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Swimming in ocean water, including ocean water at beaches not impacted by known point sources of pollution,
is an increasing health concern. This study was an initial evaluation of the presence of indicator microbes and
pathogens and the association among the indicator microbes, pathogens, and environmental conditions at a
subtropical, recreational marine beach in south Florida impacted by non-point sources of pollution. Twelve water
and eight sand samples were collected during four sampling events at high or low tide under elevated or reduced
solar insolation conditions. The analyses performed included analyses of fecal indicator bacteria (FIB) (fecal
coliforms, Escherichia coli, enterococci, and Clostridium perfringens), human-associated microbial source tracking
(MST) markers (human polyomaviruses [HPyVs] and Enterococcus faecium esp gene), and pathogens (Vibrio
vulnificus, Staphylococcus aureus, enterovirus, norovirus, hepatitis A virus, Cryptosporidium spp., and Giardia spp.).
The enterococcus concentrations in water and sand determined by quantitative PCR were greater than the con-
centrations determined by membrane filtration measurement. The FIB concentrations in water were below the
recreational water quality standards for three of the four sampling events, when pathogens and MST markers were
also generally undetectable. The FIB levels exceeded regulatory guidelines during one event, and this was accom-
panied by detection of HPyVs and pathogens, including detection of the autochthonous bacterium V. vulnificus in
sand and water, detection of the allochthonous protozoans Giardia spp. in water, and detection of Cryptosporidium
spp. in sand samples. The elevated microbial levels were detected at high tide and under low-solar-insolation
conditions. Additional sampling should be conducted to further explore the relationships between tidal and solar
insolation conditions and between indicator microbes and pathogens in subtropical recreational marine waters
impacted by non-point source pollution.

Global estimates indicate that each year more than 120
million cases of gastrointestinal disease and 50 million cases of
severe respiratory diseases are caused by swimming and bath-
ing in wastewater-polluted coastal waters (42). Swimming-re-
lated illness is attributed predominantly to exposure to micro-
bial pathogens, which enter the water through point sources,
such as sewage outfalls. Water quality at beaches may also be

impacted by non-point sources, such as storm water runoff,
sand resuspension, animal fecal inputs, and human bather
shedding (8, 12, 22, 47, 59).

The concentration of indicator microorganisms in a body of
recreational water is used to estimate the health risk to bath-
ers. These microbes serve as surrogates for microbial patho-
gens. Studies show that the U.S. Environmental Protection
Agency (EPA)-recommended indicator microbe for marine
beaches, enterococci, shows a significant correlation with ill-
ness in marine beaches impacted by point source pollution (38,
54). However, a similar correlation has not been identified at
beaches impacted by non-point source pollution or subtropical
marine beaches (17, 29, 38, 54).

The failure to consistently demonstrate an association be-
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tween enterococci and illness at non-point source beaches calls
into question the ability of indicator microbes to predict the
presence of pathogens. Studies conducted on the west coast of
the United States have shown that indicators are often not
correlated with measured pathogens at non-point source
beaches (31, 32, 33, 37). Additional studies conducted in a
subtropical environment, such as that of South Florida, where
this study was conducted, have repeatedly shown the limited
accuracy of indicator microbe standards for determining the
presence of pathogens (27, 35). This lack of correlation is
understandable since an indicator microbe, such as entero-
cocci, may come from relatively low-risk sources of fecal pol-
lution and therefore may not be related to human or other
high-risk sources of fecal pollution and pathogens (9). It has
also been shown in both subtropical and temperate climates
that indicator bacteria can multiply in the environment, result-
ing in a false impression of increased microbial pollution and
pathogen presence (4, 7, 19, 24, 41, 45, 57, 58). Environmental
factors, such as tide, rain, and solar insolation, can also have
significant and varying effects on the levels of indicator and
pathogenic microbes (21, 24, 33).

The lack of correlation between pathogens and indicator
microbes at non-point source beaches can result in two prob-
lematic scenarios. If indicator microbes are absent and patho-
gens are present (false-negative scenario), regulatory monitor-
ing may fail to identify the potential adverse health effects on
bathers due to the pathogens. This problem is likely to occur
since indicator bacteria are less resistant to environmental
stresses and disinfection at wastewater treatment plants than
certain pathogens (6, 15). However, if indicator microbes are
present and pathogens are absent (false-positive scenario),
there can be unnecessary economic losses due to recreational
beach advisories and/or closures. A 4-month closure of Hun-
tington Beach in 1999 due to microbial standard violations
resulted in the loss of millions of dollars in tourism income to
the business community and almost 2 million dollars in beach
closure investigation fees (55; for a review, see reference 27).

