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ABSTRACT: Currently no U.S. federal guideline is available for assessing risk
of illness from sand at recreational sites. The objectives of this study were to
compute a reference level guideline for pathogens in beach sand and to
compare these reference levels with measurements from a beach impacted by
nonpoint sources of contamination. Reference levels were computed using
quantitative microbial risk assessment (QMRA) coupled with Monte Carlo
simulations. In order to reach an equivalent level of risk of illness as set by the
U.S. EPA for marine water exposure (1.9 × 10−2), levels would need to be at
least about 10 oocysts/g (about 1 oocyst/g for a pica child) for
Cryptosporidium, about 5 MPN/g (about 1 MPN/g for pica) for enterovirus,
and less than 106 CFU/g for S. aureus. Pathogen levels measured in sand at a
nonpoint source recreational beach were lower than the reference levels. More
research is needed in evaluating risk from yeast and helminth exposures as well
as in identifying acceptable levels of risk for skin infections associated with sand exposures.
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of RWIs, particularly gastrointestinal (GI) illness and diarrhea8
and illness was found to be associated with levels of
enterococci.9 Although there are potential human health
implications no guidelines have been established for FIB or
pathogens levels in beach sands. So when a regulator is faced
with a decision about the potential health impacts from beach
sands, there is no benchmark available with which to decide
whether or not the measured levels of microbes in the sand are
cause for concern.
Studies that relate levels of microbial contaminants in sands
in relation to acceptable levels of human health risks are few.
Heaney et al.9 found an association between indicator microbe
levels in sand and GI illness and diarrhea among beach goers
who dig or bury themselves in sand. This study is very
significant as it documents the need to further evaluate sand
contact activities as a cause of illness at beach sites. The next
step is to link the measured microbe levels in sand with risk.
This link can be established through additional epidemiologic
studies which are costly, difficult to conduct, and often show
lack a clear relationship between FIB and GI illnesses. In the
interim, quantitative microbial risk assessment (QMRA) may
be a useful alternative to epidemiologic data to predict potential
human health risks.6,10,11 Although QMRA has been developed
for evaluating risks from swimming at recreational marine

INTRODUCTION
Regulatory agencies monitor recreational water based on fecal
indicator bacteria (FIB) such as Escherichia coli (E. coli) and
enterococci because epidemiologic studies have shown that
concentrations of FIB in recreational water impacted by
effluent from publically owned treatment works (POTW)
(i.e., point sources of sanitary sewage) were correlated with
recreational water illnesses (RWIs). The acceptable levels of
risk of gastrointestinal illness from exposure to marine
recreational water per visit is established in the U.S. at 1.9 ×
10−2 (or 19 cases per 1000 swimmers) which then leads to the
reference level of 35 CFU per 100 mL for enterococci. This
differs from fresh water criteria which established an acceptable
level of 33 CFU per 100 mL for enterococci and 126 for E. coli
resulting in a risk of 8 × 10−3.1
Although rare, direct sewage spills onto beach sands can
represent a concentrated source of pathogenic microbes to
sand.2 More common scenarios is contamination of beach sand
from nonpoint sources even without impacts from POTW.3−5
Few studies link potential human health outcomes to the
microbe levels found in sand.6 Whitman et al., 2009,7 who
evaluated hand-mouth transfer of E. coli from beach sand within
the freshwater Great Lakes region found that 11 individuals per
thousand would likely develop gastrointestinal symptoms if all
E. coli on the fingertip were ingested, which is close to the
acceptable level of 8 per 1000 for impacts from recreational
swimming at freshwater beaches. A recent large prospective
cohort study showed that beachgoers, who were playing with
sands by digging or being buried in the sand, had elevated risks
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Table 1. Values, Assumptions and References for Corresponding Parameters Used in the Monte Carlo Simulation
parameter
r
ED (hr)
SA (cm2)
SS
(g/cm2)
HM
(hr−1)
TE
IR (g/h)
ρ
(g/cm3)
D (cm)
PL

