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Abstract

Aims: Research into the relationship between pathogens, faecal indicator

microbes and environmental factors in beach sand has been limited, yet vital to

the understanding of the microbial relationship between sand and the water

column and to the improvement of criteria for better human health protection

at beaches. The objectives of this study were to evaluate the presence and dis-

tribution of pathogens in various zones of beach sand (subtidal, intertidal and

supratidal) and to assess their relationship with environmental parameters and

indicator microbes at a non-point source subtropical marine beach.

Methods and Results: In this exploratory study in subtropical Miami (Florida,

USA), beach sand samples were collected and analysed over the course of

6 days for several pathogens, microbial source tracking markers and indicator

microbes. An inverse correlation between moisture content and most indicator

microbes was found. Significant associations were identified between some

indicator microbes and pathogens (such as nematode larvae and yeasts in the

genus Candida), which are from classes of microbes that are rarely evaluated in

the context of recreational beach use.

Conclusions: Results indicate that indicator microbes may predict the presence

of some of the pathogens, in particular helminthes, yeasts and the bacterial

pathogen Staphylococcus aureus including methicillin-resistant forms. Indicator

microbes may thus be useful for monitoring beach sand and water quality at

non-point source beaches.

Significance and Impact of the Study: The presence of both indicator microbes

and pathogens in beach sand provides one possible explanation for human

health effects reported at non-point sources beaches.
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Introduction

Global estimates reveal that bathing in coastal recreational

waters polluted by faecal waste have caused over 120 mil-

lion cases of gastrointestinal illness and 50 million cases

of severe respiratory diseases each year (Shuval 2003).

These illnesses have been attributed over the course of

many studies to known contaminating sources of patho-

gens (point sources) such as sewage outfalls (Alexander

et al. 1992), stormwater outflows (Haile et al. 1999) and

impacts from leaking sewer systems (Boehm et al. 2003).

These sources not only release pathogens in the water but

also release indicator microbes that are used by regulators

and beach managers to determine the level of contamina-

tion of the water.

Typically, prevention of diseases in recreational waters

involves the remediation of the point sources. However,

when the source is not directly traceable (i.e. non-point

sources), remediating the source and hence preventing

illnesses become more complicated. Two studies have

been published which evaluate human health of bathers

vs nonbathers at non-point source beaches (Colford et al.

2007; Fleisher et al. 2010; Sinigalliano et al. 2010). Both

of these studies (one in Mission Bay, California, and one

in Miami, Florida) found increased illness among bathers

relative to nonbathers. In addition, illness rates among

bathers were found to correlate with the presence of non-

pathogenic indicator microbes in the water (specifically

enterococci or F+ coliphage).

This correlation has led researchers to question whether

the source of indicator microbes may also be the source

of pathogens that are causing the observed illness, as may

be assumed for point source (i.e. sewage)-polluted bea-

ches. If such a link was identified, this would open possi-

bilities for source remediation and improved monitoring

for bathing water at non-point source-polluted beaches.

Determining such a link, however, would require identify-

ing the source or pathway that introduces both indicators

and pathogens in the beach water (Boehm et al. 2003).

Previous studies have demonstrated that beach sand

may serve as a reservoir for pathogens and indicator

microbes (Alm et al. 2003; Beversdorf et al. 2007) that are

released into the water through tidal action or run-off.

Also, the sands within and near the intertidal zone have

been shown to contain nutrients that promote the

survival and sometimes the growth of these indicator

bacteria and pathogens (Papadakis et al. 1997). Numerous

studies have been conducted in the Miami study beach

showing that sand serves as one of the predominant res-

ervoirs of enterococci (Shibata et al. 2004; Wright et al.

2011), the indicator microbe used to assess marine beach

water safety (USEPA 2004), as well as its avenue of release

into the water column through tidal action and run-off

(Yamahara et al. 2007; Wright et al. 2009). Within the

sand, different zones of the beach at the study site have

also been known to have distinctive differences in entero-

cocci levels, and preliminary studies have documented

differences in pathogen levels within different sand zones

(Abdelzaher et al. 2010).

Determining whether the sand is also the predominant

reservoir and avenue of release of pathogens would help to

establish a link between these pathogens and indicator

microbes, hence explaining the link between indicator

microbes and health effects at non-point source beaches

seen in the epidemiologic studies (Colford et al. 2007; Fle-

isher et al. 2010; Sinigalliano et al. 2010; Abdelzaher et al.

in press). However, a wide variety of pathogens should be

screened for in the different sand zones to establish such a

link as illness may result from a range of pathogens.

The study beach in Miami, Florida, was the same study

beach where a prior epidemiologic study was conducted

(Fleisher et al. 2010), which found a relationship between

levels of indicator bacteria in the water and health effects.

The current study is driven by the aim of establishing a

causative link between the source of indicator microbes

(i.e. beach sand) and pathogens that can potentially cause

human illness at recreational beaches, thereby facilitating

the identification of suitable methods for improving water

quality through source prevention and improved moni-

toring. The range of microbes evaluated in this study was

expanded beyond that measured in earlier studies

(Abdelzaher et al. 2010) to also include the measurements

of yeasts and helminthes, in addition to measurements of

viruses, bacteria and protozoa. Measures of yeasts and

helminthes are particularly rare in the context of recrea-

tional water quality monitoring. Moreover, in contrast to

prior studies at this beach, the samples collected during

the current study were controlled for solar insolation and

tidal period: two factors that may impact microbial levels

in sand and water (Abdelzaher et al. 2010).