Given these two possible scenarios, the relationship between
indicator microbes and pathogens under different environmen-
tal conditions at non-point source beaches representing differ-
ent geographic and climatic settings should be assessed further.
Investigation of this relationship would require a large sample
size in order to establish possible significant associations be-
tween the various factors and targets. The objective of this
study was to conduct a preliminary evaluation of the presence
of indicator microbes and pathogens and the possible associa-
tion between indicator microbes, pathogen measurements, and
environmental conditions at a subtropical recreational marine
beach in South Florida. Because of cost limitations when mul-
tiple targets, including pathogens, are screened, this study was
not intended to establish a conclusive relationship between the
various factors and targets but was intended to provide insight
into both the presence of organisms and possible associations
which should be investigated further. Such information would
be useful for understanding the potential health risks to bath-
ers from non-point sources of microbes and would also con-
tribute to determining the appropriateness of using indicator
microbes to monitor the water quality at non-point source
beaches. Although previous studies have assessed the presence
of either viral, protozoan, or bacterial pathogens along with

indicator microbes in point or non-point source recreational
beach waters (27, 33, 37, 47), to our knowledge, this is the first
study to assess the presence of all three classes of pathogens
(viral, protozoan, and bacterial) as well as indicator microbes
at a non-point source recreational beach. This study is also the
first study to sample for all these microbes in both water and
sand at a non-point source recreational beach. Through anal-
ysis of the various microbes under different targeted environ-
mental conditions, this study also included a preliminary eval-
uation of the sources of microbial contaminants and pathogens
and the effectiveness of various analytical methods for microbe
detection. The latter part of the study included a comparison
of three different methods for enterococcus enumeration, as
well as an innovative method for simultaneously concentrating
protozoans and viruses from water samples.

MATERIALS AND METHODS

Site description. Samples were collected from a study beach on Virginia Key
in Miami-Dade County, Florida (Fig. 1). The climate of Miami is classified as
“subtropical” because of its geographic location and its average ambient tem-
perature, 24.8°C. The beach studied is an irregularly narrow beach with an
average distance between the mean water line and the outer edge of the sand of
approximately 5 m. The beach is 1.6 km long, relatively shallow, and character-
ized by weak water circulation (41). This beach is the only beach in Miami-Dade
County where visitors can bring their pets, particularly dogs. Admission to the
beach is free, and many bathers frequent the beach, particularly during the
summer months. Extensive evaluation of the vicinity around the beach did not
find point sources of pollution for it, such as sewage outfalls, failing lift stations,
cross-connections of sewage with storm drains, or less obvious non-point sources,
such as septic tanks (41). This beach is usually in compliance with regulatory
monitoring criteria, but periodically (4.5 days per year [average for 2002 to 2007])
it has been placed under an advisory due to microbial water quality violations
(http://esetappsdoh.doh.state.fl.us/irm00beachwater/default.aspx).

Sample collection and measurement of physical-chemical parameters. Four
sampling events were conducted during the summer of 2007, two on 18 July (day
1) and two on 8 August (day 2). Each event was timed to coincide with either
high or low tide. Samples were collected within 1 h before peak high tide and
within 1 h before peak low tide. On day 1, low tide was at dawn (6:30 a.m.) with
a solar insolation level of �1.7 W/m2, while high tide occurred at noon (12:30
p.m.) with a solar insolation level of 861 W/m2. On day 2, high tide occurred
before sunrise (5:45 a.m.) with a solar insolation level of �1.8 W/m2, while low
tide occurred at noon (12:00 p.m.) with a solar insolation level of 402 W/m2. The
lower solar insolation level at noon on day 2 was due to overcast conditions. The
values for solar insolation, defined as the amount of electromagnetic energy
(solar radiation) incident on the surface of the earth, were obtained with a
precision spectral pyranometer located within 1 km of the sampling site (http:
//www.rsmas.miami.edu/etc/download-weatherpak.cgi). During each event, three
water samples (WLa, WLb, and WLc or WHa, WHb, and WHc) and two sand
samples (SLW and SLD or SHW and SHD) were collected; in the sample
designations “H” and “L” indicate high and low tide, respectively, “a,” “b,” and
“c” indicate the lateral locations with respect to the sampling transect, and “W”
and “D” indicate wet and dry sand, respectively (Fig. 1). Therefore, a total of 12
water samples and 8 sand samples were collected during this study.

