.7, no significant difference
4 ¼ 21.3
5 ¼ 13.5

Dubois Park 1 ¼ 23.7 0.10 0.48 p ¼ 0.7, no significant difference
2 ¼ 74.9
3 ¼ 79.0
4 ¼ 0.0
5 ¼ 112.0

Current Direction B (alongshore right to left, alongshore left to right,
neither)

Roosevelt
Bridge

1 ¼ 34.1 0.02 5.68 p ¼ 0.004, significant difference between 1 and 2
2 ¼ 16.6
3 ¼ 34.1

Dubois Park 1 ¼ 67.8 0.01 3.17 p ¼ 0.04, significant difference between 1 and 3
2 ¼ 53.7
3 ¼ 34.1

Current Strength (strong, moderate, weak) Roosevelt
Bridge

1 ¼ 28.2 0.0001 0.03 p ¼ 0.1
no significant difference2 ¼ 26.4

3 ¼ 26.9
Dubois Park 1 ¼ 23.0 0.007 2.27 p ¼ 0.1

no significant difference2 ¼ 61.8
3 ¼ 35.3
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In the St. Lucie River, at Roosevelt Bridge, the chlorophyll a
model included pheophytin, enterococci, TKN, pH, salinity, and tide
(n ¼ 11 F ¼ 63.9, p ¼ 0.0006, R2 ¼ 0.99); independently, only
pheophytin was significant (parameter estimate ¼ 0.68
p ¼ 0.0003). The pheophytin model included chlorophyll a,
enterococci, nitrite-nitrate, orthophosphorus, and salinity (n ¼ 8,
F ¼ 32.6, p ¼ 0.03, R2 ¼ 0.96); independently, there were no sig-
nificant associations. The multiple regressionmodel for enterococci
included chlorophyll a, pheophytin, orthophosphorus, pH, salinity,
and sample depth (n ¼ 8, F ¼ 37.0, p ¼ 0.10, R2 ¼ 0.99); indepen-
dently, there were no significant associations.

In the Loxahatchee River, at Dubois Park, the model for chloro-
phyll a included total phosphorus and salinity (n ¼ 12, F ¼ 4.83,
p ¼ 0.04, R2 ¼ 0.41), the pheophytin model included turbidity and
salinity (n ¼ 12, F ¼ 2.28, p ¼ 0.16, R2 ¼ 0.19), and the enterococci
model included total phosphorus, salinity, and sample depth
(n¼ 12, F¼ 3.79, p¼ 0.06, R2¼ 0.43). Independently, therewere no
significant associations for any of the variables (individual
p � 0.05).

Overall, for the monthly data, salinity was a parameter identi-
fied for all models, but as an independent variable, it was not sig-
nificant. At the St. Lucie River (Roosevelt Bridge), the model for
chlorophyll a included pheophytin and enterococci; the model for
pheophytin included chlorophyll a and enterococci; and the model
for enterococci included chlorophyll a and pheophytin.
4.2.3. Rainfall data and monthly field sampling for chlorophyll a
and enterococci

For the analysis with NCEI rainfall data (Table 6), enterococci
showed site-specific correlations on all time scales (rainfall 24 h
before, 3 days before, week before, and month before). In Lake
Okeechobee, chlorophyll a and pheophytin showed significant
correlations at the month time scale (Table 6). Correlations be-
tween chlorophyll a and pheophytin with rainfall at shorter time
scales were not consistent. Thus, enterococci appears to respond to
rainfall at multiple time scales both long and short, while chloro-
phyll a and pheophytin respond on longer time scales.
4.3. Microcosms

Results from the microcosms suggest that the presence of
sediment from Lake Okeechobee (Canal Point) may have an influ-
ence on the proliferation of enterococci and may contribute to
increased chlorophyll a levels. In the first and second microcosm
experiments (Supplementary Figs. S2 and S3), evaluating water
from all of the sites, enterococci persisted at about the same
(normalized) level or dropped by 24 h after the experiment started.
Chlorophyll a after 24 h had increased. The high and persistent
levels of chlorophyll was expected, since this water was collected
during a period of enterococci exceedance, cyanobacteria bloom,
and high turbidities in Lake Okeechobee and the St. Lucie River.