Materials and methods

Site description

Samples were collected at Hobie Cat Beach located on

Key Biscayne within Miami-Dade County, FL, USA. The

study site is characterized by a subtropical climate

because of rainfall and geographic location with an aver-

age temperature of 24Æ8�C. The study beach is narrow

with an approximate average distance between the mean

water line and the outer edge of the sand of 5 m. The

beach is 1Æ6 km long, relatively shallow and characterized

by weak water circulation (Shibata et al. 2004). This

beach is the only beach in Miami-Dade County where

visitors can bring their pets, particularly dogs. Beach
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admission is free, and many bathers frequent the beach,

particularly during the summer months (Wang et al.

2010). Extensive evaluation of the vicinity of the study

beach has not identified point sources of pollution to this

beach (such as sewage outfalls, failing lift stations or sep-

tic tanks). However, the beach has been placed under

Beach Health Advisories periodically (i.e. 4Æ6 days per

year averaged from 2002 to 2009) owing to microbial

water quality violations (Florida Dept. of Health 2009).

Sample collection and field measurements

Samples were collected on six different days, 1 h after

high tide during two different 3-day periods, one on 2–4

August 2009 and the other on 17–19 August 2009. Sam-

pling occurred over a 1-h sampling period between 8:00

and 10:00 am (eastern local time) to control for differ-

ences in solar insolation. Environmental conditions were

obtained from National Ocean and Atmospheric Admin-

istration (NOAA, tidal stage), the University of Miami

(NSF NIEHS OHH Center Remote Sensing Facilities

Core, wind speed and solar radiation) and South Florida

Water Management District (SFWMD station SR-27,

prior 48-, 24- and 6-h rainfall). In addition, the number

of humans and dogs within 100 m during the sampling

period was also recorded. In situ measurements were

taken of both the water [pH, salinity, temperature (600R

series sonde; YSI Inc., Yellow Springs, OH, USA)] and

turbidity (TD-40 nephelometer; Turner Designs, Sunny-

vale, CA, USA) and sand temperature (M, T, & EC-300

Series; Aquaterr, Costa Mesa, CA, USA).

Both water and sand samples were collected for addi-

tional processing in the laboratory. One water sample (at

an approximate water depth of 30 cm) was collected daily

(for a total of six water samples) using 5-l presterilized

bottles. Three sand samples (one ‘dry’ from the supratidal

zone, one ‘wet’ from the intertidal zone and one ‘inun-

dated’ from the subtidal zone) were also collected along

three corresponding transects during each of the six

sampling days for a total of 18 sand samples. Each sand

sample consisted of a composite of 160 cores, the sand of

which was placed into a sterile tray and covered to pre-

vent outside contamination. Sand cores were taken

(10 cm apart, 3 cm deep) along transects oriented parallel

to the shore line at the beach. The distance between each

of the three sampling transects (called ‘dry’, ‘wet’ and

‘inundated’) were determined based on environmental

conditions of the particular day (Fig. S1). The dry tran-

sect was always 500 cm from a stationary reference point

and located within the supratidal zone. The wet sample

was collected from the intertidal zone, and the inundated

sample was taken submerged in 25-cm-deep water within

the subtidal zone.

Sand sample preprocessing

Each sample was homogenized by thoroughly mixing,

and the homogenate was split for gravimetric analysis, for

helminthes analysis and for the preparation of microbe

eluate samples. Gravimetric analysis included measure-

ments in triplicate of moisture content (weighed before

and after heating 110�C for 24 h); these same samples

were also subject to volatile organic analysis (weighed

before and after igniting at 550�C for 24 h). Helminthes

were analysed by wet filtration of the sand through a 150-

lm sieve and collecting the eluate for centrifugation and

microscopy according to procedures detailed in the

Data S1. The preparation of the microbe eluate samples

(for all microbes except for helminthes as described

earlier) was modified from previously published methods

(Van Elsas and Smalla 1997; Boehm et al. 2009; Wright

et al. 2009). Two sets of microbe eluates, sample A and

sample B, were prepared from each of the 18 sand sam-

ples. The ‘A’ eluate samples were filtered for subsequent

virus and protozoa analyses, and thus, a larger eluate

volume was needed. The mass of sand used for the ‘dry’,

‘wet’ and ‘inundated’ samples was varied to take into

account the differences in moisture content between these

sand types, with an effort to maintain a sand mass to vol-

ume eluate ratio of 20 g to 1000 ml.

The weight of the sand used for the ‘A’ samples was 500,

1000 and 1500 g for dry, wet and inundated samples,

respectively. For the ‘B’ samples, the weight of the sand was

80, 160 and 240 g, respectively. The A sand samples were

placed into 25-l carboys and filled with sterile phosphate-

buffered saline (PBS) solution. The B samples were simi-

larly placed into 4-l containers and filled with sterile PBS

solution. All sand eluate samples were thoroughly mixed

for 10 min and allowed to settle for 3 min. The supernatant

or eluate was then split for subsequent microbe analyses.