Water samples were collected in 20-liter sterile containers along the sampling
transect at knee depth. Sand samples were collected from the upper 2.5 cm in a
0.25-m2 area and placed into sterile Whirlpak bags. Wet sand samples (900 g)
were collected from the intertidal zone, and dry sand samples (500 g) were
collected along the sampling transect above the high-tide line (Fig. 1). The sand
samples were then transported to the lab, and each sample was transferred into
a carboy with 10 liters of phosphate-buffered saline. Each sand-water mixture was
mixed vigorously for 10 min and then allowed to settle for 10 min. This method
was utilized to remove the “washable” microbes from the sand and is based on
a method suggested by Van Elsas and Smalla (53). The supernatants of the
sand-water mixtures (sand eluates) along with the 20-liter water samples were
used for analyses.

Physical-chemical parameters, including pH, temperature, salinity (YSI model
650-01m environmental monitoring systems; YSI, Yellow Springs, OH), and turbid-
ity, were measured for water samples; volatile organic compounds and moisture
were measured for the sand. Rainfall data were obtained from seven tipping-bucket
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rain gauges located within 1 km of the site (http://www.rsmas.miami.edu/etc
/download-weatherpak.cgi). Wind speed and beach conditions (numbers of bathers,
dogs, and birds within 100 m of the sampling transect) were also recorded.

Sample concentration and analysis. Water and sand eluate samples were split
for analysis of the EPA-recommended marine bacterial indicator, enterococci.
Three different methods were used to enumerate enterococci: the membrane
filtration (MF), chromogenic substrate, and quantitative PCR (qPCR) methods.
Additional microbial indicators (fecal coliforms, Escherichia coli, and Clostridium
perfringens) were evaluated using traditional MF methods. Human-associated
microbial source tracking (MST) markers were evaluated using PCR and in-
cluded human polyomaviruses (HPyVs) and the esp gene of Enterococcus fae-
cium. The pathogens evaluated included bacteria (Staphylococcus aureus evaluated
by MF and Vibrio vulnificus evaluated by MF with confirmation by PCR), protozoans
(Cryptosporidium spp. and Giardia spp. evaluated by microscopy and qPCR), and
viruses (enterovirus, norovirus, and hepatitis A evaluated by qPCR) (Table 1). See
the supplemental material for a detailed description of the methods used.

One-way analysis of variance was used to determine significant differences among
mean concentrations of fecal indicator bacteria (FIB). Pearson correlation analysis
was used to determine correlations between microbe concentrations. Data sets
which did not fit a normal distribution were log transformed prior to analysis.

RESULTS

Environmental parameters. During the day 1 and 2 morning
sampling events there were no bathers or animals near the
sampling area; however, in the afternoon there were five bath-
ers and two dogs on day 1 and two bathers and one dog on day
2. The turbidity of the water samples ranged from 3 to 9
nephelometric turbidity units. The water temperature varied
from approximately 30°C in the morning to 32 to 34°C in the

FIG. 1. Water and sand sampling locations at high and low tide along the sampling transect at the study beach in Miami, FL. Photo courtesy
of the U.S. Geological Survey.

TABLE 1. Methods used to detect target organisms

Target(s) Methoda Reference(s)

Fecal coliforms Standard method 9222 D 5
E. coli U.S. EPA method 1603 49
C. perfringens U.S. EPA method 600-R-95/030 48
Enterococci (membrane filtration) U.S. EPA method 1600 50
Enterococci (chromogenic substrate) IDEXX method
Enterococci (qPCR) Method of Haughland et al. 30
E. faecium esp Method of Scott et al. 40
Human polyomaviruses Method of McQuaig et al. 36
V. vulnificus Method of Kaysner and DePaola and Gordon et al. 26, 34
Cryptosporidium spp. and Giardia spp. Traditional filtration (IDEXX Filtamax) followed by traditional microscopy

using method 1623
52

Cryptosporidium spp. and Giardia spp. Bilayer filtration system followed by qPCR as described by Guy et al. 1, 3, 28
Enterovirus, norovirus, and hepatitis A virus Bilayer filtration system followed by qPCR as described by DeLeon et al. 1, 3, 18