Fig. 4. a. Dubois Park Rainfall (cm) b. Dubois Park chlorophyll a, pheophytin, enterococci. c. Dubois Park total nitrogen (TN), TKN, nitrate-nitrite, phosphorus, orthophosphorus. Flow
data not available for Dubois Park.
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However, Dubois Park, in the Loxahatchee River, did not have any
indication of cyanobacteria at the time of initial sample collection.

In the third and fourth microcosm experiments (Figs. 5 and 6),
with Lake Okeechobee sediment, enterococci persisted through
36 h. When Dubois Park sediment was used, enterococci concen-
trations did not persist and dropped after 12 h (Fig. 6). Chlorophyll a
and enterococci followed a cyclical pattern, in both the microcosm
in the algae room and in the incubator. This pattern may be in
response to the raising and lowering of the sediment tray every
12 h. The stirring up of the water and sediment may have caused
the difference between the lower measurement at 24 h (made
before the tray was moved) and the higher measurement at 24.1 h
(made after the tray was moved).

5. Discussion

This study was designed to analyze microalgae and enterococci
in three watersheds in association with environmental and water
quality parameters that are known to be important to both
dependent variables. There have been few studies documenting the
water quality/environmental parameters of both enterococci and
microalgae together. Most of what is known about microalgae or
about enterococci has been discovered through studies of either
microalgae or enterococci, along with the known drivers for that
specific variable. Associations between chlorophyll a, pheophytin,
and nutrients are well known (Dolman et al., 2012; Paerl et al.,
2008; Havens et al., 2003; Kramer et al., 2018; Khare et al., 2019),
and monitoring programs typically analyze for these nutrients as
part of their standard protocol. Additionally for cyanobacteria,
studies have also noted the influence of tides, currents, wind-
driven waves and shoreline conditions (Soontiens et al., 2018;
Naja et al., 2017; Rosen and St.Amand, 2015).

For enterococci, as consistent with other studies (Wright et al.,
2011; Enns et al., 2012; Barreras et al., 2019; Dila et al., 2018;
McLellan and Roguet, 2019; McLellan et al., 2015), environmental
factors such as tide, rainfall, and temperature have been associated
with the levels of enterococci as observed in the current study. Few
studies exist that have evaluated associations between environ-
mental enterococci and nutrient levels (Cloutier et al., 2015). Most
studies that evaluate specifically the effects of nutrients on FIBs
were conducted at wastewater treatment plants, where nitrogen
and phosphorus are also typically measured (LeChevallier et al.,
1991, Derry and Attwater, 2014). In this study, we found that rain-
fall, temperature, flows, and nutrients were significant indepen-
dent predictor variables for both chlorophyll a and enterococci.

Most of what is known about growth factors for enterococci
originates from the medical field, with studies on environmental
enterococci rapidly increasing. In evaluating enterococci within the
intestinal tract of mammals, Ramsey et al., (2014) noted that
enterococci use the process of phosphorylation, the addition of a
phosphoryl group (PO3

�) to provide adenosinetriphosphate (ATP) to
the cell. In a comparative genomic analysis of Enterococcus, some of
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the type strains were found to have 15 strain-specific genes for
nitrogen metabolism and 18 core genes (and one strain-specific
gene) for phosphorus metabolism (Zhong et al., 2017). This may
indicate that enterococci can use nutrients in the extraenteric
environment, which seems to be in opposition to findings that
indicated they require complex nutrients (Lebreton et al., 2014).
Enterococci may also be protected in oligotrophic environments
due to their thick peptidoglycan wall, and their use of biofilm, both
Table 5
Measures significantly correlating with chlorophyll a, pheophytin, and enterococci, indicat
data to conduct multiple regression or comparison between dependent variable and itse

Canal Point

Dependent Variables Canal Point Enterococci n ¼ 12, F ¼ 1.20,
p ¼ 0.4, R2 ¼ 0.08

Canal Point Chloro
R2 ¼ 0.45

Independent
Variables

Parameter Estimate, p-value

Chlorophyll a (mg/L) Not included Not included
Pheophytin (mg/L) Not included Not included
Enterococci (CFU/

100 mL)
Not included Not included

Nitrate-nitrite (mg/
L)

