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Long-term assessments are needed to identify water quality trends and their socio-environmental drivers for
coastal management and watershed restoration. This study provides the first long-term assessment of fecal
bacterial pollution in the northwestern Gulf of Mexico using enterococci data spanning the Texas coast from
2009 to 2020. The data were representative of 66 beaches, 169 stations, and over 75,000 samples. Findings
demonstrate that 22 beaches are ‘hotspots’ of pollution and experienced enterococci levels that frequently

exceeded the USEPA beach action value. Further, enterococci were correlated with time, population size, and sea
level. Weak correlations detected in some counties highlight the multifactorial nature of water quality; additional
factors are likely influencing enterococci levels. The correlation with sea level is concerning, as counties
vulnerable to sea level rise frequently reported enterococci concentrations exceeding the beach action value. In
consideration of sea level rise predictions, targeted studies are needed to pinpoint drivers of fecal pollution.

The quality of recreational water is commonly assessed by quanti-
fying the abundance of fecal indicator bacteria (FIB), such as entero-
cocci. Enterococci are Gram-positive cocci that belong to the
Enterococcus genus and are often associated with fecal pollution origi-
nating from humans and other mammals (Byappanahalli et al., 2012).
The enterococci are not presumed to be harmful; rather, the presence of
elevated concentrations is viewed as a proxy for fecal pollution that
could carry pathogenic disease-causing organisms (Boehm and Sassou-
bre, 2014). Numerous studies have demonstrated a positive correlation
between elevated enterococci and the risk of gastrointestinal, respira-
tory, ear, eye, and skin-related illnesses among recreational bathers,
lending to their utility in water quality assessments (e.g., Pruss, 1998;
Wade et al., 2003; USEPA, 2012; Boehm and Sassoubre, 2014).

In US surface waters, outdoor recreational activities such as swim-
ming, boating, and fishing account for approximately 4 billion recrea-
tional events annually (DeFlorio-Barker et al., 2018). These recreational
events result in an estimated 90 million gastrointestinal, respiratory,
ear, eye, or skin-related illnesses (DeFlorio-Barker et al., 2018). The
primary etiologic agents responsible for these infections are water-borne

fecal pathogens such as protozoa (e.g., Cryptosporidium and Giardia),
bacteria (e.g., Campylobacter and Salmonella), and viruses (e.g., nor-
oviruses and adenoviruses) (Korajkic et al., 2018). The economic burden
of these illnesses costs $2.2-3.7 billion annually (DeFlorio-Barker et al.,
2018). In Texas, bacterial pollution is the leading cause of Texas surface
water impairments (TCEQ, 2020a). The health of recreational bathers is
protected when beach advisories, warnings, and closures are publicly
announced in response to elevated enterococci levels that exceed the US
Environmental Protection Agency (USEPA) beach action value.

The Beaches Environmental Assessment and Coastal Health (BEACH)
Act of 2000 required US states and territories to adopt water quality
standards that are protective of human health (USEPA, 2000). The
USEPA beach action value for marine recreational water quality is not
more than 104 colony forming units (CFU) of enterococci per 100 mL
(single-sample standard) or 35 CFU per 100 mL (geometric mean stan-
dard) (USEPA, 2012). The Texas General Land Office (TGLO) manages
the Texas Beach Watch Program (TBWP), which is responsible for
monitoring enterococci concentrations to assess marine recreational
water quality. Since enterococci were adopted as Texas’ standard for
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marine recreational water quality in 2004, the program has monitored
enterococci concentrations through a network of 169 monitoring sta-
tions at 66 recreational beaches.

Characterizing long-term trends in coastal water quality is critical
given the current and projected rates of population growth and climate
change. Numerous previous studies have focused on short-term (i.e.,
diurnal, weekly, or monthly) assessments of water quality and its
environmental drivers. For instance, rainfall, water temperature, sun-
light and UV exposure, and tidal stage have been identified as short-term
drivers of FIB (Parker et al., 2010; Mattioli et al., 2017; Boehm and
Weisberg, 2005). Additional long-term factors, such as sea level rise,
population size, urbanization and infrastructure expansion, and sewage
and septic system conditions, have been implicated as drivers of longer-
term changes (Elmir, 2018; Walters et al., 2011; Humphrey et al., 2018);
however, significant knowledge gaps pertaining to yearly and decadal
trends remain.