a Details concerning the methods used are provided in the supplemental material.
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afternoon on both sampling days. The salinity and pH for all
water samples ranged from 31.5 to 32.8 practical salinity units
and from 7.4 to 8.2, respectively. The volatile organic com-
pound levels for sand ranged from 0.75 to 1.54% of the dry
sand weight, while the moisture content levels for dry sand
samples (samples SHD and SLD) ranged from 0.3 to 4% and
the moisture content levels for wet sand samples (samples
SHW and SLW) ranged from 18 to 22% for all four sampling
events. The wind speed during all sampling events ranged from
3 to 3.85 m/s. No rain was recorded 6 h prior to any of the four
sampling events, while less than 0.5 cm of rain was recorded
24 h prior to each of the four sampling events.

Microbial indicators. The enterococcus levels in water sam-
ples for all four sampling events ranged from �2 to 110 CFU
100 ml�1 when MF methods were used, from �10 to 100 most
probable numbers (MPN) 100 ml�1 when the chromogenic
substrate method was used, and from 13 to 157 MPN 100 ml�1

when qPCR was used (Table 2). The concentrations measured
by qPCR were greater (P � 0.008) than the concentrations
measured by MF. No significant differences (P � 0.1) were
found between the concentrations determined by the MF and
chromogenic substrate methods or between the concentrations
determined by the qPCR and chromogenic substrate methods
for water samples. The results of qPCR correlated with MF

TABLE 2. Levels of indicator and pathogenic bacteria in water during the four sampling eventsa

Indicator or pathogenic bacteria
(detection method) Sample location

Concnb

Day 1 Day 2

Low tide, morning High tide, afternoon Low tide, afternoon High tide, morning

Enterococci (MF) a 1 (1) 2 (3) �2 110 (12)
b 3 (4) 1 (1) �2 77 (25)
c 3 (3) 10 (6) 8 (6) 37 (10)
Wet 4 (6) 4 (3) 8 (11) 8 (12)
Dry 152 (52) 45 (87) 1,088 (381) 63 (51)

Enterococci (chromogenic substrate) a �10 �10 �50 100
b 10 30 �50 50
c 31 40 �50 �50
Wet 3 1 3 1
Dry 39 6 1,006 34

Enterococci (qPCR) a 13 37 40 144
b 17 55 42 157
c 18 48 36 128
Wet 1,033 680 276 140
Dry 1,383 22,100 Inhibited 74

E. coli (MF) a 2 �2 �2 218
b �2 �2 �2 147
c �2 4 �2 27
Wet �5 �5 2 (1)c 2
Dry �5 �5 4 (1) 29 (35)

Fecal coliforms (MF) a 2 �2 �2 275
b 4 4 2 213
c 4 22 �2 107
Wet �5 13 (21) 3 (1) 26 (40)
Dry 387 (165) 26 (10) 20 (12) 1,421

Presumptive S. aureus (MF)c a �2 11 11 21
b �2 �2 �2 32
c 2 4 12 12
Wet 14 (6) 24 (6) 20 (7) 13 (14)
Dry 188 31 (51) 1,048 132 (14)

C. perfringens (MF) a �2 2 2 4
b 8 6 �2 13
c �2 4 �2 8
Wet 7 (2) 6 (2) 6 (3) 3 (2)
Dry 38 (19) 64 (24) 11 (3) 44 (5)

a Sample locations a, b, and c are water sample locations at different distances from the sampling transect, and the wet and dry locations are sand sample locations
in and above the intertidal zone, respectively, as shown in Fig. 1. For water, three samples were obtained for each enterococcus method and one or two samples were
obtained for the other indicator and pathogenic bacteria. For sand, 5 to 10 samples were obtained for enterococci, 2 to 5 samples were obtained for presumptive S.
aureus and C. perfringens, and 3 or 4 samples were obtained for E. coli and fecal coliforms.

b The values obtained by the MF, chromogenic substrate, and qPCR methods are expressed in CFU, MPN, and genome equivalents, respectively, per 100 ml for water
and per gram for sand. The values for each type of sample were averaged to obtain the results reported. The numbers in parentheses are standard deviations.