The ‘A’ samples were split into six aliquots: a 1-l sam-

ple for enterococci, yeast, faecal coliform, Escherichia coli,

Clostridium perfringens, Staphylococcus aureus measure-

ments by membrane filtration (MF); a 1-l sample for

qPCR and CS analysis of enterococci and qPCR analysis

of Bacteroidales; a 500-ml sample for the analysis of poly-

omavirus; a 500-ml sample for the analysis of Vibrio vul-

nificus, human-specific enterococci esp gene in

Enterococcus faecium and coliphage; and two 10-l aliquots

(one for enterovirus and one for protozoa filtration and

analysis). The ‘B’ samples were split into four aliquots

identical to the ‘A’ sample, with the exception that the

two 10-l aliquots for virus and protozoa analyses were

not included. Thus, all sand samples (with the exception

of protozoa and enterovirus analysis) were analysed in

duplicate within two separate sand aliquots (n = 36 for

all microbes except protozoa and enterovirus, n = 18).
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Microbial analysis

Three different methods were used to enumerate entero-

cocci: membrane filtration (MF), chromogenic substrate

(CS) and quantitative polymerase chain reaction (qPCR)

using the entero1 assay (Haugland et al. 2005; Siefring

et al. 2008). Additional bacterial indicators (faecal coli-

form, E. coli and C. perfringens) were evaluated by MF.

The viral indicators [somatic (F)) coliphages and male-

specific (F+)] were analysed according to the standard sin-

gle agar layer procedure (USEPA 2001a). Samples for yeast

analysis were processed by MF (using Sabouraud dextrose

agar, Vogel et al. 2007), followed by morphological differ-

entiation from growth on agar plates (red colonies = non-

pathogenic, cream or white colonies = potentially patho-

genic). The colonies were subsequently identified to

determine the presence of the specific potential human

pathogens Candida tropicalis, Candida albicans, Candida

guilliermondii, Candida glabrata and Candida parapsilosis.

Species detection and identification were assessed with

Luminex 100 (Luminex Corp., Austin, TX, USA), a spe-

cialized flow cytometer equipped with a dual laser system

that allows the simultaneous detection of different target

DNA sequences in a multiplex and high-throughput for-

mat (Diaz et al. 2008). Microbial source tracking (MST)

markers analysed by qPCR methods were as previously

described and included human-specific Bacteroidales assay

BacHum-UCD (Kildare et al. 2007), HF8 [modified from

Bernhard and Field (2000a), Bernhard and Field (2000b)

as described in Sinigalliano et al. (2010)] and canine-spe-

cific Bacteroidales assay DogBac [modified from Dick et al.

(2005) as described in Sinigalliano et al. (2010)]. MST

markers analysed by endpoint PCR were also as previously

described and included human-specific esp gene of

Ent. faecium (Scott et al. 2005) and human polyomaviruses

(HPyVs) BK and JC (McQuaig et al. 2006).

Pathogens evaluated included bacteria [Staph. aureus

including methicillin-sensitive (MSSA) as described by

Mertz et al. (2007) and Plano et al. (2011), methicillin-

resistant (MRSA) strains as described by Shopsin et al.

(1999) and V. vulnificus by nonquantitative MF on VVA

agar (Kaysner and DePaola 2004) with confirmation by

PCR (Gordon et al. 2008)], protozoa [Cryptosporidium

spp. and Giardia spp. via immunomagnetic separation,

fluorescent staining, followed by microscopy, (USEPA

2002)] and viruses [enterovirus via culture, (USEPA

2001b) with identification via transmission electron

microscopy, TEM]. Helminthes were quantified using

microscopic methods (Sloss et al. 1994).

All microbes analysed by MF methods are reported in

units of colony-forming units (CFU) per 100 ml of water

or CFU g)1 of dry sand. Similarly, enterococci analysed

by CS and viruses analysed by cell culture methods were

reported in units of most probable number (MPN). All

microbes analyzed by qPCR are reported in Genomic

Equivalent Units (GEU) per 100 ml with the exception of

the canine-specific Bacteroidales assay which is reported

in units of target sequence copies, TSC, which utilized a

plasmid control as opposed to genomic controls.

The enterococci MF analysis was conducted according

to EPA method 1600 (USEPA 2002). Enterococci analysed

by CS were based upon the commercial Enterolert� assay

(IDEXX Laboratories, Inc., Westbrook, ME, USA) and fol-

lowed the manufacturer’s instructions with sample

volumes of 10 and 2 ml diluted to 100 ml and placed in a

tray (Quantitray-2000�; IDEXX Laboratories, Westbrook,

ME), which permitted enumeration based upon a MPN.

DNA extraction for enterococci qPCR and for qPCR of

Bacteroidales markers included amendment with extrac-

tion recovery controls and inhibition controls as previ-

ously described (Siefring et al. 2008; Sinigalliano et al.

2010). The microbial population from water samples and

sand eluate samples (1000 ml) were collected by filtration

through sterile 0Æ45-lm pore size, 47-mm cellulose nitrate

membranes (Whatman, Piscataway, NJ). The filters were

then rolled up and placed in bead-beating tubes (Fast-

Prep� Lysing Matrix ‘E’; MP Biomedicals, Solon, OH).

Filters were then amended by addition of 1 · 105 cells

from an extraction control cell suspension (washed Lacto-

coccus lactis cells) for use in the subsequent determination

of extraction recovery efficiency and assessment of poten-

tial sample inhibition as previously described (Siefring

et al. 2008; Sinigalliano et al. 2010). Total genomic DNA

was extracted from the filters using the Fast DNA� Spin

Kit (Cat no. 6540-600; MP Biomedicals) as per kit

instructions and eluted in a final volume of 100 ul. Puri-

fied DNA extracts were separated into replicate aliquots

and stored at )80�C until analysis.

