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ABSTRACT: Human contact with fecally contaminated
waters often raises public health concern. The infection
potential closely relates to the fecal source type and the aging
persistence of waterborne pathogens. In this study, the health
risk of contracting gastroenteritis from exposure to aging fecal
contamination was predicted using source-associated markers.
Microbial decay characteristics in typical summer seawater
were incorporated into a pathogen dose estimation model for
a constant fecal input. Results show that the median illness
probability commensurate with the health benchmark of 36/
1000 corresponded to the marker concentrations of ∼7.8,
∼6.6, ∼3.7, and ∼3.5 log10 gene copies/100 mL for seagulls,
cattle, raw sewage, and treated effluent, respectively. The error
in risk estimates due to neglecting microbial decay was linearly
correlated to the decay differences between markers and pathogens. Specifically, the health risk associated with nonhuman
sources, which was primarily contributed by bacterial and parasitic pathogens, can be substantially overestimated, while that for
virus-dominated human sources was insignificantly affected by the differential decay. Additionally, seagulls dominated the
Enterococcus concentration in waters with a mixture of the above-mentioned sources, although they posed limited health risk.
This study provides an approach to understanding the influence of fecal aging on health risk estimation.

■ INTRODUCTION

Human exposure to waterborne pathogens through primary
contact recreations is a public health concern. Swimming
activities in fecally contaminated waters may increase the
chances of developing gastroenteritis, skin rashes, respiratory
symptoms, and ear infections.1,2 In general, the health risk is
dictated by pathogen species and the exposure dose, which are
associated with the contamination origin and its microbial fate
in environmental media. Hence, effective public health
protection calls for efforts to better understand the joint
influence of the fecal source and environmental conditions on
exposed people.
Previous epidemiological studies have investigated beaches

impacted by municipal wastewater effluent.3−6 Results from
these studies have provided the basis for bacterial standards
used in recreational waters by showing statistical relationships
between the gastrointestinal (GI) illness incidence and fecal
indicator bacteria (FIB) levels. As point pollution sources are
usually well-regulated in most developed countries, fecal
pathogens from nonpoint sources, such as wild animals and

storm runoff, have increased in importance. The relative risk of
illness from nonhuman contamination, however, is not fully
understood since epidemiological studies have shown incon-
sistent results.7−10 Nonhuman fecal pollution represents a
different range and magnitude of pathogens than those from
human-associated sources. A generalized FIB regulation
standard may be inappropriate both to protect public health
and to avoid unnecessary beach closings. Furthermore,
multiple fecal sources may coexist and adversely impact the
target water, and effective mitigation relies on the prioritization
of the relative health risk from individual sources. Therefore, a
better understanding of the influence of different fecal sources
on both human health and microbial water quality is necessary.
Although differential decay between pathogens and

indicators has been documented in previous studies,11−14 its
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influence on public health assessment for aging fecal
contamination has rarely been studied to date, probably due
to the difficulty in empirically determining the fecal age, as the
contamination events often occur covertly, randomly, and
intermittently. Moreover, as the quantitative relationship
between the concentration of pathogens and indicators
changes over time in environmental waters, the lack of
information on the contamination age impedes reliable
estimation of the health risk to recreators from contacting
with waterborne pathogens using fecal indicators as a proxy.
Therefore, most previous studies have assumed fresh fecal
contamination or simultaneous decay between pathogens and
indicators (both traditional and molecular ones) once
discharged into ambient waters,15−18 which may be a
compromise between the feasibility of simulating health risk
and the impracticality of determining the contamination age.
However, the divergent decay rates may impose significant
uncertainties on the health risk estimation,19 especially when
using the molecular indicator,12 because its decay trait is
intrinsically different from the loss of pathogen infectivity.
Only one recent study has incorporated differential decay rates
into the risk calculation by assuming different indicator
measurement and age time combinations for a single
contamination event.20 However, fecal contamination may
last a long time or continue throughout the investigation
period, such as sewage leaking and wildlife inhabiting the study
area. This continuous fecal discharge, together with the aging
process, further complicates risk estimation. Thus, new insights
into the combined influence of continuous fecal input and
differential microbial decay on public health are warranted.
The primary objective of the work described here was to

predict source-associated health risks from continuous aging
fecal contamination. We also investigated the effectiveness of
using conventional FIB measurements to properly indicate
health risks associated with aging of nonhuman fecal
contamination.