The purpose of this study was to characterize fecal bacteria pollution
in the Texas coastal zone to gain insights and improve understanding of
the water quality conditions. In this assessment, long-term trends of
enterococci concentrations were predicted to change with population
growth, land-use change (i.e., urbanization), weather and climate, and
sea level rise. Conversely, short-term variability was predicted to be
influenced by extreme rainfall events and sanitary sewer overflows
(SSOs).

Enterococci data spanning 2009 to 2020 were provided by TGLO.
Regular sampling was conducted on a weekly basis during ‘peak’ season
(i.e., March and May through September) and a bi-weekly basis during
‘off-peak’ season; additional samples were obtained for a higher reso-
lution temporal analysis when exceptionally high levels of FIB were
detected. The TBWP quantified enterococci using the Enterolert test and
the EPA 1600 membrane filtration method, under a USEPA-approved
Quality Assurance Project Plan (QAPP) and reported the enterococci
concentration as the most probable number (MPN) or CFU per 100 mL
(Texas Beach Watch Program, 2015). The data encompassed 169 sam-
pling stations, 66 beaches, and 10 coastal counties (coordinates avail-
able at www.texasbeachwatch.com). Data were inspected and corrected
for anomalies and data entry errors. Samples that contained field rep-
licates were averaged together, and a total of 75,380 samples were
analyzed.

The mean, median, minimum, and maximum, as well as the number
and percentage of exceedances above the USEPA beach action value
(104 MPN/100 mL) and at the Enterolert test upper limit (24,196 MPN/
100 mL) were calculated for each county (shown in Table 1) and all
individual beaches (shown in Tables S1-S4). All beaches experienced
minimum enterococci concentrations that were below the Enterolert test
limit of detection (<10 MPN/100 mL), and the majority experienced

Table 1

Summary metrics for the 10 coastal counties. Based on the percentage of sam-
ples that exceeded the USEPA beach action value (104 MPN), water quality was
classified as having ‘low’ (<5%; shown in green), ‘medium’ (5-10%; shown in
yellow), ‘high’ (10-20%; shown in orange), or ‘very high’ (>20%; shown in red)
levels of enterococci. Enterococci concentrations were measured as CFU or
MPN/100 mL water. Minimum concentrations for every county were equivalent
to 10 or < 10 MPN/100 mL.

County Max. Med. Avg. No. beaches % exceedances Category
Cameron 225250 10 16.17 0 1.17 Low
Jefferson 1,723.00 10 32.12 2 3.44 Low
Galveston  24,196.00 10 68.16 23 7.09 Medium
Kleberg* 1,995.00 7 49.89 4 7.67 Medium
Aransas 19,863.00 10 107.46 1 8.27 Medium
San Patricio  4,611.00 10  61.98 1 10.55 High
Nueces 24,196.00 10 207.67 18 11.17 High
Brazoria 24,196.00 10 121.15 4 11.93 High
Matagorda  24,196.00 20  235.17 3 21.90 Very high
Harris 24,196.00 30 44432 1 25.74 Very high

* Kleberg County samples were only recorded from 2009 to 2011.
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median values equivalent to 10 or < 10 MPN/100 mL. However, 65 of
the 66 beaches also experienced enterococci concentrations that
exceeded the USEPA beach action value multiple times, 21 beaches
experienced a mean enterococci value greater than 104 MPN/100 mL,
and 19 beaches exceeded the upper limit of detection (24,196 MPN/100
mL) at least once.