c None of the presumptive S. aureus results were confirmed. No organisms were determined to be cocci by Gram staining, and none of the organisms grew on sheep
blood agar of ORSAB media.
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results (r � 0.86; P � 0.01) for water samples. The measured
concentrations determined by the chromogenic substrate
method did not significantly correlate with the MF results or
the qPCR results (r � 0.78; P � 0.07). For sand, the entero-
coccus levels for all four sampling events ranged from 4 to
1,088 CFU g (dry weight)�1 when the MF method was used,
from 1 to 1,006 MPN g (dry weight)�1 when the chromogenic
substrate method was used, and from 74 to 22,100 MPN g (dry
weight)�1 when qPCR was used. The enterococcus levels de-
termined by qPCR were significantly higher than those deter-
mined by the MF method (P � 0.002) and the chromogenic
substrate method (P � 0.0001), and there were no significant
differences (P � 0.1) between the MF and chromogenic sub-
strate data for sand (Table 2). The concentrations determined
by the chromogenic substrate method correlated with the con-
centrations determined by the MF method (r � 0.92; P �
0.004); however, there were no significant correlations (P �
0.2) between the results obtained with the other methods for
sand samples.

The enterococcus levels for the day 1 low- and high-tide
water samples and for the day 2 low-tide water samples were
less than 25 CFU 100 ml�1 based on only MF results. The
average level for day 2 high-tide samples was 65 CFU ml�1

based on only MF results, and the average level for the WHa
sample on day 2 was 110 CFU 100 ml�1 (standard deviation �
12) (Table 2). The day 2 high-tide water samples also had the
highest E. coli, fecal coliform, and C. perfringens levels (aver-
ages, 131, 198, and 8.3 CFU 100 ml�1, respectively) (Table 2).
For the water samples, strong correlations were found between
enterococci and E. coli (r � 0.98; P � 0.01), between entero-

cocci and fecal coliforms (r � 0.98; P � 0.01), and between E.
coli and fecal coliforms (r � 0.97; P � 0.06).

For sand, strong correlations were found between E. coli and
C. perfringens (r � 0.96; P � 0.04). All indicator microbe levels
were higher for the dry sand than for the wet sand for all
samples except the day 2 high-tide sample analyzed for entero-
cocci by qPCR (Table 2).

MST markers. The human polyomavirus marker was de-
tected in samples WHa, WHc, WLc, SLW, and SHW on day
2, while the levels in all other samples were below the
detection limit. The E. faecium esp gene was not detected in
any of the samples collected during the four sampling events
(Table 3).

Bacterial pathogens. V. vulnificus was detected on day 2 in
samples WHb, SHD, SLW, and SLD by culture, and the results
were confirmed by PCR. The levels in all other samples were
below the detection limit (Table 3). Presumptive S. aureus
isolates were also detected (Table 2). The levels of presump-
tive S. aureus were generally low in water samples when indi-
cator levels were low. The highest levels of presumptive S.
aureus were obtained for the day 2 high-tide sampling event
(average, 22 CFU 100 ml�1). Confirmation tests were con-
ducted for 27 presumptive S. aureus isolates obtained from day
1 samples and for 30 presumptive S. aureus isolates obtained
from day 2 samples. Two isolates from each day were positive
for mannitol fermentation, catalase, clumping factor, and pro-
tein A latex agglutination. However, no isolate was determined
to be a Gram-positive coccus by Gram staining, and none of
the isolates grew on sheep blood agar of ORSAB media (tryp-
ticase soy agar with 5% sheep blood in an oxacillin resistance-

TABLE 3. Results for MST markers and pathogens for all four sampling events

Sample type Marker or
pathogen

Detection ona:

Day 1 Day 2

Low tide,
morning

High tide,
afternoon

Low tide,
afternoon

High tide,
morning

Water Polyomavirus � � c a, c
E. faecium gene � � � �
V. vulnificus � � � b
Giardia spp. (PCR) � � � a, b
Giardia spp. (microscopy)b NA � NA b
Cryptosporidium spp. (PCR) � � � �
Cryptosporidium spp. (microscopy)b NA � NA �
Enterovirus � � � �
Norovirus � � � �
Hepatitis A virus � � � �

Sand Polyomavirus � � Wet Dry
E. faecium gene � � � �
V. vulnificus � � Wet, dry Dry
Giardia spp. (PCR) � � � �
Giardia spp. (microscopy) NA � NA �
Cryptosporidium spp. (PCR) � � Dry Wet
Cryptosporidium spp. (microscopy) NA � NA �
Enterovirus � � � �
Norovirus � � � �
Hepatitis A virus � � � �

a �, negative (the signal was below the detection limit); a, b, and c, positive for water at locations a, b, or c, respectively (see Fig. 1); wet and dry, positive for wet
and dry sand, respectively; NA, not analyzed.

b Giardia spp. and Cryptosporidium spp. in water were analyzed by microscopy only for sample location b.
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selective agar base). Therefore, none of the presumptive S.
aureus in the collections were confirmed to be S. aureus.