■ METHODS
An estimation model of the source-associated pathogen
exposure dose, coupled with the framework of quantitative
microbial risk assessment (QMRA), was developed to predict
the gastroenteritis risk from exposure to recreational seawater
impaired by aging fecal contamination through accidental
ingestion during a swimming event. The estimated risk was
evaluated with the health benchmark of 36/1000 (36 illnesses
per 1000 swimmers) as recommended by the US EPA.21 In
order to investigate the risk-indicating capability of FIB, the
association between the health risk and the concentration of
Enterococcus (ENT), which is the recommended fecal indicator
in seawater, was also investigated in waters impacted by both
individual and mixed fecal sources.
Model Establishment. The model used to estimate the

source-associated pathogen exposure dose using genetic
markers was designated as the “aging model”. To simplify
the complicated fecal aging process, the model assumes a well-
mixed and constant-volume water (V, [L]), with a constant
fecal source discharge and stable environmental conditions.
The discharge inflow rate is assumed to be equal to the outflow
rate (Q, [L/d]) maintaining a constant volume. Microbial
concentrations are influenced by the fecal contamination input,
the water flowing out, and the microbial decay as described by
the log−linear model. A mass balance model for a given
genetic marker is given by the following:

V
C
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Q D C k C V

d
d

( )m
m m m m

i
i i iδ= − −

(1)

where C is the marker concentration in ambient waters
([numbers/L]), the subscript mi denotes marker m from
source i, t is the time [d], D is the marker concentration in the
fecal source ([numbers/L], see Supporting Information, SI, for
detailed calculations), δ is dimensionless Kronecker delta
which equals 0 for direct fecal deposition into the water with
negligible impact on the water volume, such as wildlife
activities or bather shedding, or otherwise equals 1, and k is the
first-order decay constant ([1/d]) and assumed to be
independent of fecal sources.

When microbial constituents reach equilibrium ( 0C
t

d
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the marker concentration is calculated as follows:
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for direct fecal deposition, and,
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for the contamination by raw sewage, treated effluent, or
stormwater runoff.
When the contamination is adequately diluted (Cm

i ≪ Dm
i)),

eq 2b can be simplified into the same form as eq 2a (see SI for
detailed derivations).
An analogous equation can be applied to the source-

associated pathogen species as follows:

C
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j

j
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where the subscript ji denotes a given pathogen j attributable to
fecal source i.
By combining eqs 2a and 3, the quantitative associations

between the environmental concentration of marker m and
pathogen j associated with a specific source can be given by the
following:

C R C Rm j
k

j j
D

i i i i= (4)

where R denotes the ratio of marker to specific pathogens in
terms of the microbial concentration in the fecal source or the
decay rate in waters, so that R D D/j

D
m ji i i= and R k k/j

k
m ji = .

The measured genetic marker concentration may comprise
contributions from both the target and nontarget fecal sources,
which can be represented by the following:
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For a high-performing marker, with its abundance in the
target host far exceeding that in nontarget ones, it can be
assumed that R Rj

D
j
D

1 1≫ ¬ , where i = 1 and ¬1 denotes the

target and nontarget sources, respectively, and the marker
contribution from nontarget ones (i ≠ 1) is neglectable. After
rearranging eq 5, the pathogen concentration contributed by a
specific source can be calculated with the environmental
measurement of marker as follows:
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The exposure dose of a given pathogen from the target
source can be calculated as μj1 = Cj

1Vig/1000, where Vig is the
water volume ingested during a single swimming event. This
volume was represented by a log-normal distribution with a
mean of 2.92 and a standard deviation of 1.43 mL according to
a previous study.22

Effect of Model Simplification. As the complicated
process of fecal contamination in real waters was simplified to a
constant input in this study, the effect of this simplification on
the estimation of microbial concentrations was investigated. A
hypothetical scenario to represent the fecal input variation was
compared to its simplified form of constant input. The scenario
assumed that the fecal pathogen ji in the sampled parcel of
water comprised contributions from two temporal phases with
the constant flow rate of Q1 and Q2 in the time span [−τ, 0]
and [−T, −τ], respectively. The averaged flow rate (Q) in
[−T, 0] was used to represent the constant input, where