The 10 counties and 66 beaches were ranked as having ‘low’, ‘me-
dium’, ‘high’, and ‘very high’ levels of enterococci based on the per-
centage of samples that exceeded the USEPA beach action value. The
ranks were chosen according to natural breakpoints in the data, as done
in previous studies (Ferretti et al., 2011; Feng et al., 2016). County-
specific trends are shown in Table 1 and Tables S1-S4 show beach-spe-
cific trends. Overall, Cameron and Jefferson were classified as having
‘low’ levels of enterococci, as they exceeded the USEPA beach action
value less than 5% of the time. Galveston, Kleberg, and Aransas excee-
ded the USEPA beach action value 5-10% of the time and were classified
as having ‘medium’ levels of enterococci. San Patricio, Nueces, and
Brazoria exceeded the beach action value 10-20% of the time and were
classified as having ‘high’ levels of enterococci. Matagorda and Harris
were classified as having ‘very high’ levels of enterococci, as they
exceeded the USEPA limit more than 20% of the time. The counties that
exceeded the beach action value greater than 10% of the time were also
considered to contain ‘hotspots’ of bacterial pollution (i.e., Harris,
Matagorda, Brazoria, Nueces, and San Patricio).

Enterococci levels were investigated in the context of spatial and
temporal trends. Due to the censored nature of the enterococci mea-
surements (i.e., lower detection limit of <10 MPN and upper detection
limit of >24,196 MPN/100 mL), the cenken and cendiff tests from the
NADA package (Lee, 2020) in R were used to compute Kendall’s tau
correlation coefficient for the censored data (i.e., enterococci concen-
trations), and the cor.test in R was used to compute Kendall’s tau cor-
relation coefficient when non-censored data were analyzed (i.e.,
summary statistic data). In terms of spatial conditions, bayside stations
(N = 33) representing low flushing environments and Gulfside locations
(N = 134) representing higher flushing environments were compared to
test the effect of local hydrodynamics. The bayside enterococci con-
centrations were significantly higher than the Gulfside stations location
on the Gulf of Mexico (Fig. 1; cendiff test; p < 0.001).

The higher enterococci concentrations at bayside sites could be
attributed to closer proximity to mainland population centers (e.g., Port
Arthur, Houston, Port Lavaca, Corpus Christi, and Brownsville) and
reduced dilution or flushing as multiple Texas bays and lagoons exhibit
limited freshwater inflow and little exchange with the Gulf of Mexico
(reviewed by Montagna et al., 2013). A previous long-term study along
the Florida coast showed similar results, with geomorphology acting as a
strong driver of FIB exceedances; beaches located on the bayside were
four times more likely to exceed the EPA’s beach action value than
beaches located on the open coast (Donahue et al., 2017). Nearby rivers
and canals were also associated with elevated FIB levels in that study,
likely due to the transport of FIB from inland sources (Donahue et al.,
2017). Another recent long-term data analysis at the German Baltic
coast similarly revealed that bays and lagoons pose higher microbial
risks compared to open-water areas (Buer et al., 2018). The authors of
that study postulated that bacterial pollution in bayside sites was likely a
multifactorial problem owing to the resuspension of bacteria from sed-
iments in shallow water, prolonged bacterial survival in turbid water,
and the heightened mainland impact of stormwater inflows.

A key finding from this study was that enterococci concentrations
increased over time. The majority of beach action value exceedances
(60% of the 6721 samples that exceeded the USEPA beach action value)
were reported in the last six years, from 2015 to 2020 (Table 2). Simi-
larly, 89% of the 92 samples that exceeded the upper limit of detection
(24,196 MPN/100 mL) were reported since 2015 (Table 2). When the
beaches were analyzed independently, the majority (N = 41) experi-
enced increasing enterococci concentrations over the 11-year time span,
whereas 20 of the beaches did not experience a significant correlation,
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Fig. 1. Mean concentrations of enterococci in bayside versus Gulfside water samples. Error bars represent standard error of the mean. Enterococci were significantly

higher in bayside sites (cendiff test; p < 0.001).

Table 2

Number and percentage of enterococci measurements above the beach action
value (104 MPN) and the Enterolert test’s upper limit of detection (24,196 MPN)
each year. The majority of the exceedances of both values follow an increasing
trend over time.