values used, assumptions, and references
4.202 × 10−3 for Cryptosporidium parvum.10 dose−response parameters for Poliovirus I were substituted for enterovirus, with 9.102 × 10−3 for Poliovirus
I.10 7.63 × 10−8 for S. aureus (number·days/cm2) (38, day 1 was used in this study).
Normal distribution. Mean (1.66) and standard deviation (0.247) (39 - time out of water)
triangular: minimum (17), Likeliest (20), maximum (24)). twenty is the recommended value for child exposure assessment.40 seventeen and 24
correspond to 5th and 95th percentiles assuming that 20 was the median for children between 1 to <5 yrs old41
for hands: log-normal distribution, geometric mean (4.9 × 10−4) and geometric standard deviation (8.2 × 10−3). For skin: uniform distribution for the
whole body exposure, minimum (1.7 × 10−4) to maximum (2.1 x10−2) based on hands, arms, legs, and feet.41−44
normal distribution: Mean (8.4) and standard deviation (10.6)41,45
triangular: minimum (0.14), Likeliest (0.16), Maximum (0.18). Based on average of thumb sucking, figure mounting, and palm licking42
Single value: 0.02 g/h for a child; 1 g/h for a pica child46
ρ = bulk density = (grain density)·(1-Porosity). Uniform for the grain density: minimum (2.5) to maximum (2.8).47 normal for the porosity: mean (0.46)
and standard deviation (0.06)48
normal distribution: Mean (0.035) and standard deviation (0.005)48
uniform: Cryptosporidium (0.005 − 0.12 oocysts/g), Enterovirus (0.005 − 0.014 MPN/g), S. aureus (0.2 − 42 CFU/g).18 used to estimate risk from case
study beach site. Substitute PL for RPL into the equations listed in the main text.

beach sites,12,13 it has not yet been used to evaluate microbial
risks from beach sands. This study aims to fill this information
gap by assessing risks from beach sands. The objective of this
study was to compute a reference level guideline for pathogens
via marine beach sand exposures and to compare these
reference levels with pathogen levels measured at a beach
impacted by nonpoint sources of contamination. Specifically
the QMRA was coupled with Monte Carlo simulations to
provide a range of uncertainty in acute infectious illness risks to
human health, in particular to children, from beach sands.

fecal indicators to pathogen levels. For these reasons, we chose
to develop reference guidelines levels for direct pathogen
measures as opposed to FIB. The pathogens we chose to
evaluate are those that were found at the study beach18 for
which dose−response relationships are available. Although
studies have also measured pathogenic yeasts18−20 or
helminthes18,21 in sands, no dose−response data is available
for these classes of microbes and so we were unable to compute
RPLs for these groups of microbes.
Risk Characterization. The reference risk level used for
computation purposes is the acceptable level of risk from
gastrointestinal illness for swimming in marine recreational
waters as specified by the U.S. Environmental Protection
Agency (1.9 × 10−2 illnesses per visit). This value was used for
both the pathogens that cause gastrointestinal illness
(Cryptosporidium and enterovirus) and those that cause skin
ailments (S. aureus). Typically acceptable risk levels are related
to the severity of the illness; however, these differences were
not incorporated as part of the current paper. Moreover,
another assumption was necessary as dose response relationships do not relate the probability of illness to exposure levels
but rather relate it to the probability of infection. For the
infection versus illness discrepancy we made a conservative
assumption that the probability of illness, (Pill = 1.9 × 10−2), is
equivalent to the probability of infection, Pinf. In the case of
evaluating potential illness risks to children a more conservative
assumption would be appropriate as studies show that children
have a higher illness risk than adults from beach sand
exposures.8
Dose−Response. An exponential model (eq 1) was used to
compute probability of infection (Pinf) from Cryptosporidium,
enterovirus, and S. aureus exposures.