�1414, 0.1 Not included

TKN (mg/L) 131, 0.7 Not included
Total Phosphorus

(mg/L)
Not included Not included

Orthophosphorus
(mg/L)

�821, 0.8 Not included

Turbidity (NTU) Not included Not included
Water Temperature

(�C)
Not included Not included

pH Not included 53.9, 0.08
Salinity (ppt) 1829, 0.4 �4.39, 0.99
DO (mg/L) 208, 0.3 Not included
Sample depth (m) Not included 126, 0.1
Tide or wave height Not included Not included

Roosevelt Bridge

Dependent Variables Roosevelt Enterococci n ¼ 8, F ¼ 37.0,
p ¼ 0.1, R2 ¼ 0.97

Roosevelt Chlorop
p ¼ 0.0006, R2 ¼

Independent
Variables

Parameter Estimate, p-value

Chlorophyll a (mg/L) 125, 0.3 Not included
Pheophytin (mg/L) �87.8, 0.3 0.68, 0.0003
Enterococci (CFU/

100 mL)
Not included 0.002, 0.3

Nitrate-nitrite (mg/
L)

Not included Not included

TKN (mg/L) Not included 3.79, 0.2
Orthophosphorus

(mg/L)
1612, 0.1 Not included

pH 915, 0.1 1.92, 0.3
Salinity (ppt) 5.84, 0.5 0.12, 0.4
Sample depth (m) �155, 0.8 Not included
Tide or wave height Not included �0.37, 0.5

Dubois Park

Dependent Variables Dubois Enterococci n ¼ 12, F ¼ 3.79, p ¼ 0.06,
R2 ¼ 0.43

Dubois
Chlorophyll a n ¼
p ¼ 0.04, R2 0.41

Independent
Variables

Parameter Estimate, p-value

Chlorophyll a (mg/L) Not included Not included
Pheophytin (mg/L) Not included Not included
Enterococci (CFU/

100 mL)
Not included Not included

Total Phosphorus
(mg/L)

�1641, 0.8 41.5, 0.7

Turbidity (NTU) Not included Not included
Salinity (ppt) 5.14, 0.7 �0.25, 0.4
Sample depth (m) 225, 0.1 Not included
of which are known to offer protective barriers in extraenteric
environments (Chang et al., 2018).

The closest study of correlation between microalgae and
enterococci simultaneously revealed that enterococci “may be
highly concentrated in plankton (which included cyanobacteria)
and associated particles, especially summer and fall months” (Mote
et al., 2012). Other studies echo the association between entero-
cocci and plankton, asserting that enterococci survive because they
ed bymultiple regression, bymonthly field sampling site. Not included¼ insufficient
lf omitted.

phyll a n¼ 12, F¼ 3.94, p¼ 0.05, Canal Point Pheophytin n¼ 12,F¼ 9.79, p¼ 0.04,
R2 ¼ 0.86

0.58, 0.03
Not included
0.008, 0.3

Not included

Not included
36.9, 0.4

Not included

Not included
3.08, 0.06

Not included
�631, 0.1
15.7, 0.05
125, 0.2
2.66, 0.8

hyll a n ¼ 11, F ¼ 63.9,
0.99

Roosevelt Pheophytin n ¼ 8, F ¼ 32.6,
p ¼ 0.03, R2 ¼ 0.96

0.93, 0.2
Not included
�0.001, 0.8

�19.3, 0.4

Not included
49.6, 0.4

Not included
�0.23, 0.5
Not included
Not included

12, F ¼ 4.83,
Dubois Pheophytin n ¼ 12, F ¼ 2.28,
p ¼ 0.16, R2 ¼ 0.19

Not included
Not included
Not included

Not included

0.09, 0.1
�0.02, 0.8
Not included



Table 6
Regression R2 for significant (p� 0.05) chlorophyll a, enterococci, and pheophytin versus rainfall (NCEI) at Canal Point, Roosevelt Bridge, and Dubois Park 2017e2018. For S308
rainfall, chlorophyll a and enterococci from both Canal Point and Roosevelt Bridge were compared, as denoted. All r values are positive; *NS denotes a non-significant value.