Year No. and % of exceedances

104 MPN/100 mL 24,196 MPN/100 mL

2009 323 (5.13%) 1 (0.016%)
2010 507 (7.61%) 0 (0%)

2011 327 (4.95%) 0 (0%)

2012 581 (8.98%) 1 (0.015%)
2013 426 (6.77%) 5 (0.079%)
2014 495 (7.76%) 3 (0.047%)
2015 833 (12.31%) 26 (0.074%)
2016 602 (8.75%) 13 (0.189%)
2017 363 (5.74%) 0 (0%)
2018 593 (8.79%) 24 (0.36%)
2019 1461 (18.84%) 18 (0.23%)
2020° 210 (9.58%) 1 (0.046%)
Total 6721 (8.91%) 92 (0.122%)

# The data from 2020 only included enterococci concentrations from January
through mid-May.

and five beaches had enterococci concentrations that were inversely
correlated with time (Tables S1-S4). In general, the counties with poorer
water quality had enterococci levels that were more strongly correlated
with time (Table 3). Kendall’s tau correlation was computed to test re-
lationships between time and the percentage of samples that exceeded
the beach action value (Fig. 2A; tau: 0.48, p < 0.05) and the percentage
of samples exceeding the upper detection limit (Fig. 2B; tau: 0.42; p <
0.1). Additionally, a linear model was generated to show the relation-
ship between the Kendall’s tau correlation coefficients (between
enterococci and time for each county) and the percentage of samples
that exceeded the USEPA beach action value (Fig. 3A). Based on this
model, counties that did not experience a significant correlation with
time (i.e., Kendall’s tau correlation coefficient = 0) exceeded the beach

Table 3

Correlations between enterococci concentrations and time (2009-2020), popu-
lation size (2010-2019), and sea level (2009-2020) in the 10 coastal counties (p
< 0.05). NA = data not available; ns = not significant.

County Time Population size Sea level
Cameron —0.0314 —0.0421 0.0237
Jefferson ns 0.0366 0.0630
Galveston 0.1238 0.1352 0.1294
Kleberg” ns NA ns
Aransas ns ns 0.0752
San Patricio 0.0655 0.1025 0.1207
Nueces 0.0383 0.0447 0.0583
Brazoria 0.1581 0.1820 0.1303
Matagorda 0.1754 0.0247 0.1832
Harris 0.2048 0.2137 0.2168

# Data pertaining to Kleberg County was only available from 2009 to 2011.

action value 5.36% of the time, whereas counties where tau = 0.2
exceeded the beach action value 20.42% of the time.

Fig. 4 shows a combined temporal and spatial distribution of the total
percentage of samples that exceeded the USEPA beach action value
throughout the Texas coast. A total of 11 interpolated surfaces, one for
each year, were generated to effectively visualize the spatial-temporal
trends of fecal bacterial pollution in the coastal zone area. The formal
delineation of the Texas Coastal Zone Boundary was obtained from
TGLO (https://www.glo.texas.gov/land/land-management/gis/). The
Inverse Distance Weighted technique (IDW) was used to generate a
surface based on the value of the percentage of water samples that
exceeded the USEPA’s beach action value (>104 MPN/100 mL) for each
year in each station. The interpolated surfaces for 2009-2019 were
generated from the percentage values at all 169 stations. The stretch
method, which spreads the interpolated values along a histogram from
the minimum and maximum values, was used to display the interpolated
surfaces in Fig. 4.

The relationships between enterococci and population size were also
tested. Population size estimates were obtained from the United States
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Census Bureau (https://www.census.gov/) for nine of the counties from
2010 to 2019. Kleberg County was excluded as water samples were only
collected through 2011. In general, higher levels of enterococci were
correlated with increasing population size in the majority of counties
(Table 3). Aransas and Cameron Counties were exceptions, as the former
did not experience a significant correlation, and the latter experienced
an inverse relationship between the two variables. The correlations
between enterococci and population size closely resembled the corre-
lations between enterococci and time, which is unsurprising, given that
the population size generally increased over time. A linear model was
generated to show the relationship between the Kendall’s tau correla-
tion coefficients (between enterococci and population size for each
county) and the percentage of samples that exceeded the USEPA beach
action value (Fig. 3B). Based on this model, counties that did not
experience a significant correlation with population size (tau = 0) can be
expected to exceed the limit 7.35% of the time, whereas counties where
tau = 0.2 can be expected to exceed the limit 17.42% of the time.