■

MATERIALS AND METHODS
This study followed a QMRA framework, which consists of four
steps including hazard identification, dose−response, exposure
assessment, and risk characterization. For this current paper we
utilized this QMRA approach to compute reference pathogen
level (RPL) guidelines which essentially required identifying
which pathogens to evaluate (hazard identification) and then
determining an acceptable risk of illness for those pathogens
(risk characterization). From the acceptable risk level an
acceptable dose is computed (dose−response), and ultimately
the corresponding level of pathogen in the sands is computed
given an exposure scenario (exposure assessment). Results were
compared with actual measured pathogen levels at a nonpoint
source-impacted sub/tropical marine beach located in Miami,
FL (Hobie Cat Beach) and the computation procedure was
reinvoked to compute risks at the case study beach. Uncertainty
of the estimations was evaluated through Monte Carlo
simulations (Oracle Crystal Ball, Redwood Shores, CA). One
million simulations were run for each scenario/equation
combination.
Hazard Identification. Microbes from all major groups
(bacteria, protozoa, viruses, fungi/yeasts, and helminthes) can
be transmitted through waterborne routes and, as such, are
organisms that are of concern in the beach environment.
QMRA requires knowledge of pathogen levels in order to
evaluate risk. Studies are numerous that measure levels of fecal
indicator bacteria in beach sands.14−16 However FIB are not the
critical pathogens of concern; they indicate the possible
presence of more infectious pathogens. Establishing ratios of
FIB to pathogen levels is particularly cumbersome as these
ratios depend upon the source and fate of both the indicators
and pathogens in the environment.17 Moreover, little is known
about the fate of FIB and pathogens in beach sands which
would further compound difficulties in establishing ratios of

Pinf = 1 − exp( − rN )

(1)

Where: Pinf = probability of infection, N = number of pathogens
per exposure, and r = exponential dose−response relationship.
The units of N are in absolute numbers for oral exposures and
in numbers per unit surface area of skin for dermal exposures.
Values of r used for modeling purposes are given in Table 1.
Rearranging eq 1 results in:
N=
2800

ln(1 − Pill)
r

(2)
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action and rainfall-runoff.30 Recently studies detected pathogens (e.g., Cryptosporidium spp.0.12 oocysts per gram of dry
sand, enterovirus0.014 MPN/g, Staphylococcus aureus42
CFU/g, Candida tropicalis143 CFU/g, and nematode
larvae0.74 per gram of dry sand) in the beach sand at the
study site.18,31 There has been no epidemiologic study
evaluating levels of pathogens in the beach sand and RWIs
up to date. However, it is well documented that these
microorganisms could pose a threat to public health.32−37

Exposure Assessment. The computation of the reference
pathogen level in sands, RPL, corresponding to the assumed
risk level is based upon the following equation.

RPL =

N
S

(3)

Where S corresponds to the mass of sands involved in the
exposure. Combining eqs 2 and 3 results in
RPL =

ln(1 − Pill)
r·S

■

(4)

Here the only unknown variable is S. Two different sets of S
were computed, one for oral routes, Soral, and another for
dermal routes, Sskin. The values of Soral, in units of sand mass,
was estimated using two simulation models (eqs 5 and 6) that
were dependent upon the exposure duration (ED) for a single
visit to the beach. Equation 5 is based upon explicitly
accounting for hand to mouth transfer of sand and includes
the following factors: surface area of skin mouthed (SA), sand
to skin adherence (SS), hand-to-mouth frequency (HM), and
transfer efficiency from hand to mouth (TE). Equation 6 is
based upon an overall sand ingestion rate (IR) which differs
depending upon two distinct categories of children, children
with normal eating behaviors and children with an eating
disorder known as pica. Pica is characterized by persistent
cravings to eat nonfood items. Pica is most common in people
with developmental disabilities and in children between the
ages of 2 and 3.22
Soral − a = SA·SS ·HM·TE·ED

(5)

Soral − b = IR·ED

(6)