Protozoan and viral pathogens. The levels of Cryptospo-
ridium spp. and Giardia spp. in samples (collected by tradi-
tional filtration of water and sand on days 1 and 2, respectively)
were generally below the detection limit. The one exception
was day 2 water sample WHb, which was positive for Giardia
spp. as determined by microscopy, and the concentration was 1
cyst per 144 liters or (0.7 cyst/100 liter). A matrix spike analysis
for the positive Giardia sp. sample showed that the level of
recovery was 39% for Giardia spp. Concentration with the
bilayer filtration system followed by qPCR analysis gave posi-
tive results for samples WHa and WHb on day 2 for Giardia
spp. The estimated Giardia sp. concentrations were 11 and 51
cysts per liter, which confirmed detection by traditional meth-
ods, although the qPCR values were greater than the values
obtained by the standard method. Samples SLD and SHW
were positive on day 2 for Cryptosporidium spp. (12 and 6
oocysts per 100 g of dry and wet sand, respectively) when the
bilayer filtration system followed by qPCR analysis was used.

The results of confirmation tests further supported the pos-
itive Giardia sp. and Cryptosporidium sp. results. The first
round of confirmation involved sequencing the qPCR ampli-
cons (after cloning) and resulted in a 100% match with the
target beta-giardin gene and COWP gene sequences, respec-
tively. However, as these sequences were the gene fragments
used to generate the standard curves, a second primer set was
used for each organism, and the gene targets were amplified,
cloned, and sequenced in a nonquantitative experiment. For
Giardia spp. a larger fragment (513 bp) of the beta-giardin
gene was amplified by qPCR. For Cryptosporidium spp. a
232-bp fragment of the 18S rRNA gene was amplified. A
BLAST (Basic Local Alignment Search Tool) search of the
GenBank sequence database yielded 100% matches with
Giardia intestinalis (Giardia lamblia) strain ATCC 50803 (ac-
cession number XM_001705373) and Cryptosporidium hominis
(accession number L16996). The levels in all other samples
were below the detection limits for protozoans (Table 3).

An initial positive result for norovirus II in samples WHa
and WHb on day 1 was obtained using the bilayer filtration
system followed by qPCR analysis. However, further analysis
did not confirm the presence of norovirus, demonstrating the
importance of confirming qPCR data for complex matrices. All
other samples were negative for norovirus, enterovirus, and
hepatitis A (Table 3).

DISCUSSION

The primary objective of this study was to conduct a prelim-
inary evaluation of the presence of indicator microbes and
possible associations between these microbes, pathogen mea-
surements, and environmental conditions at a subtropical rec-
reational marine beach. The secondary objectives included
evaluation of multiple enterococcus analysis methods, investi-
gation of the presence of microbial source tracking markers,
and determination of the applicability of using an innovative
low-volume concentration system for pathogens.

Indicator bacteria. The analytical methods used for entero-
cocci may be a significant source of variability in results and
hence an important factor to consider in beach monitoring and

research studies. Comparison of the different methods showed
that the values obtained from MF enumeration were generally
less than the values determined by qPCR. This is consistent
with results of other studies (30, 43) and might be explained by
the fact that qPCR can also detect target DNA from nonviable
and nonculturable cells, whereas the culture-based method
does not.