Rainfall Station (Water
Source)

Station USC00081276 at
Canal Point (Lake
Okeechobee)

Station US1FLMT0016 at
S308 (Lake Okeechobee)

Station US1FLMT0016 at
S308 (Lake Okeechobee)

Station USC00088620 at
Roosevelt Bridge (St. Lucie
River)

Station USC00084461 at
Dubois Park (Loxahatchee
River)

Station for Chlorophyll a,
Pheophytin, or
Enterococci (Water
Source)

Canal Point (Lake
Okeechobee)

Canal Point (Lake
Okeechobee)

Roosevelt Bridge (St.
Lucie River)

Roosevelt Bridge (St. Lucie
River)

Dubois Park (Loxahatchee
River)

Rainfall 24
Hours
Before

Chlorophyll
a

NS* NS NS NS NS

Pheophytin NS NS NS NS 0.01
Enterococci 0.004 NS NS NS 0.37

Rainfall
3 Days
Before

Chlorophyll
a

NS NS NS NS NS

Pheophytin NS NS NS NS NS
Enterococci 0.09 NS NS NS 0.29

Rainfall
Week
Before

Chlorophyll
a

NS 0.01 NS NS NS

Pheophytin 0.006 0.03 NS NS 0.33
Enterococci 0.12 0.11 0.04 NS 0.18

Rainfall
Month
Before

Chlorophyll
a

0.40 0.36 0.04 NS NS

Pheophytin 0.05 0.31 0.02 NS NS
Enterococci 0.09 0.12 0.45 0.23 0.05

Fig. 5. Microcosm experiment 3: Water and sediment from Lake Okeechobee, chlorophyll a, and enterococci measured every 12 h.
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adhere to the plankton (Maugeri et al., 2004), which serve as res-
ervoirs for enterococci (Signoretto et al., 2004). Byappanahalli et al.
(2012) recommended further study of ecological factors on the
survival of enterococci recognizing the influence of other organ-
isms in controlling enterococci populations. Despite the similarities
of potential drivers, there have been few studies documenting the
water quality/environmental parameters of both FIB and
microalgae together.
It is important to note that this study began immediately

following Hurricane Irma, which made landfall in south Florida in
September 2017, producing large amounts of rainfall at the lake and
both rivers. Hurricane Irma may have impacted the watersheds
examined in the current study, and subsequently may have been an
important factor in the cyanobacterial bloom and enterococci



Fig. 6. Microcosm experiment 4: Water and sediment from Lake Okeechobee and sediment from Dubois Park, chlorophyll a, and enterococci measured every 12 h.
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exceedances measured during our year-long study in 2018. In-
creases in enterococci levels immediately after hurricanes has been
documented (Roca et al., 2019) but such increases are not neces-
sarily noticeable for cyanobacteria. For example after Hurricanes
Katrina and Rita, elevated levels of enterococci were noted in the
Lake Pontchartrain area for a period of up to two months after the
storm whereas no evidence of a cyanobacterial bloom was noted
(Sinigalliano et al., 2007). In the longer term, the timing of the year-
long monthly sampling study was very fortunate when it comes to
the evaluation of enterococci and chlorophyll a, as it coincided with
a FDEP-confirmed 2018 cyanobacterial bloom and the declared
state of emergency in southeastern Florida. In Spring 2018, during
this study, thewet season beganwith heavy rains. Thewet season, a
time of increased rain and high temperatures, has also proven to be
a time of increased nutrients (e.g., Lapointe et al., 2012). Enterococci
spikes were reported at both Roosevelt Bridge and Dubois Park,
following the rain, and blue-green algae (cyanobacteria) was
documented by FDEP near Roosevelt Bridge. This increase in
dependent variables and the nutrients together during the wet
season was detected in the time-series analysis influencing both
enterococci and cyanobacteria levels.