For the majority of counties, population size was directly correlated
with enterococci concentrations. This result is consistent with findings
of previous studies; for instance, an analysis of water quality in 14
California coastal sites revealed a direct correlation between FIB levels
and urbanization (i.e., population size and impervious surface coverage)
(Walters et al., 2011). Cameron was the only county where FIB levels
were inversely correlated with time and population size; this county also
had the least impaired water, with less than 2% of samples exceeding the
USEPA beach action value. Two watershed protection plans in Cameron
County (in Arroyo Colorado and the Lower Laguna Madre) could be
contributing to the lower levels of fecal bacteria pollution in this region
(TCEQ, 2020b; TCEQ, 2020c). Importantly, Texas’ rapid coastal popu-
lation growth may be predictive of future exceedances along nearly the
entire coastline, given that coastal population size is predicted to in-
crease dramatically by 2050 (TSDC, 2018).

Data pertaining to sea level were obtained from NOAA Tides &

C

0.0 0.1 0.2 0.0 0.1 02 0.0 0.1 02
Correlation with Correlation with Correlation with
time population size sea level

Fig. 3. Relationships between the percentage of samples in the 10 counties where enterococci exceeded the beach action value (104 MPN) and Kendall’s tau
correlation coefficients. Blue lines show the linear relationships between the values and 95% confidence intervals are shown in gray. A) Correlation with time; B)
Correlation with population size; C) Correlation with sea level. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 4. Temporal and spatial trends of water samples that exceeded the beach action value across coastal Texas from 2009 to 2019.

Currents (https://tidesandcurrents.noaa.gov/) and the Texas Coastal
Ocean Observation Network (https://tidesandcurrents.noaa.gov/tcoon.
html). Sea level data were assessed based on monthly mean sea level
from 2009 to 2020. Table 3 shows that nine of the 10 counties experi-
enced significant correlations between enterococci concentrations and
sea level. Importantly, the only county that did not have significant
results was Kleberg County, which only contained data from 2009 to
2011. A linear model was generated to show the relationship between
the Kendall’s tau correlation coefficients (between enterococci and sea
level for each county) and the percentage of samples that exceeded the
USEPA beach action value (Fig. 3C). Based on this model, counties that
do not experience a significant correlation with sea level (tau = 0) can be
expected to exceed the limit 1.54% of the time, whereas counties where
tau = 0.2 can be expected to exceed the limit 20.23% of the time.
Throughout the 11-year timespan of this study, enterococci

concentrations in eight of the 10 counties were correlated with sea level.
Brazoria, Matagorda, and Harris, in particular, exhibited a stronger
relationship with sea level, and all three counties have been identified as
vulnerable to coastal flooding and rising sea levels (Strauss et al., 2014).
Harris County, one of the counties that comprises the Greater Houston
region, experienced the strongest relationship between enterococci and
sea level. This finding is particularly concerning since this region is also
acutely vulnerable to catastrophic flooding and water damage, as evi-
denced by the recent impacts from Hurricane Harvey (Valle-Levinson
et al., 2020). Furthermore, a recent study in South Florida revealed that
thousands of septic systems, which are a potential source of fecal
pollution (Humphrey et al., 2018), are malfunctioning and contributing
to fecal pollution due to sea level rise (Elmir, 2018). The Fourth National
Climate Assessment predicted sea level rise in the Gulf Coast will be
above the global average (i.e., greater than 1-4 ft by 2100) (USGCRP,
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2017); thus, future research should be focused on the distribution of
septic systems in coastal Texas and the impact that rising sea levels have
on their integrity.

The water quality in Brazoria, Matagorda, and Harris Counties was of
particular concern due to 1) a history of elevated enterococci concen-
trations and 2) recent episodes of unusually high enterococci levels.
During the summer of 2019, the episodes experienced in these counties
were unique (i.e., statistical outliers) when compared with other
counties across the 11-year dataset. The concentrations of enterococci in
these three counties were significantly higher in 2019 compared to other
years, particularly in four beaches (Quintana, Bryan, Sargent, and Pal-
acios) (Table 4; cendiff test; p < 0.001). All of the beaches in these
counties exceeded the beach action value more than 38% of the time,
and several beaches (Sargent, Matagorda Jetty Park, Palacios, and Syl-
van) exceeded the value more than 50% of the time (Table 4). The vast
majority of the elevated enterococci levels were recorded in June, July,
and August of 2019. Unusually high levels, approaching or exceeding
the Enterolert test upper limit of detection (24,196 MPN/100 mL), were
recorded at Follet’s Island on 8/16/19, Surfside on 8/19/19, Bryan
Beach on 8/21/19, Sargent Beach on 8/28/19, and Matagorda Jetty
Park the following day.