Sand samples analysis included all microbes, while

water samples included all microbes except coliphage

(somatic and F+), esp gene in Ent. faecium, HPyVs, hel-

minthes, V. vulnificus, Cryptosporidium sp., Giardia spp.

and enterovirus. More details about the microbial analysis

methods used (including qPCR primer and probe

sequences, extraction recovery controls, inhibition assess-

ment and generation of standard curves) can be found in

Data S1.

Statistical tests

The data were tested for normality using Microsoft Excel,

xl stat (Addinsoft USA, New York, NY, USA). Initial

analysis indicated that some of the data were not

normally distributed; therefore, the nonparametric Mann–

Whitney U-test was used to evaluate statistical differences

between two sets of data. Correlation (R values) between
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data sets was evaluated using xl stat using the nonpara-

metric Spearman rank order test. Correlation values were

reported for data sets with more than 10% positive sam-

ples [n ‡ 4], and therefore, the following microbes were

excluded from the statistical analysis on this basis: MRSA,

Cryptosporidium spp., Giardia spp., enterovirus, human

Bacteroidales (UCD) marker, C. guilliermondii, C. glabrata

and C. parapsilosis. For statistical tests between environ-

mental parameters and microbes, the central tendency or

mean of the microbe concentration in the sand for that

given day was tested against that same day’s environmen-

tal parameter in a 1 : 1 manner. Water samples were not

assessed statistically given the low number of total

samples (n = 6).

Results

Environmental parameters

Hydrometeorological and physical ⁄ chemical parameters

were relatively consistent between sampling days, with the

mean and standard deviations for solar radiation

(28Æ0 ± 0Æ6 W m)2), wind speed (7Æ3 ± 2Æ2 m s)1) and

tidal height (1Æ9 ± 0Æ4 m) at typical levels for this site.

However, the first three sampling days had an average

tidal height of 0Æ7 m lower than the last 3 days. Relatively

dry conditions preceded the first three sampling days with

only 2 mm of rainfall on 1 August (the day before the

first 3-day sampling event) and no additional rain during

the following 2 days. The second set of three sampling

dates (17–19 August) were wetter, with 74 mm of rainfall

2 days prior to the 17th with 3 mm occurring within

24 h prior and 1Æ3 mm occurring 6 h prior. Rainfall was

also detected shortly after sampling on 17th August

(0Æ8 mm) and 18th August (16 mm), but none of these

rainfall events occurred within 6 h prior to sampling the

next day. Zero to two swimmers and 0–1 dogs were

observed within 100 m of the sampling area during the

sampling period on all of the sampling days.

For the water samples, the physical ⁄ chemical character-

istics were typical of subtropical marine environments

(average temperature of 25Æ7 ± 2Æ5�C, salinity of

33Æ7 ± 1Æ2 psu, turbidity of 5Æ1 ± 1Æ5 NTU and pH of

7Æ8 ± 0Æ2). For all the sand samples, the average tempera-

ture in situ was 29Æ6 ± 0Æ8�C. The moisture content of

the sand increased between the three different sample

types: dry (8Æ4 ± 5Æ2%), wet (20Æ4 ± 1Æ0%) and inundated

(24Æ7 ± 0Æ03%). The volatile organic content of the sand

was 1Æ1 ± 0Æ7% and the average grain size, d50, was

0Æ35 ± 0Æ01 mm for dry, 0Æ28 ± 0Æ02 mm for wet and

0Æ39 ± 0Æ11 mm for inundated sand. Twenty-four hour

rainfall inversely correlated with temperature (�C) of the

sand samples (r = )0Æ56, P = 0Æ001).

Enterococci analysis methods

For the water samples, enterococci using the MF method

ranged from <2 to 290 CFU 100 ml)1 with an average of

99 ± 90 CFU 100 ml)1. For the CS method, enterococci

levels ranged from <2 to 355 MPN 100 ml)1 with an

average of 162 ± 145 MPN 100 ml)1. For the qPCR

method, enterococci levels ranged from 9 to 167 GEU

100 ml)1, with an average of 57 ± 59 GEU 100 ml)1

(Fig. 1).

For sand, results between the different analysis methods

and different types of sand, although variable (Fig. 1),

were not statistically different between methods (P = 0Æ46

for MF and CS, P = 0Æ06 for MF, and qPCR, P = 0Æ19 for

CS and qPCR) when comparing all samples analysed by

each method regardless of sampling location. Enterococci,

in sand, as measured by MF were strongly and statistically

significantly correlated with enterococci measured by CS

(r = 0Æ94; P < 0Æ001); the results from qPCR were not

correlated with either MF or CS (Table 1).

Microbial indicators

In the water samples, faecal coliform, E. coli and

C. perfringens data ranged from 50 to 650, 50 to 3410 and

2 to 170 CFU 100ml)1, respectively, for the six sampling

days (Fig. 1). In the sand samples, faecal coliform, E. coli

and C. perfringens data ranged from 0Æ31 to 11 100, 0Æ32

to 233 and 0Æ31 to 116 CFU g)1, respectively, for the six

sampling days (Fig. 1). Coliphage identification in sand

revealed ubiquitous presence of somatic coliphage, but no

coliphage with the F+ gene.