For the pathogens evaluated that are transmitted via fecal oral
routes (Cryptosporidium and enterovirus), the computed
reference pathogen levels (RPLs) in the sand that would be
necessary to result in 1.9 × 10−2 probabilistic illness risk
differed depending upon the exposure simulation model and
the percentile of simulated exposures below the threshold risk
level. The RPLs (25th and 50th percentiles) for Cryptosporidium are on the order of 10−1000 oocysts/g for a normal child
and on the order of single digits for a pica child. For enterovirus
the computed range was from 5 to 500 MPN/g for a normal
child and in the single digits for the pica child. The RPLs that
may cause 50% of child beachgoers (without pica behavior) to
develop GI illnesses from Cryptosporidium and enterovirus from
the eq 5 was five times larger than based on eq 6 (Table 1). On
the other hand, the RPLs for 25th percentiles based on the eq 5
were about 1/10 of the 25th percentiles based on eq 6. Such
inconsistent differences were created by the fact that eq 6 has
only one variable (i.e., ED, note IR is constant) while eq 5 has
five variables (i.e., SA, SS, HM, and TE in addition to ED). The
RPLs for the pica child were more than fifty times lower (for
the geometric mean) than normal child based on eqs 5 and 6,
respectively.
A sensitivity analysis showed that for eq 5 the soil-skin
adherence factor (SS) contributed the most (60%) to the
variance followed by hand-to-mouth frequency factor (HM,
39%). The exposure duration (ED) contributed only 0.2% of
variance, skin surface area (SA) only 0.1%, and transfer
efficiency (TE) (<0.1%). For eq 6 the only variable was
exposure duration and as a consequence it contributed 100% of
the variance.
For the pathogen transmitted via skin (S. aureus), the
computed RPL (25th and 50th percentiles) in the sands that
would be necessary to result in 1.9 × 10−2 probabilistic illness
risk was on the order of 106 to 107 CFU/g. A sensitivity analysis
showed that the results from eq 8 were most sensitive to the
diameter of the sand grains (accounted for 61% of the
variance), followed by the porosity of the sand (36%) and grain
density (3%).
Comparing the measured levels of gastro-intestinal pathogens to the RPLs computed in this study (last row of Table 2),
the RPLs were orders of magnitude higher than the measured
levels of pathogens, thereby suggesting that the risk from
Cryptosporidium, enterovirus, and S. aureus are less than 1.9 ×
10−2. For the pathogen levels measured at the chosen study site,
risks from Cryptosporidium and enterovirus were less than 10−5
for a normal child and less than 10−4 for a pica child. For the
skin pathogen, the RPL was many orders of magnitude higher
than the measured levels. The estimated risk of illness from S.
aureus at the study beach was estimated at less than 10−7 (Table
3).

For dermal routes, the mass of sand exposed per unit area of
skin (Sskin) was estimated using two other models (eqs 7 and
8). Equation 7 uses a sand to skin adherence factor (SS) which
assumes that some sand falls from skin after exposure to sand.
Equation 8 assumes a maximum limit on skin exposure by
assuming that sand is evenly distributed on skin within a layer
that is one grain size thick. This equation is thus based upon
the bulk density (ρ) and particle size of sand (D). When
computing dermal exposure (total number of pathogens), the
Sskin values are multiplied by the surface area exposed. No
difference in skin exposures were assumed for a pica versus a
normal child.

Sskin − a = SS

(7)

Sskin − b = ρ·D

(8)

RESULTS

Table 1 provides an explanation of each parameter used to
estimate the S values along with their assumed values and
distributions as incorporated into the Monte Carlo simulations.
Background for a Study Beach Used for Comparison.
Epidemiological studies along with beach water quality
monitoring showed that people who were exposed to the
water at this study site had higher risks of RWIs (e.g., GI, skin,
and respiratory illnesses23,24 even though the site was without
influence of a POTW.25 Incidence of skin illnesses in the study
site showed significant relationships with FIB, especially
enterococci using the conventional membrane filter method.26
Earlier studies showed that levels of enterococci in the water in
this study site were associated with the beach sand
quality25,27−29 and that the primary mechanisms of enterococci
release from the sand to the water column was through tidal
2801
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Table 2. Estimated Reference Pathogen Levels (RPLs) in the Sand That Would to Result in 1.9 × 10−2 Illness Risk to Children.
All units are in per gram of dry sanda
Cryptosporidium (oocysts/g)
sand exposure assumptionb
eq 5 or 7
eq 6 or 8
eq 6 (pica)
PL (study site)