Spatial and temporal variations are also an important factor
in beach monitoring. For the water, the average enterococcus
levels determined by MF by two separate labs were below the
regulatory guideline levels (104 CFU 100 ml�1 for single sam-
ples) for all samples for three of the four sampling events. The
average enterococcus levels for the day 2 high-tide sampling
event were higher than the levels for the three other sampling
events, and the level for one water sample (sample WHa) (110
CFU 100 ml�1; standard deviation, 12 CFU 100 ml�1) ex-
ceeded the regulatory guideline level for single-sample analy-
sis. This is important since regulators may have opted to close
the beach or place warning signs for bathers if they had pro-
cessed the one (of three) high-tide samples in which the level
exceeded the single-sample enterococcus guideline level. How-
ever, this would not have been the case if a different sample
had been processed. Thus, these results emphasize that the
spatial and temporal variability of indicator levels in recre-
ational marine water could result in different management
decisions at a beach site (8, 21). The results for the supple-
mental fecal indicator bacteria (fecal coliforms, E. coli, and C.
perfringens) were predominantly consistent with the enterococ-
cus results for both the water and sand samples, indicating that
the environmental factors and source conditions affecting en-
terococci may also affect these indicators. Significant correla-
tions were also found between results for enterococci, fecal
coliforms, and E. coli in water samples.

The results for sand eluate samples support the notion that
there was indicator microbe wash-in from the shoreline. The
levels of washable bacteria observed in the pore water of the
wet sand (samples SLW and SHW) collected from the inter-
tidal zone and in dry sand (samples SLD and SHD) collected
within a few feet above the intertidal zone (on a per milliliter
basis) were 2 to 4 orders of magnitude higher than the levels
observed in the water column, and the levels for dry sand were
1 to 3 orders of magnitude higher than the levels for wet sand.
Essentially, the sand appeared to serve as a reservoir in which
microbes were captured, persisted, and then released into the
water column as the shoreline was subjected to periodic wet-
ting, such as the wetting which occurs through tidal action. The
initial source of the indicators in the sand is unknown, but
these organisms could have come from direct fecal deposits
from animals and humans (59) and from potential regrowth in
the sand (10, 13).

Pathogens. The occurrence of pathogens impacting water is
highly intermittent depending on the illnesses afflicting, or the
pathogens carried by, the human and animal populations con-
tributing to the pollution source entering the beach. In this
study, pathogens were detected predominantly during the
same sampling event that resulted in the highest indicator
microbe levels. However, because of the low number of sam-
pling events, a significant relationship could not be established
between indicator microbes and pathogens. The potential bac-
terial pathogens evaluated included both S. aureus and V.
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vulnificus. The only detection of V. vulnificus in the water
occurred during the day 2 high-tide sampling event, indicating
that further analysis should be conducted to determine
whether there is an association between the indicator microbes
and this opportunistic pathogen. This relationship should be
studied further, especially since it would support the use of
these indicator microbes as surrogates for bacterial pathogen
contamination in non-point source subtropical marine recre-
ational waters.

Although S. aureus was evaluated, none of the isolates were
confirmed to be S. aureus isolates. This may have been because
the chrome agar plates used to test for S. aureus allowed
growth of organisms other than S. aureus. When S. aureus is
abundant relative to the background microbial population, as it
is in clinical samples (25, 39) or in captured marine waters for
which an abundance of people is a potential source (22),
chrome agar has been shown to be useful for isolation. How-
ever, in environmental samples, such as those collected during
the sampling events in this study, S. aureus is not an abundant
species and shares its niche with other organisms capable of
producing changes in colony color on the agar used in this
study. The number of isolates reported to be positive based
solely on colorimetric changes of the indicator agar represents
all of the microorganisms capable of causing these changes, not
specifically S. aureus. These findings could be explained either
if there was no S. aureus in the samples or if other environ-
mental microbes, some capable of causing colorimetric
changes, overwhelmed the growth of S. aureus (23). In future
studies an alternate selective medium more suitable for isola-
tion of S. aureus from general environmental samples should
be used (16).

Giardia spp. were detected in the water both by traditional
filtration followed by microscopy and by bilayer filtration fol-
lowed by qPCR only for the day 2 high-tide sampling event,
when the highest levels of indicator microbes were detected.
The detection of Giardia spp. by the bilayer filtration method
indicates the potential of this concentration method since a
much smaller volume (5 liters) of sample water may be used
for detection (2, 3). Since the risk posed by these pathogens at
a given concentration is less in bathing water than in drinking
water, this volume may prove to be adequate to detect an
acceptable risk. However, the obvious difference in the mea-
sured concentration of Giardia spp. between the traditional
and innovative methods may be due to the fact that qPCR
detects any intact DNA, while microscopy detects only intact
cysts. During the same sampling event, Cryptosporidium spp.
were also found in the sand eluate by bilayer filtration followed
by qPCR analysis.