The elevated concentrations of enterococci observed during 2019
were analyzed with respect to rainfall. Rainfall records corresponding to
dates with elevated enterococci were obtained from the nearby weather
monitoring stations in each county from the TexMesonet database (https
://texmesonet.org/). Interestingly, a few occurrences of elevated con-
centrations in Brazoria County (recorded on 5/11/12, 4/13/15, 3/1/16,
and 8/16/19) were preceded or followed by similar increases in
neighboring Matagorda County (recorded on 5/23/12, 4/14/15, 3/15/
16, and 8/28/19; Fig. 5). Three of the four increases in Brazoria were
recorded after sporadic rainfall, with the exception of the increase on 3/
1/16, whereas the increase recorded days later in Matagorda was not
preceded by rainfall. Harris and Galveston Counties also experienced
coinciding elevated enterococci levels on three recorded dates (6/02/
2016, 9/12/2018, and 10/16/2019) that were preceded by sporadic
rainfall.

That several beaches in Brazoria and Matagorda experienced similar
temporal trends implies that a common set of conditions contributed to
the elevated levels. For instance, sea level, water temperature, and
precipitation in these counties were higher in June through August of

Table 4
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2019 than in previous years (NOAA; https://ncdc.noaa.gov/temp-and-p
recip/us-maps/). It is possible that one of these factors or some combi-
nation of them were driving these episodes; however, further study is
needed to identify common conditions and drivers. In an attempt to
explain the unusually high enterococci levels, episodes of elevated levels
in Brazoria from 2018 to 2020 were compared with the partial list of
reported SSOs. The USEPA Region 6 office (Robert Cook, personal
communication) provided a partial record of known SSOs in Brazoria
County from 2018 to 2020. However, this record did not include the
estimated 205 failure points in the domestic wastewater collection sys-
tem in the Village of Surfside Beach, Texas (TCEQ, 2019). Although
some of the increases coincided with SSOs, the relationship between
enterococci concentrations and SSOs was not significant (cendiff test; p
> 0.1). It is therefore possible that SSOs contributed to these elevated
FIB levels, but a more complete count of SSOs and their magnitude is
needed to test this hypothesis.

Since 1960, the Gulf Coast region of the United States has experi-
enced a rapid population increase that is more than double the rate of
national population growth. Over the past two decades, coastal water-
sheds in Texas have also experienced significant human population
growth. From 1997 to 2012, the population in Texas coastal counties
increased by 29% (IRNR, 2014), and projections suggest that there will
be an additional 34% population increase by 2050 (TSDC, 2018). In
many other regions worldwide, a similar increasing human footprint has
led to symptoms of water quality degradation, namely increasing bac-
terial pollution and symptoms of eutrophication (Cloern, 2001; Walters
et al., 2011; Wu and Jackson, 2016). A recent study of multidecadal
trends in the water quality of Texas estuaries found localized evidence of
eutrophication, primarily in estuaries with highly urbanized watersheds
(e.g., Galveston Bay and Oso Bay) as well as an estuary with a sparsely
populated but agriculturally intensive watershed (i.e., Baffin Bay)
(Bugica et al., 2020). However, that study did not assess patterns or
quantify changes in fecal bacterial pollution, the presence of which can
result in severe economic losses and cause serious health burdens in
coastal regions across the globe (Malham et al., 2014).

This study provides the first comprehensive decadal assessment of
fecal bacteria pollution across coastal Texas. Previous short-term bac-
teria analyses have targeted specific regions such as impaired segments
in Corpus Christi Bay (Nicolau et al., 2011; Nicolau and Hill, 2013).
Previous short-term studies have also investigated probable sources of

Comparison of beaches in Brazoria, Matagorda, and Harris. Data is split by year; the 2019 rows
contain data only from 2019, whereas the remaining rows contain data from 2009 to 2020 excluding
2019. The table shows mean, median, minimum, and maximum values of enterococci (MPN) and
how often enterococci exceeded the beach action value (104 MPN). Follet’s Island: N = 5 sampling
stations; Surfside Beach: N = 8; Quintana Beach: N = 2; Bryan Beach: N = 1; Sargent Beach: N = 3;
Matagorda Jetty Park: N = 4; Palacios Beach: N = 2; Sylvan Beach: N = 2. Enterococci concen-
trations in all three counties were significantly higher in 2019 compared to other years (cendiff test;

p < 0.001).