Strong and significant inverse correlations were

observed between sand moisture content and indicator

microbe levels [faecal coliforms (r = )0Æ82; P < 0Æ001),

enterococci by MF (r = )0Æ82; P < 0Æ001), enterococci by

CS (r = )0Æ76; P < 0Æ001) and enterococci by qPCR

(r = )0Æ56; P = 0Æ001)], reflecting the significant differ-

ences between the sampling locations (dry, wet and inun-

dated) (Fig. 1). The microbial indicator, C. perfringens

showed the opposite trend with a positive and significant

correlation with moisture content (r = 0Æ50; P = 0Æ002)

(Fig. 1). Analysing relationships between indicator

microbes, showed that enterococci measured by MF

strongly and significantly correlated with faecal coliforms

(r = 0Æ83; P < 0Æ001) (Table 1).

Over the course of the last three sampling days, water

samples exceeded the EPA recommended regulatory

guideline (104 CFU 100 ml)1), with an average of

169 CFU 100 ml)1 in comparison with 29 CFU 100 ml)1

during the first 3 days for enterococci by MF; comparable

observations were made for enterococci by CS and qPCR.

For sand, values were statistically greater by qPCR (for
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enterococci) during the last 3 days when compared to the

first 3 days for dry (P = 0Æ04), wet (P = 0Æ002) and inun-

dated (P = 0Æ002) sand samples, but the same statistical

significance was not observed in the sand samples for MF

and CS (P > 0Æ05).

Yeasts

The yeast colonies on each growth plate were counted in

groups based on colony colour: red, which is indicative of

the basidiomycetous yeast genus Rhodotorula, and cream

and white, which may include both ascomycetous and

basidiomycetous yeasts. The focal points for identifications

were specific human pathogens (C. tropicalis, C. albicans,

C. guilliermondii, C. parapsilosis and C. glabrata) which

sampling demonstrated were restricted to the white

colonies.

The results of the water samples showed means of 12,

2 and 36 CFU 100 ml)1 for, red, cream and white yeasts,

respectively (Fig. 1). Candida tropicalis was found in two

water samples, one collected on Day 1 (10 CFU 100 ml)1)

and one on Day 5 (2 CFU 100 ml)1), with an average of

2 ± 4 over the six sampling days (Fig. 1). Candida

guilliermondii was found on Day 2 (80 CFU 100 ml)1),

whereas C. glabrata was recorded from Day 6

(80 CFU 100 ml)1), both with averages of 13 ± 31 over

the six sampling days (Fig. 1).

The yeast cell counts were generally more elevated in

the sand samples as compared with water samples; how-

ever, in the sand samples, the majority of the yeasts were

represented by red yeasts, unlike water where white yeasts

were the majority (Fig. 1). Candida tropicalis showed the

highest frequency among white yeasts with an average of

15 CFU g)1 (values averaged across sand types) (Fig. 1).

Other pathogenic yeasts yielded averages of 1Æ1, 1Æ3
and 1Æ3 CFU g)1 (C. guilliermondii, C. glabrata and

C. parapsilosis, respectively) in sand (values averaged

across sand types) (Fig. 1).
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Figure 1 Average CFU g)1 or CFU 100 ml)1

for microbial indicators and pathogens in

water samples and in dry, wet, and inundated

sands. Error bars correspond to the standard

deviation of duplicate measures. (n) Dry; ( )

wet; ( ) inundated and (h) water.
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In the sand samples, red yeasts were found to corre-

late strongly and significantly with white yeasts

(r = 0Æ69; P < 0Æ001). In addition, red yeasts (r = )0Æ82;

P = 0Æ03) and white yeasts (r = )0Æ54; P = 0Æ001) were

found to significantly and inversely correlate with mois-

ture content (Table 1). Forty-eight hour rainfall posi-

tively correlated significantly with white yeasts (0Æ50;

P = 0Æ002) (Table 1). In reference to other indicator

microbes, red yeasts correlated significantly and posi-

tively with enterococci by MF (r = 0Æ76; P < 0Æ001) and

faecal coliforms (r = 0Æ85; P < 0Æ001) (Table 1). White

yeasts also correlated with faecal coliforms (r = 0Æ78;

P < 0Æ001) (Table 1).

No other significant correlations were identified

between yeast species and other microbial indicators.

There was no statistical difference between dry, wet or

inundated sand samples for any of the Candida species.

MST markers and bacterial pathogens

All sand samples were below detection limits for polyo-

mavirus, while the human-specific esp gene in Ent. fae-

cium was detected in 9 of 36 samples (three detects in dry

samples, one in wet sample and five in inundated sam-

ples), with no statistical differences found between sand

types (Table 2), and no significant correlation with

environmental parameters. In addition, six of the nine

positive samples for the esp gene in Ent. faecium were

observed within the last 3 days. Total Bacteroidales levels

averaged 427 000 GEU g)1 for all samples with high

variance between individual days (Table 2) with the high-

est levels observed for wet sand. The human-specific Bac-

teroidales marker (BacHum-UCD) was found in low

abundance and in only two samples (dry-Day 1 and inun-

dated-Day 4) (Table 2). The human-specific Bacteroidales

HF8 marker was not found in any sand sample (Table 2).

Relatively high levels of canine-specific Bacteroidales Dog-

Bac marker were observed in the sand with the highest

levels in dry (904 TSC (Target Sequence Copies) g)1) and

lower levels in wet (335 TSC g)1) and inundated sand

(352 TSC g)1) (Table 2). Nine of the 11 positive samples

for dog Bacteroidales occurred during the last 3 days of

sampling, in comparison with the two remaining positive

samples on the first 3 days of sampling. No statistical dif-

ference was noted between sand types for any Bacteroi-

dales type.