Q
Q Q T

T
( )1 2̅ = τ τ+ −

. T is long enough so that the source-

associated pathogens in ambient waters were mainly from the
two phases, i.e., Cj

i ≈ Cji
1 + Cji

2. The pathogen concentration
partly contributed by Q1 and Q2 can be calculated as follows:
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, respectively (see SI for detailed derivation).
The pathogen concentration estimated with the averaged

flow rate (Q) can be given by the following:
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Let M and N be defined as M = T/τ (M ≥ 1) and N = Q1/Q2.
By combining eqs 7a−8, the estimation error, introduced by
assuming a constant fecal input, therefore, can be expressed as
a function of M and N and given as follows:
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The estimation error incurred by neglecting the assay cross-
reactivity was quantified using the method described by Wang
et al. (see SI for details).19

Fecal Sources and Genetic Markers. Human fecal
contamination was represented by raw sewage and secondary
chlorinated effluent from wastewater treatment plant
(WWTP). Regarding nonhuman fecal sources, as cattle is the
typical livestock animal producing a large amount of fecal
manure,23 and seagull is the most common wildlife frequenting
waters,24 they were selected as typical nonhuman sources. The
human-associated HF183 assay,25−27 the seagull-associated
Catellicoccus (CAT) assay,28 and the cattle-associated BacCow
assay29 were used to indicate the related fecal contamination
due to their relatively high performance in terms of specificity
and sensitivity (see SI).30 The distribution and prevalence of

these markers in fecal sources were obtained from previous
studies (Table S1).16,17,31

Pathogens and Population. The common pathogens of
gastroenteritis concern included in this study were human
norovirus, adenovirus type 40/41 (HAdV 40/41), Campylo-
bacter, Salmonella, Escherichia coli O157:H7, Cryptosporidium,
and Giardia. The source-associated concentration, prevalence,
and human infectious fraction of these pathogens, as well as
ENT concentrations, were obtained from a previous literature
review,32 except for the concentrations of ENT in cattle
feces,33 norovirus in raw sewage,34 and HAdV 40/41,35 which
were updated with more recent publications (Table S2). The
available dose−response relationships of Norwalk virus,
adenovirus 4, C. jejuni, S. enterica, E. coli O157:H7, C. parvum,
and G. intestinalis (Table S3), were used to represent the
infectivity of members of each microbial group.32,36 General
healthy adults were considered to be the target population in
this study. Human immunity and secondary transmission were
not considered.37

Because of the lack of available data for viral aggregation in
environmental waters, the virions were assumed to be
suspended in a monodisperse state for the most conservative
risk estimation, since the nonaggregated virus has the
minimum value of median infective dose (ID50). The effect
of possible aggregation during the wastewater treatment on the
health outcome was accounted for through an additional risk
estimation by assuming that norovirus in effluent aggregated
with an ID50 of 1018 genomes.38

Decay Parameters. A literature review was conducted to
obtain appropriate environmental decay parameters for both
pathogens and indicators. Peer-reviewed papers were searched
in Web of Science Core Collection and PubMed database for
the contents of “(microbial target information) AND (seawater
OR “marine water” OR coast*) AND (decay OR survival OR
persistence OR die-off OR inactivation OR decomposition)”
(see Table S4 for details). Related papers were selected
according to the criteria that the paper (1) documented
quantitative decay information on the microbial target; (2)
reported decay experiments conducted in seawater matrix; (3)
reported decay experiments conducted in the temperature
range of 10−30 °C; and (4) simulated the decay process under
natural conditions rather than disinfection or other water
treatment processes. Furthermore, decay data of experiments
carried out with reduced microbiota in sterilized or filtered
seawater were excluded. Data were also screened for the
method of target enumeration to ensure consistency with that
of the microbial concentration in the fecal source (see SI for
details).
Decay data were extracted from selected literature and

separately analyzed twice for reliability. The log−linear model
was used in most studies to fit the decay data, and thus the
corresponding k values were prioritized. Alternatively, if decay
constants were not documented, k value was calculated from
the time for 90% or 99% reduction (T90 or T99, respectively).
For studies employing other decay models, k values were
calculated with the time series data of concentration reduction
digitized from paper figures using linear least-squares
regression in R (version 3.5.3) and accepted using a cutoff
value of 0.75 for R2. Decay constants were processed with
natural log transformation and unit conversion where
appropriate.
As the included experiments were conducted in different

environmental conditions, the k observations might be
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disproportionally represented. For each microbial target, the
95% confidence interval values of each k observation were
calculated, and the maximum and minimum were taken as the
upper and lower boundaries of a uniform distribution, which
was assumed to evenly represent the varying k values with
environmental conditions of the real seawater (Table 1).