County Beach Mean  Med. Min. Max. % exceedances

Brazoria Follet’s Island 49.06 10 10 9,208 4.53
Follet’s Island (2019) 36131 63 10 24,196 44.47
Surfside Beach 7333 10 10 24,196 4.87
Surfside Beach (2019) 201.81 52 10 24,196 38.50
Quintana Beach 161.09 20 10 24,196 17.99
Quintana Beach (2019) 802.92 63 10 24,196 46.43
Bryan Beach 64.94 10 10 3,436 10.60
Bryan Beach (2019) 51252 63 10 12,997 41.46

Matagorda Sargent Beach 12032 20 10 24,196 15.62
Sargent Beach (2019) 755.48 1645 10 24,196 58.93
Matagorda Jetty Park 76.59 10 10 24,196 9.76
Matagorda Jetty Park (2019) 826.19 115 10 24,196 51.75
Palacios Beach 22234 36 10 24,196 24.71
Palacios Beach (2019) 744.01 1245 10 19,860 53.85

Harris Sylvan Beach 371.35 20 10 24,196 18.36
Sylvan Beach (2019) 755.53 193 10 8,604 57.23
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Fig. 5. Concentrations of enterococci in (A) Brazoria County and (B) Matagorda County from 2009 to 2020. The panels on the right show a closer look at con-
centrations that are under 3000 MPN/100 mL. Red lines coincide with major increases in enterococci. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

fecal pollution in impaired segments (Mott et al., 2010; Turner and
Elledge, 2018; Turner et al., 2019; Powers et al., 2020). Long-term,
coastwide data assessments, such as this study, are needed to identify
the drivers of fecal bacteria contamination to guide proactive manage-
ment and watershed restoration efforts. For instance, in south Florida, a
10-year analysis of 7422 historical data points revealed that exceed-
ances were 2475 times more likely during high tide (Aranda et al.,
2016). Another long-term study in California analyzed six years of his-
torical water quality data and determined discharge from a local lagoon
to be a significant source of fecal pollution (Riedel et al., 2015).

In this multi-year study, an analysis of 75,380 historical data points
(spanning 11 years, 10 coastal counties, 66 beaches, and 169 sampling
stations) clearly demonstrates that nearly one-third of Texas beaches (N
= 22) and half of coastal Texas counties (N = 5) experienced USEPA
beach action value exceedances on a regular basis (i.e., more than 10%
of the time). The increase in enterococci detected over time coincided
with temporal trends in two important broad-scale environmental
drivers: population size and sea level, with beaches in Harris, Brazoria,
and Matagorda exhibiting the strongest correlations. The links between
these factors are an indication that seawater inflow and infiltration
could be associated with the degradation and failure of sewage collec-
tion and treatment systems in this region. However, future evaluations
of local sewage collection and treatment systems are needed to further
explore this hypothesis.

The weak correlation values detected in some of the counties high-
lights the need to explore additional variables in the future, since water
quality impairment is a multifactorial problem. For instance, additional
geomorphic factors (i.e., proximity to rivers, canals, and other inland
pollution sources) could shed light on water quality drivers, particularly
in open coast sites (Donahue et al., 2017). Seeing that the most affected
counties in this study (e.g., Harris, Brazoria, and Matagorda) are
particularly vulnerable to future population growth and sea level rise,
targeted studies are urgently needed to pinpoint the sources and drivers
of fecal bacteria pollution. The findings from this study may be relevant
in a global context, as sea level rise and population growth are not

limited to the Gulf Coast. Policies in regions with impaired water quality
may benefit from focusing on the maintenance and repair of coastal
infrastructure that is susceptible to damage from urbanization and rising
sea levels.
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