Vibrio vulnificus was found ubiquitously throughout all

sand samples (Table 2). Staphylococcus aureus levels ran-

ged from 0Æ5 to 66 CFU g)1 in the nine positive sand

samples with an average of 6Æ0 CFU g)1 (Table 2). MRSA

was found in three of the sand samples, and all MRSA

samples were found in the dry sand (Table 2).

Protozoa and viral pathogens

Cryptosporidium spp. was detected at 0Æ63 oocysts per

100 g sand in a wet sand sample on Day 4. Giardia spp.

was below the detection limit of 0Æ2 cysts per 100 g dry

sand in all of the samples. Enterovirus was detected at 1Æ4
infectious units per 100 g in a dry sand sample on Day 5

and at 0Æ24 infectious units per 100 g in an inundated

sand sample on Day 6. Subsequent TEM analysis con-

firmed the presence of viruses in these samples (See

Data S1 for representative images).

Helminthes

Helminthes sand analysis revealed ten positive samples

for nematode larvae and four positive samples for nema-

tode eggs. For nematode larvae, values ranged from 0 to

74 larvae per 100 g sand with averages of 27Æ6 (dry), 3Æ4

Table 1 Significant correlations in sand samples observed between

different microbes and between microbes and environmental parameters

using the nonparametric Spearman rank order method. Statistically

significant correlations were characterized by P-values <0Æ05. Correla-

tion values were computed for data sets with more than 10% positive

samples [n ‡ 4]. MRSA, Cryptosporidium, enterovirus, human Bacteroi-

dales (UCD) marker, Candida glabrata, Candida guilliermondii and

Candida parapsilosis were excluded on this basis

Organism Correlated with r P

Enterococci (MF) Moisture content (%) )0Æ822 <0Æ001

Enterococci (CS) 0Æ939 <0Æ001

Faecal coliform 0Æ831 <0Æ001

Red yeasts 0Æ758 <0Æ001

White yeasts 0Æ748 <0Æ001

Nematode larvae 0Æ800 <0Æ001

Enterococci (CS) Moisture content (%) )0Æ755 <0Æ001

White yeasts 0Æ819 <0Æ001

Nematode larvae 0Æ740 <0Æ001

Enterococci (qPCR) Moisture content (%) )0Æ558 0Æ001

Total Bacteroidales (AllBac) 0Æ822 <0Æ001

Faecal coliform Moisture content )0Æ816 <0Æ001

Red yeasts 0Æ852 <0Æ001

White yeasts 0Æ782 <0Æ001

Nematode larvae 0Æ789 <0Æ001

C. perfringens Moisture content (%) 0Æ504 0Æ002

Red yeast Moisture content )0Æ815 0Æ025

White yeasts 0Æ690 <0Æ001

Nematode larvae 0Æ701 <0Æ001

White yeast Moisture content (%) )0Æ543 0Æ001

48-h rainfall 0Æ503 0Æ002

Nematode larvae 0Æ607 <0Æ001

Nematode larvae Moisture content (%) )0Æ761 <0Æ001

Nematode eggs 0Æ619 <0Æ001

Temperature (sand) )0Æ651 <0Æ001

48-h rainfall 0Æ620 <0Æ001

MF, membrane filtration; CS, chromogenic substrate.
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(wet) and 1Æ0 (inundated) larvae per 100 g sand; nema-

tode eggs were only found on Days 4 and 5 (Table 2).

Significant correlations were noted between nematode

eggs in the sand and environmental factors such as sand

temperature (r = )0Æ65; P < 0Æ001) and 48-h rainfall

(r = 0Æ62; P < 0Æ001) (Table 1). Moisture content

significantly and inversely correlated with the number of

nematode larvae in the sand (r = )0Æ76; P < 0Æ001)

(Table 1). Nematode larvae were also found to positively

and significantly correlate with several indicator microbes

and pathogens such as enterococci by MF (r = 0Æ80;

P < 0Æ001), enterococci by CS (r = 0Æ74; P < 0Æ001), faecal

coliforms (r = 0Æ79; P < 0Æ001), red yeasts (r = 0Æ70;

P < 0Æ001) and white yeasts (r = 0Æ61; P < 0Æ001)

(Table 1). The results also indicated a significant positive

relationship between nematode eggs and larvae (r = 0Æ62;

P < 0Æ001) (Table 1).

Discussion

As a pilot study at a non-point source subtropical recrea-

tional beach, this investigation evaluated the presence and

distribution of pathogens in beach sands and assessed

their relationship with environmental parameters and

indicator microbes. Given prior studies at non-point

source beaches that demonstrate human illness, but not

necessarily a link between the indicator microbes and

human health outcomes (Colford et al. 2007; Fleisher

et al. 2010), the aim of this research was to explore sand

as an environmental reservoir of indicator microbes and

pathogens, thus representing one step towards identifying

a possible cause for the human health outcomes. The

uniqueness of this research was in the study of several

different classes of indicator microbes and pathogens

(including bacteria, viruses, protozoa, yeasts and helmin-

thes) in different sand zones (dry, wet and inundated) as

potential sources for water contamination.

Indicator microbes and MST markers

The choice of analytical methods for all indicator

microbes may be a significant source of variance that

should be considered in beach monitoring and research.

However, the juxtaposition of enterococci detection

methods revealed no statistical difference between MF, CS

and qPCR methods in sand, although previous data had

noted that qPCR measurements were generally higher in

sand (Abdelzaher et al. 2010) and water (Haugland et al.