Health Risk Estimation. The infection probability from

exposure to a specific source-associated pathogen (Pinf
ji ) was

calculated using the estimated dose and the corresponding
dose−response relationship. The resulting infection probability
was subsequently multiplied by the conditional probability of

illness (Pill|inf
ji ) to obtain the probability of GI illness risk (Pill

ji ).
The health risk associated with both individual and mixed

fecal sources was evaluated. The gastroenteritis probability

associated with each source (Pill
ji ) can be obtained by

combining the risk from each pathogen in that source as

P P1 (1 )i
j

j
ill ill

i
= − ∏ − . Similarly, the total illness probabil-

ity for multiple fecal sources was calculated as
P P1 (1 )i

i
ill ill= − ∏ − .
Model Comparison. To characterize the effect of the fecal

aging process on estimating the practical health risk, the model
assuming fresh fecal contamination or simultaneous microbial
decay (designated as “fresh model”) was used to compare with
the prediction result of the aging model developed in this study
at the same marker levels. In the fresh QMRA model, the
exposed pathogen dose from specific source was calculated as

j

C R

V

m j
D

1
1

μ = as described previously.16

Model Simulation. The relative risk of the source-
associated gastroenteritis was characterized at 10-fold serial
concentrations of each marker. Monte Carlo simulation was
used to incorporate the natural variability in the fecal microbial
concentrations and decay rates of pathogens and indicators,
and the volume of water ingestion by using 10 000 trials at
each specified marker level. During each trial, a parameter
value was randomly drawn from the corresponding distribution
(see SI). The simulations were completed with Matlab R2017b
(MathWorks, MA).
Data Analysis. The temporal contribution of the constant

fecal input to the measured microbial concentration was
investigated (see SI for details). The risk threshold for each

marker was determined by comparison against the health
benchmark of 36/1000. A sensitivity analysis of the gastro-
enteritis probability to the input parameters was conducted
using spearman rank correlation coefficients. The GI illness
probability at the ENT concentration of 35 cfu/100 mL (see
SI for calculation details) was compared with the benchmark to
investigate the current FIB’s ability to indicate health risk from
different individual fecal contamination, especially for nonhu-
man sources. ENT concentrations in waters impacted by a
mixture of fecal sources were compared with both the mean
ENT guideline and the statistical threshold value (STV, the
90th percentile of the ENT distribution during the US EPA’s
beach epidemiological studies, 135 cfu/100 mL), representing
the allowable upper limit of the risk as recommended by the
US EPA.21

■ RESULTS

Temporal Contribution of Fecal Input. The continuous
fecal input induces a mixture of different aged constituents for
each microbial target. The aged percentage increased with the
microbial persistence in the water. For example, nearly 50% of
Cryptosporidium and BacCow marker were contributed 24 h
ago, while most Campylobacter, Salmonella, and Giardia were
only contributed in the most recent 4 h (Figure S1).

Gastroenteritis Probability. Simulation with the aging
model demonstrated that the median gastroenteritis risk for
each individual source was comparable to the health
benchmark of 36/1000 at the source-specific marker
concentrations of ∼7.8, ∼ 6.6, ∼3.7, and ∼3.5 log10 gene
copies/100 mL for seagulls, cattle, raw sewage, and treated
effluent, respectively (Figure 1). A comparison of this result
with that of the fresh model indicated almost identical risk
ranges for both human-associated sources, while a significantly
higher risk was predicted using the fresh model at the same
marker level for the two nonhuman sources.
The relative health risk from norovirus infection was

significantly reduced when aggregated in treated effluent
(Figure S2). The total gastroenteritis risk from human-
associated sources were primarily contributed by norovirus,
followed by adenovirus, probably due to their high abundance.
In contrast, the risk from seagull contamination was dominated
by Campylobacter and that from cattle was dominated by E. coli
O157:H7 and Cryptosporidium (Figure S3).
The sensitivity analysis indicated that the risk output is

generally most sensitive to the ingested water volume (V) and
the source-associated fecal concentrations for both the markers
and the primary pathogens, and less sensitive to the decay rates
of the markers or the primary pathogens. Both the fecal
concentration and k values for other pathogens were not
significantly correlated with the model outputs of gastro-
enteritis (Figure S4).