25th

S. aureus (CFU/g)

enterovirus (MPN/g)

50th

25th

14
1.1 × 103
2
1.3 × 10
1.4 × 102
2
3
0.005−0.12 oocysts/g

50th

25th

6
5.1 × 102
58
63
1
1
0.005−0.014 MPN/g

50th

1.6 × 107
4.5 × 106
NAb
0.2−42 CFU/g

2.4 × 107
5.1 × 106
NA

a

The RPLs for Cryptosporidium and enterovirus were based on sand exposure eqs 5 and 6 and S. aureus were based on the eqs 7 and 8. RPLs were
based on 25th and 50th percentiles from the Monte Carlo simulations (×1 000 000). bNA, not applicable.

Table 3. Probability of Illness from Pathogens Detected at the Study Beacha
Cryptosporidium
sand exposure assumption
eq 5 or 7
eq 6 or 8
eq 6 (pica)

50th
−7

1.0 × 10
8.5 × 10−6
4.3 × 10−4

S. aureus

enterovirus
75th

50th
−6

1.0 × 10
1.3 × 10−5
6.3 × 10−4

75th
−8

4.4 × 10
2.8 × 10−6
1.4 × 10−4

50th
−7

3.9 × 10
3.5 × 10−6
1.8 × 10−4

75th
−8

1.3 × 10
7.8 × 10−8
NAb

2.6 × 10−8
1.2 × 10−7
NA

a

Illness risks for Cryptosporidium and enterovirus were based on sand exposure eqs 5 and 6 and and S. aureus were based on the eqs 7 and 8
(×1 000 000 Monte Carlo simulations). bNA, not applicable.

■

detected in both recreational water54 and beach sand31 at the
site, both epidemiologic study for recreational water23,26 and
QMRA for beach sand at this site were consistent. The
epidemiologic study did not find a correlation between skin
ailments and S. aureus levels and it appears that the levels of S.
aureus in sand were too low, limiting power to investigate
associations with reports of skin infection. Apparently there is
another pathogen at the study beach that is causing skin
ailments during water exposure.
A limitation of this study was that risk characterizations were
not performed for groups of pathogenic microbes (e.g., yeast
and helminthes) known to inhabit beach sediments at the study
site used for comparative purposes. Candida tropicalis and
nematodes were detected at the study beach. However due to
lack of dose−response information, RPLs could not be
computed for these microorganisms. Identification of Candida
species in beach sand is consistent with other studies conducted
in South Florida19 and in Portugal.20 Both of these studies
found that among the yeasts evaluated, Candida was the most
common with C. tropicalis found in highest numbers in South
Florida. Both Vogel et al. (2007)19 and Sabino et al. (2011)20
speculate that the presence of these yeast species have a bearing
on human health for those exposed to sand. Based upon a
comparison of beaches studied in Portugal, Sabino et al.
(2011)20 goes further and recommends an upper limit of 15
CFU/g for yeasts to minimize health impacts. This value is
lower than the 143 CFU/g value observed for the study site
evaluated in the current study. In order to improve the link
between sand measurements to human health, dose response
relationships should be established for common yeast species
observed in beach sands in particular C. tropicalis. Once a
dose−response relationship is established, QMRA can be
implemented to estimate reference pathogen levels of yeast in
beach sand.
Nematodes represent a very possible risk especially in areas
that are open to dogs and feral cats. Various types of nematodes
have been identified in soils at public parks55−57 and beach
sands,21 with evidence of transmission to humans via sands
suspect to be contaminated with cat feces.58 More work is
needed developing dose response curves for nematodes and to
identify acceptable levels of nematodes within beach sands in