2005; Sinigalliano et al. 2007). This lack of statistical

difference may have been attributed to the relatively large

range of concentration values between the different

sampling zones and the relatively few numbers of sam-

ples. Significant correlations for enterococci in sand were

noted between MF and CS; however, correlations were

Table 2 Averages of microbial indicators, microbial source tracking markers and pathogens. Samples measuring below detection limit were set at

½ the detection limit value for computational purposes and if all data points within a set (water, dry, wet, inundated) were below detection, then

the ½ detection limit value is preceded below by ‘<’. Yeast levels and remaining microbial indicators are provided in Fig. 1. Expanded data tables

are provided in the Data S1

Averages Water (100 ml)1)

Sand

Dry Wet Inundated Units

Somatic coliphage NA 12 ⁄ 12 12 ⁄ 12 12 ⁄ 12 No. positive per total

F+ coliphage NA 0 ⁄ 12 0 ⁄ 12 0 ⁄ 12 No. positive per total

Total Bacteroidales (AllBac) 18 000 150 000 826 000 304 000 GEU per g dry sand

Bacteroidales (human UCD) 0Æ9 0Æ8 <0Æ6 1Æ0 GEU per g dry sand

Bacteroidales (human HF8) <0Æ5 <0Æ5 <0Æ5 <0Æ5 GEU per g dry sand

Bacteroidales (dog) 71 904 335 352 TSC per g dry sand

esp gene in Enterococcus faecium (human) NA 3 ⁄ 12 1 ⁄ 12 5 ⁄ 12 No. positive per total

Polyomavirus (HPyVs) NA 0 ⁄ 18 0 ⁄ 18 0 ⁄ 18 No. positive per total

Staphylococcus aureus <1 12Æ5 1Æ9 <1Æ2 CFU per g dry sand

MRSA <1 5Æ0 <1Æ2 <1Æ2 CFU per g dry sand

Vibrio vulnificus NA 12 ⁄ 12 12 ⁄ 12 12 ⁄ 12 No. positive per total

Cryptosporidium spp. NA 0 ⁄ 12 1 ⁄ 12* 0 ⁄ 12 No. positive per total

Giardia spp. NA 0 ⁄ 12 0 ⁄ 12 0 ⁄ 12 No. positive per total

Enterovirus NA 1 ⁄ 12� 0 ⁄ 12 1 ⁄ 12� No. positive per total

Nematode larvae NA 27Æ7 4Æ0 1Æ7 Number per 100 g sand

Nematode eggs NA 6Æ4 1Æ2 1Æ5 Number per 100 g sand

NA, not analysed; MRSA, methicillin-resistant Staph. aureus.

*Sample concentration of 0Æ63 oocysts per 100 g sand for the one positive sample.

�Sample concentration of 1Æ4 per 100 g sand for the one positive dry sample and 0Æ24 per 100 g sand for the one positive inundated sample.
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not noted between qPCR and other methods; this has

been shown in prior research and might be explained by

the fact that qPCR can also detect target DNA from non-

viable and nonculturable cells, whereas the culture-based

methods only detect viable cells (Abdelzaher et al. 2010).

Spatial differences were demonstrated for indicator

microbes (enterococci, faecal coliforms, E. coli), because

3–10 times more indicator microbes were detected in the

dry sand vs the water samples. Additionally, indicator

microbes in the dry sand always resulted in the highest

CFU g)1 compared with the wet and inundated sand

samples (with the exception of C. perfringens). Negative

correlations were identified between indicator microbes

and moisture content except for C. perfringens which had

a positive correlation with moisture content. This con-

firms the fact that indicator microbes are found in sand

and are found in higher concentrations in dry sand vs

water samples and in both wet and inundated sand (Alm

et al. 2003; Bonilla et al. 2007; Abdelzaher et al. 2010;

Wright et al. 2011).

Temporal differences were demonstrated for indicator

microbes in water samples specifically between the first

and last 3 days. Over the course of the last 3 days, water

samples exceeded the EPA recommended regulatory

guideline for enterococci (104 CFU 100 ml)1) with an

average of 169 CFU 100 ml)1 in comparison with

29 CFU 100 ml)1 over the first 3 days for enterococci by

MF and comparable values by CS and qPCR. For sand,

statistical tests demonstrated that enterococci measure-

ments by qPCR were significantly greater during the last

3 days when compared with the first 3 days for dry, wet

and inundated samples, but the same statistical signifi-

cance was not observed for MF and CS measurements.

The reason for these temporal differences in entero-

cocci values in water samples by all three analysis meth-

ods and sand samples by qPCR may be related to changes

in tide and precipitation. Although all sampling occurred

approx. 1 h after peak high tide, the first three sampling

days had an average tidal height of 0Æ7 m lower than the

last 3 days. The effects of tidal height may be a natural

contributor to the detachment of indicator microbes in

sand and subsequent release in the water. The last 3 days

were characterized by wetter conditions relative to the

first 3 days, which suggests ‘wash in’ of enterococci

during rain events. Both run-off during rain events

(Rogerson et al. 2003; Jiang et al. 2007; Abdelzaher et al.

2010) and elevated tide (Shibata et al. 2004; Boehm and

Weisberg 2005; Abdelzaher et al. 2010; Wright et al.

2011) are known to increase enterococci values in the

water column via washing in from the sand.

MST markers also displayed temporal and spatial dif-

ferences throughout the sampling zones. Specifically, the

average of the canine-specific MST marker samples in dry

sand was 2–3 times more than wet and inundated sand.