Impact of Fecal Aging. Figure 2 shows the impact of the
differential decay between markers and pathogens on the
health risk estimation for a constant fecal input. The decay
ratio of the marker to the pathogen (R j

k
i), represented by the

log10-transformed medians, showed a linear correlation with
the ratio of risks estimated by the fresh and aging models
(R j

P
i ). Specifically, if the marker and the pathogen decay at the

same rate (R 0j
k
i = ), identical risk is predicted by both models;

the fresh model overestimates the gastroenteritis risk compared
to the aging model (R 0j

P
i > ) if the pathogen decays faster

Table 1. Decay Rates of Pathogens, Enterococci, and
Genetic Markersa

items decay rates (k, d−1)b

HF183 [0.038, 2.730]
CAT [0.110, 9.000]
BacCow [0.231, 1.221]
norovirus [0.014, 2.533]
HAdV 40/41 [0.085, 5.876]
Campylobacter [0.044, 609.880]
Salmonella [0.048, 139.20]
E. coli O157:H7 [0.101, 26.660]
Cryptosporidium [0.005, 1.500]
Giardia [0.138, 55.262]
Enterococcus [0.231, 17.700]

aSee SI for detailed observation numbers and references. bk values in
each bracket represent the lower and upper boundaries of the uniform
distribution for each microbial target.
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than the marker does (R 0j
k
i < ), and in opposition the risk can

be underestimated (R 0j
P
i < ) if the pathogen decays slower

than the marker does (R 0j
k
i > ). The linear regression

relationship demonstrated that at each order of magnitude
increase or decrease in k value of the pathogen relative to the
marker, the same order of risk could be overestimated or
underestimated by neglecting the differential decay, respec-
tively. For example, the relative GI risk attributable to cattle
Campylobacter can be overestimated by a factor of ∼300 if
differential decay is not considered. Additionally, this
misestimation can be slightly alleviated at a higher marker
level in water (Figure S5).
Effect of Model Simplification. Figure 3 shows how the

dose estimation error, introduced by assuming a constant
input, varies with different flow rates and duration in a two-
phase scenario using norovirus as an example. The error
expanded as the flow rate difference (N) between the two
phases increased. The estimation was most likely to be
miscalculated in the duration ratio (M) range of 2−20 for
norovirus, while higher input variations (N) were acceptable
when the duration ratio (M) became larger.
By neglecting the qPCR assay cross-reactivity, the over-

estimation is less than the ratio of the concentration of the
marker relative to the intended pathogen in the nontarget
source to that in the target one (see SI for details).
GI Illness Probability at the ENT Guideline Limit. At

the ENT concentration of 35 cfu/100 mL, risk over the health
benchmark was predicted for both cattle- and human-

associated contamination within the ranges of 10th to 90th

percentile for the fecal microbial concentration ratio and the k
ratio of ENT to the primary pathogen (Figure 4). However,
the GI illness risk attributable to seagull contamination was
quite limited, indicating probable risk overestimation by using
the ENT standard.

Combined Sources. In recreational water impacted by
mixed fecal sources, the total gastroenteritis risk was mainly
influenced by human-associated sources (Figure 5a). In
contrast, the ENT concentration was dramatically increased
with the seagull marker level (Figure 5b). While the median
gastroenteritis probability remained below the health bench-
mark of 36/1000, the ENT concentration increased with
seagull fecal loading and exceeded the STV at the CAT
concentration of 10 000 gc/100 mL, regardless of other
markers (Figure S6).

■ DISCUSSION
Real fecal contamination in ambient waters, in many cases, is
continuous, such as discharges from leaking sewer systems and
cross-connections, effluent output from WWTPs, and wildlife
activities. In ambient waters, the microbial numbers
determined are affected by both the continuous fecal input
and their decay, inducing a mixture of different aged
constituents for each microbial target. The age composition
varies with microbial targets, increasing the difficulty of reliable
risk estimation using other proxies. In this current study, we
incorporated microbial decay parameters into the pathogen
dose estimation model by assuming a constant fecal input for
continuous fecal contamination. The risk-associated marker

Figure 1. GI illness probability at varying marker levels for (a)
seagulls, (b) cattle, (c) raw sewage, and (d) treated effluent predicted
by the aging model (red) and the fresh model (gray). The solid and
dashed lines represent the median value; the upper and lower
boundaries of the band represent the estimated 75th and 25th

percentile; and the dotted line represents the health benchmark of
36/1000.