Results from the microcosms suggested that the presence, and/
or resuspension of sediments/fine material from Lake Okeechobee
may have an influence on the proliferation of enterococci and may
contribute to increased chlorophyll a levels. Chlorophyll is known
to maintain a diurnal cycle in response to light and darkness
(Leypunskiy et al., 2017), yet we observed the cycling of both
chlorophyll and enterococci, in both the algae culture room and the
incubator (peaks at 0 and 24 h; Fig. 5). It is difficult to determine
whether the cycling is due to circadian patterns, or the action of
raising and lowering the sediment tray, which also occurred every
12 h and may have initiated resuspension. The importance of
resuspension has been noted at recreational beaches, where
enterococci proliferate in sediments and, with wave action, are
released from these sediments into the water column (Ferguson
et al., 2005; Desmarais et al., 2002; Verhougstraete and Rose,
2014; Whitman et al., 2014; Feng et al., 2016). Moreover, wind-
driven resuspension has been previously noted in Lake Okeecho-
bee (Maceina and Soballe, 1990) and can be a precursor to cyano-
bacteria blooms (Paerl, 1988). Here, the Lake Okeechobee
sediments were classified as poorly graded gravels (see
Supplemental Table S4), yet we observed a fine black material
present in the Lake Okeechobee sediments (field observations, this
study); in contrast to Dubois Park’s sandy sediments (Supplemental
Table S4). Typically, gravels can promote a buildup of fine organic
material in pore spaces, increasing localized resuspension (Koiter
et al., 2015), whereas a low fraction of fine particles present in
sands can stabilize sediments (Bartzke et al., 2013). Thus, it is
possible that even a small fraction of fine material present in Lake
Okeechobee sediments could have a disproportionate impact on
water quality.

6. Conclusions

The results from this study demonstrate that excess nutrients
are associated with elevated chlorophyll a and enterococci levels.
While the correlations between nutrients, chlorophyll a, pheo-
phytin, and enterococci were similar across sites, the driving
physical-chemical, environmental, and meteorological variables
were site-specific. We found that enterococci levels may be influ-
enced by flow from Lake Okeechobee into the St. Lucie River, as
seen through the analysis of long-term hydrologic data. When flow
at S308 was reversed, enterococci levels dropped significantly at
Roosevelt Bridge. At Dubois Park, we also observed the importance
of tidal conditions and short-term rainfall. This may indicate that
chlorophyll a and enterococci levels change based on a combination
of the available nutrients and the physical-chemical, environ-
mental, and meteorological conditions at each site.

When hydrologic flow data from S308 and S80 was analyzed
against Roosevelt Bridge enterococci, and chlorophyll a, nutrient
levels, and turbidity at S80, we found that the means for almost
every parameter measured was highest for condition 2, where both
Lake Okeechobee and the St. Lucie Canal had flows greater than
zero (both lake and watershed contributions), and then for
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condition 4, where only the St. Lucie Canal had flows greater than
zero (watershed contribution). This supports the hypothesis that
both the lake and downstream watershed contribute to the chlo-
rophyll a, enterococci, and physical-chemical parameters at
receiving waters downstream. The highly significant turbidity
response when flows were high from the lake again implicates that
both the lake and downstreamwatershed are contributing to water
quality, perhaps enhanced through fine sediment transport out of
the lake and into the St. Lucie Canal.

Overall, similarities were observed in the relationships of chlo-
rophyll a and enterococci with nutrients, regardless of a Lake
Okeechobee connection. This suggests that both nutrient-rich lake
water and untreated runoff contribute to the microalgae blooms
and enterococci exceedances in southeast Florida. These similar-
ities in response to nutrients and hydrologic conditions may
explain the coincidence of both cyanobacteria blooms and bacterial
exceedances observed during the summer of 2018 downstream of
the St. Lucie River.

Future work is necessary to evaluate the possible connections
between cyanobacteria and enterococci, and to fully understand
the biogeochemistry of areas that have blooms and exceedances.
These studies should focus on the evaluation and characterization
of the nutrients specific to each watershed, as well as the native
sediment, organic matter, and local hydrodynamics. This should
include work on the effects of environmental conditions such as
rainfall, and extreme weather conditions such as hurricanes.
Further studies on enterococci levels and the direction of flows near
the Roosevelt Bridge sampling area should also be included. These
studies will provide greater understanding as to whether sedi-
ments could be contributing to blooms and exceedances in the St.
Lucie River, especially after periods of heavy rainfall. An under-
standing of the influence of weather events on blooms and
exceedances may lead to the eventual forecasting of blooms and/or
exceedances.
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