Some MST markers also revealed increased temporal

variability similar to the indicator microbes. Nine of the

11 positive samples for canine-specific Bacteroidales and

six of the nine positive samples for the esp gene in

Ent. faecium were observed within the last 3 days of

sampling, possibly also because of the increased rainfall

and tidal height on the last three sampling days. How-

ever, other MST markers did not show similar spatial or

temporal trends possibly because of the rarity of detects.

Pathogens

In a study conducted by WHO ⁄ UNEP (1994), sand sedi-

ments were identified as a necessary component of micro-

biological studies to evaluate health risks. Some studies

have shown that beach sand does not pose a significant

health risk because of the lack of infectious hazards

(Chabasse et al. 1986), while other studies have corrobo-

rated the relationship of beach sand to health factors. For

example, a study published by Heaney et al. (2009) indi-

cated a positive association between persons digging in

the sand and the development of reported gastrointestinal

illnesses, with an even stronger correlation noticed for

those who reported burial in sand.

A variety of pathogens were identified and quantified in

this study including pathogenic yeasts (C. tropicalis,

C. guilliermondii, C. glabrata, C. parapsilosis), pathogenic

bacteria (Staph. aureus including MRSA and V. vulnificus),

protozoa (Cryptosporidium spp.), viruses (enterovirus) and

helminthes. Spatial and temporal differences similar to

those seen for indicator microbes were noted for some of

the pathogens detected in this study. Staphylococcus aureus,

yeasts and nematode larvae were more abundant in the dry

sand compared with the water and other sand samples,

while MRSA was only observed within the dry sand.

Staphylococcus aureus was 3–4 times higher in dry sand

than in wet and inundated sand. Nematode larvae were

observed ten times more in dry sand than in wet or

inundated sand. Positive correlations were noted between

indicator microbes and both white yeasts and nematode

larvae. Vibrio vulnificus was found ubiquitously in all

sand samples, which is consistent with previous studies

(Sinigalliano et al. 2007).

Evaluating temporal trends for the pathogens, the one

Cryptosporidium spp. detect (in wet sand), two enterovi-

rus detects (in dry sand and inundated sand) and seven

of nine samples of Staph. aureus (two of three MRSA)

samples occurred on the last 3 days of sampling when the

tide was the highest and higher precipitation occurred.

These observations are consistent with the hypothesis that

indicator microbes indirectly monitor several pathogens

through common factors, at least in sand. However, for
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pathogens such as Cryptosporidium spp., Giardia spp.,

enterovirus, generalizations about the predictive ability of

indicator microbes are made with caution owing to the

sparseness and rarity of detects.

Other studies have also detected many of the pathogens

detected in this study in beach sand. Enterovirus was

found in beach sand and seawater at low, variable levels

depending on holiday season (Nestor et al. 1984). Vogel

et al. (2007) found 21 different species of yeasts at three

different beaches in South Florida in 17 collections

distributed over 1 year’s period. Previous studies have

also shown the presence of pathogenic helminthes such as

stronglydia, Toxocaris leonina and Toxocaris spp. in beach

sand (Paquet-Durand et al. 2007). These helminthes have

been shown to cause mild to severe forms of dermatitis,

skin ulcers and a variety of GI conditions including

bloody diarrhoea and GI inflammation (Warrington

2001).

Overall, the results indicate that the sand may be a

potential reservoir as well as the avenue of release to the

water column (Oshiro and Fujioka 1995; Ferguson et al.

2005; Yamahara et al. 2007), for both indicator bacteria

and pathogens at non-point source marine beach waters.

This suggestion provides a route of possible exposure for

human health effects at non-point source beaches and

suggests that indicator organisms may be useful in

predicting this risk at non-point source beaches.

Recommendations

The presence of the pathogens found in this study can

potentially represent a significant health risk to beach

goers, and a risk analysis should be conducted to analyse

the risk to sand exposure. For example, for enterovirus in

particular, a dose as low as 1–2 infectious units could pro-

duce infection as observed by previous studies (Koporski

1955; Suptel 1963), and for Cryptosporidium spp., 2–10

oocysts in water have been observed to cause infections

(Jenkins et al. 1997; Chen et al. 2003). Ultimately, the data

from the current study may also be used in risk assess-

ment models to estimate the human health implications

of activities such as playing in the sand or water bathing.

The rare incidence of pathogen isolation does not nec-

essarily equate to a lower risk for bathers. Differences in

actual presence of pathogens and detected pathogens may

be significant because of technical inabilities to accurately

measure all pathogens in the sand. Pathogens may reside

on the sand surface, in crevices, or may also reside in

biofilms that adhere to sand, which would complicate

pathogen quantification (Wang et al. 2010). To avoid

these complications, a multiple method study to explore

pathogenic presence in sand may be helpful in determin-

ing the most effective measurement protocol.

Because of the broad nature of this study, fiscal limita-

tions set hurdles for the definitive modelling of pathogen

relations and interactions in the sand. A more complete

and extensive study of pathogens in the sand at other

non-point source beaches would help explore the nature

of pathogens in subtropical environments and would sup-

port the need for monitoring beach sand. Another study,

similar to the one conducted by Hartz et al. (2008) on

E. coli, investigating the survivability of pathogens in a

controlled beach environment would also provide insight

into the general trends of pathogen survival in sand.

Although indicator bacteria did not correlate consis-

tently with pathogens in this study, the fact that both can

originate from sand and that correlations were noted

between certain pathogens and indicator microbes

provides value to measurements of indicator bacteria as

predictors of health effects from pathogens at non-point

source subtropical marine beaches.
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