Figure 2. Variation of the model estimation difference in the relative
risk with the differential decay of the aging markers and pathogens.
The risk estimation difference was represented by the ratio of relative
pathogen risk estimated by the fresh model to that estimated by the
aging model at varying marker levels. The solid line showed the linear
fit of the result and the gray band showed the 95% confidence interval.
The error bar showed the standard deviations of the decay ratio and
the risk estimate ratio.
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level for the nonhuman source is significantly higher than that
interpreted using the fresh model. In contrast, no significant
changes were found for human-associated fecal contamination.
The ratio of the risk probabilities estimated by using the fresh
and aging models was linearly correlated with the marker decay
rates relative to that of pathogens, indicating that a larger
difference in decay rates leads to an increased miscalculation of
gastroenteritis risk without differential decay being considered.
Since the majority of risk from human sources is attributable to
norovirus and adenovirus, which decay at a similar rate as that
of the human-associated HF183 marker, the miscalculation of
human-associated risk was minimized, and both models
achieved comparable risk estimates. In contrast, the greatest
health risk from nonhuman sources was contributed by
bacterial pathogens, which generally decay much faster than
the genetic markers, leading to the overestimation of the health
risk by the fresh model. Therefore, consideration of differential
decay between pathogens and markers in environmental waters
aids in better understanding of the true risk from aging fecal
contamination, especially when nonhuman sources are present.
For simplification, the fecal input was assumed to be

constant. The effect of fecal input variations on the estimation
of microbial concentrations by this simplification was
preliminarily analyzed in a hypothetical scenario and ∼10%
input variation leads to <10% error in microbial concentration
estimates. By considering the differential microbial decay in the
aging model, bacterial and parasitic health risk was reliably
estimated to be up to two orders of magnitude lower than that
in the fresh model, which outweighs the uncertainties
introduced by assuming a constant fecal input. However, it

should also be noted that real fecal contamination might be
much more complicated. For example, wet weather periods
may last from several minutes to hours, pouring pathogens into
receiving waters through runoff and combined sewer overflows,
which make the fecal input more fluctuant. Future studies
expanding our model might help to improve risk estimation.
Specifically, provided that time series information on the fecal
input variation is accessible, the source-associated pathogen
concentration can be estimated using this model by dividing
the continuous contamination process into several load-
constant phases, while the wet weather event lasting a short
period can be regarded as a single pulse event and evaluated
with the model for the single contamination event as
previously described by Boehm et al.20

The estimation accuracy of pathogens in this study is also
associated with the cross-reactivity of the host-specific marker
with nontarget sources, which was analyzed based on the
method described by Wang et al.19 Our result is consistent
with that of the previous work19 because the decay rate was
considered independent of the fecal source in this study. Given
that pathogen abundance may vary with different sources,
greater host-specificity is required if pathogen numbers in an
intended source far outnumbered that in the nontarget ones.

Figure 3. Estimation error of norovirus concentration due to fecal
input variation (T = 32 d). N denotes the fecal input variation in the
two-phase scenario with the ratio between Q1 and Q2, which
represented the constant flow rates in the time span [−τ, 0] and [−T,
−τ], respectively; and M denotes the duration ratio.

Figure 4. Swimmer GI illness probability at ENT guideline limit (35
cfu/100 mL) in recreational water impacted by (a) seagulls, (b) cattle,
(c) raw sewage, and (d) treated effluent. The primary pathogen for
each source was used to represent the risk, namely Campylobacter, E.
coli O157:H7, and norovirus. The red dashed line denotes the health
benchmark of 36/1000. The axes represent the log10-transformed
fecal microbial concentration ratio (log10Rji