In terms of the health effects resulting from the presence of
these pathogens, a thorough quantitative microbial risk assess-
ment and/or epidemiological study should be conducted. A
simple risk calculation is presented here to shed some light on
the potential risk due to Giardia spp., which were detected at
our study site. Levels as low as 10 G. lamblia cysts have been
shown to cause infection in humans (46), and the typical vol-
ume of water ingested per swimmer during one swimming
event is approximately 16 ml for adults and 37 ml for children
(20). Fifty milliliters ingested may be a more conservative es-
timate. Combining these values with the Giardia sp. cyst values
(assuming that the Giardia strain detected was in fact G. lam-

blia) detected by traditional concentration-microscopy and bi-
layer concentration-qPCR methods (0.007 and 51 cysts per
liter) yields risks of infection to bathers of 3.5/106 (0.00035%)
and 25/103 (2.5%), respectively. The concentrations of cysts
detected by the bilayer concentration-qPCR method were sim-
ilar to those detected in another study of G. lamblia (0 to 33
cysts per liter) in recreational beach waters (47). Given that
EPA’s standard acceptable risk for gastrointestinal illness-
causing agents in marine waters is 19 organisms per 1,000
bathers, the first risk value may be acceptable, while the second
may not be (51). However, the risk value accepted by the EPA
was based on an epidemiologic study performed with a known
point source in temperate climates comparing bathers to non-
bathers and therefore may not be comparable to the simple
calculated risk described here (14). A similar risk calculation
may be conducted for the other presumptive pathogens de-
tected at the beach, assuming that their infectivity is well doc-
umented, to gain insight into the potential threat to bathers.

Environmental conditions. The elevated levels of indicator
and pathogenic microbes observed for the day 2 morning high-
tide sampling event are hypothesized to be due to a combina-
tion of factors, including lack of sunlight during and immedi-
ately before sample collection (solar insolation, �1 W/m2) and
sample collection during high tide. However, given the limited
number of samples, such a relationship, although scientifically
plausible, needs to be assessed with more samples. Sunlight
and UV light are known to inactivate microbes in water (24,
44). The sampling on day 1 during high tide was characterized
by elevated solar insolation levels (861 W/m2), which is typical
for summer afternoons without rain in Florida. The increased
solar insolation levels raised the water temperature to �32°C.
Viruses specifically can be vulnerable to high water tempera-
tures (56), and this may be a reason why they were not detected
during the low-tide afternoon sampling event, while other
MST markers and pathogens were detected in both water and
sand. However, the day 2 high-tide sample was collected before
sunrise so inactivation from solar insolation was minimal.

Tidal height can also impact indicator microbe levels in
water, as sand has been identified as a possible reservoir of
indicator microbes at our study beach (10, 11, 21, 41). During
high tide, the intertidal zone is submerged, which permits
transfer of indicator microbes from the sand and pore water
between the sand particles into the water column. Therefore,
based on environmental parameters, the day 2 sampling event
represents the ideal case for increased indicator microbe levels
as a sample was collected during high tide in the early morning
before inactivation by solar insolation.

Microbial source tracking markers. The human source
tracking markers HPyVs (human urine and sewage source)
were detected during the high-tide and low-tide events on day
2, supporting the hypothesis that the site was impacted by
human waste (36) during or prior to the morning high-tide
sampling event. Since there are no known point sources or
other sewage sources for the beach, such as sewage outfalls or
septic systems (41), these results indicate that there are fecal
sources which originate either near shore from people and/or
animals or offshore from boats that dump their waste (com-
pared to sewage from a large community). Although intersec-
tions between canals or rivers and the ocean are not close to
the sampling site, it is possible that persistent pathogens orig-
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inating from canals and rivers are transported to the beach.
However, more samples, as well as a comprehensive sanitary
survey, are needed in order to determine the sources of these
microbial source tracking markers.

Recommendations. The data obtained in this study, which
were limited due to cost limitations during sampling for a large
suite of microbes, indicate that additional sampling should be
conducted to assess the possible relationships alluded to above
between indicator microbes, pathogens, and environmental
conditions. The levels of microbes at the beach studied fre-
quently exceed the regulatory guidelines for indicator bacteria
during high tide, particularly in the summer months (21, 41). It
is therefore important to determine whether pathogens are
also present at levels that pose a significant health risk to
bathers.
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