DISCUSSION
The RPLs for Cryptosporidium, enterovirus, and S. aureus were
estimated for illness risk levels of 1.9 × 10−2. The RPLs are high
in comparison to values observed in the sand at the beach site
used for comparison and evidence suggests that they are high in
comparison to other benchmarks. For example, common
sources of indicator bacteria and pathogens at beach sites
include dogs and birds. Dog feces have been reported at 24
Cryptosporidium oocysts per gram on average with a maximum
of 98 oocysts per gram,49 indicating that undiluted dog feces are
on the same order of magnitude of the estimated RPL. Birds on
the other hand have been documented to carry much higher
levels of Cryptosporidium (on the order of up to 1000 to 10 000
oocysts in their feces)50,51 suggesting that bird feces would
need to be diluted with the sand by a factor of 10 or more in
order to fall below the RPL. These arguments inherently
assume that the species of Cryptosporidium found in dogs and
birds is the species that could also cause illness in humans.
Enterovirus is similar to Cryptosporidium in that both are
characterized by a low infective dose.34,52 Although mammals,
in particular ruminants, have been known to carry bovine forms
of the virus,53 enterovirus infections are generally thought to be
species specific, in particular the human forms. For this reason,
animal feces are generally not considered to be a source of
human infections. We hypothesize that the low levels of
enterovirus observed within the study site may be due to wash
off from individuals as they exit the beach water and/or from
adsorption from the beach water and/or contaminated runoff
during storm events. Regardless, for the nonpoint source beach
evaluated, it appears as though insufficient enterovirus were
found in the sediment to cause illness and without a
concentrated animal or sewage source of the illness, transmission of enterovirus-related disease through beach sand
seems unlikely.
The results showed that skin infectious risk from S. aureus
was lower than GI infectious risk from Cryptosporidium and
enterovirus in the sand. This finding is supported by Heaney et
al. (2009)8 who showed that children had higher risks of GI
illness than skin illness associated with sand exposures. For the
beach site evaluated in this study, although S. aureus was
2802
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light of the fact that documented cases have shown that sands
have served as the vehicle of transmission.
In addition to yeast and nematodes, which have been
detected in beach sands, studies should also be conducted to
evaluate the potential presence of norovirus in beach sands and
its potential role in transmitting gastrointestinal illness.
Norovirus has been implicated as the most likely etiologic
agent in recreational waters59 and because of the proximity of
the sand to water, there is a possibility that sand can also serve
as a vehicle of transmission for norovirus. Due to the lack of
culture based method for human forms of norovirus, measurements in sand would need to rely on qPCR technology which is
generally limited due to high detection limits and patchy
distribution of microbes in beach sands. Future work should
focus on comparing norovirus levels in sand to its
corresponding RPLs.
Another limitation was that the dose−response data utilized
in this risk assessment for S. aureus infection was based upon a
human exposure study that utilized intact skin.60 The infectious
risks for S. aureus reported in this study would not be applicable
for individuals with cuts and wounds. This is of particular
concern as the sand itself can cause abrasions allowing for more
direct contact between microbes in the sand and subcutaneous
skin.
QMRA is also limited by the fact that it models infection
rates as opposed to illness rates. The EPA reference risk of 1.9
× 10−2 is an illness rate and thus the reference level guidelines
estimated as part of this study are conservative because not all
infections result in illness. Moreover the QMRA approach
utilized in this study would benefit from an evaluation of
acceptable skin illness rates as the 1.9 × 10−2 is benchmarked
against gastrointestinal (GI) illness as opposed to skin ailments.
The 1.9 × 10−2 GI illness rate also represents the summation of
all GI illnesses by numerous potential pathogens, so evaluating
individual pathogens against this risk should recognize that GI
can be caused by multiple microbes and the summation of risk
from all GI microbes should be considered when evaluating
beach sand safety.
This study computed pathogen concentrations that result in
1.9 × 10−2 infection risk, which is consistent with the EPA’s
acceptable illness risk for marine water. Since children are more
susceptible to RWIs,8 1.9 × 10−2 infection risk could be used as
a preliminary reference pathogen level guideline to protect
beach users, especially children, from potential infectious risks
from beach sands. Further development of QMRA and surveys
for beach sand quality along with an epidemiologic study,
including children, will be necessary to address relationships
between beach sand contamination and public health in order
to protect children from exposures to beach sand. The focus of
children at the beach environment is especially important, due
to play behavior at beach sites that would increase a child’s
exposure.
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