D) and decay rate ratio
(log10Rji

k) between ENT and the primary pathogen for each source,
respectively. Box plots showed the distribution of the decay
(horizontal) or fecal microbial (vertical) ratio, with the circle target
indicating the median value, the box edges indicating the lower and
upper quartiles, and the wiskers indicating the 10% and 90%
percentiles.
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The current FIB guidelines are based on the epidemiological
relationships between FIB numbers and the probability of
contracting gastroenteritis in recreational waters with human
fecal contamination.2 The applicability of the bacterial
standards to indicate health risk from nonhuman sources
remains inconclusive.8,9 Here we estimated the relative risk
associated with each fecal source at the ENT guideline limit of
35 cfu/100 mL. Although the fecal concentrations and decay
rates of ENT and pathogens vary in a wide range, human-
associated health risks were consistently predicted around the
health benchmark of 36/1000, which proved the simulation’s
reliability and validity. A similar risk level was predicted for
cattle-associated contamination, implying the potential applic-
ability of the ENT guideline to indicate the health risk from
cattle. However, seagull-associated health risk barely ap-
proached the benchmark. Interestingly, a previous epidemio-
logical study at a marine beach with avian contamination
showed a lack of association between the illness incidence and
the bacterial indicators.9 The different health risks between
human and nonhuman fresh fecal contamination at the same
FIB level has also been reported in previous QMRA
studies.15,32 Thus, alternative FIB standards may be needed
for the waters impacted by nonhuman fecal sources and should
be tailored to different fecal types. However, interpretation of
microbial water quality is often complicated by mixed fecal
contamination at the study site.39,40 In this current study,
health risks and ENT concentrations for a mixture of fecal
sources with different marker combinations were estimated.
Our results showed a dominant impact of seagulls on ENT
distribution, similar to findings of previous field studies that
showed dramatic improvement of water quality following
removal of seagulls.24,41 Furthermore, discrepancies between
the ENT level and health risk persisted even though the more
conservative ENT STV was used to represent the risk, likely
leading to risk overestimation and unnecessary beach closures
according to the current bacterial standards. Considering the

ubiquitous distribution of FIB among different sources, it is
intrinsically difficult to implement risk analysis in the waters
with mixed fecal contamination. Coupled with the QMRA
scheme, host-specific qPCR assays of genetic markers are more
likely to provide a mechanistic understanding of the exposure
route and end-point risk.
Most previous studies have focused on the relative decay of

FIB and markers.42−44 There is, however, a limited number of
studies which concurrently investigated the decay of
pathogenic species such as norovirus, Campylobacter, and
Salmonella.11,12,14 Most of these attempts failed to fit a kinetic
decay model due to low initial concentrations in the sewage-
seeded water microcosms, especially when enumerating with
the culture-based method. Because of this, most of the
pathogen decay data used in this study were primarily obtained
from studies using laboratory or environmentally isolated
strains without direct comparison with markers. Although we
adopted criteria to include the decay studies conducted in
similar environmental conditions for data consistency, the
potential differences in temperature, solar irradiance, or other
parameters between these studies may interfere with accurate
risk interpretation. Comparative studies on the relative decay
between pathogens and markers are encouraged in the future.
Additionally, decay of pathogens in environmental waters
might be associated with their original sources according to
several previous studies.45−47 Since the available data on the
source-associated decay are relatively limited, simplification
was made in our model to adequately represent the decay
characteristics without discriminating microorganisms of
different origin, which may also affect the estimation accuracy.
Also, the result of risk estimation in this study might be
influenced by the potential water exchange by tides and waves
in real waters, which was not included here because it may be
site-specific and there is a paucity of available data. Future
studies on site-specific risk assessment should incorporate
these factors.

Figure 5. Median estimates of (a) GI illness probability and (b) ENT concentration at different combinations of marker levels. The axes represent
the log10-transformed marker concentrations for each fecal source.
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As viruses play a key role in human-associated health risk
examined in this study, another uncertainty may lie in the
estimation of the infectious viral dose. There is a lack of an
intrinsic connection between the genome quantification and
the real infectivity potential.48 Although Teunis et al.38

established a norovirus dose−response relationship using
RT-qPCR as the dose metric in a human challenge study,
the environmental decay of quantifiable virus may differ from
that of the infectious agent.49 Indeed, over 50% norovirus from
a constant fecal input were aged >12 h, complicating the real
infectious dose stimation. This might be addressed in the
future with further understanding of the human norovirus
cultivability50 and the associated dose−response behavior. In
addition, virus aggregation during wastewater treatment or
under certain environmental conditions may significantly
reduce associated health risk. Nevertheless, there is a paucity
of the information on aggregate sizes in environmental waters,
and the aggregation state can rapidly change with pH, salt type
and concentration, and natural organic matter.51 However,
virus aggregates provide protection from adverse environment,
prolonging its survival. Virus-associated health risk may sharply
increase once virions are dispersed when environmental
conditions change, which may challenge risk assessment.
This study provided a novel approach to assess the source-

associated health risk from exposure to aging fecal pathogens
in recreational waters. Future site-specific work that con-
currently employs the microbiological, epidemiological, and
QMRA methods would further lend credence to this approach.
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