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ABSTRACT

Anthropogenic discharges into coastal waters introduce fecal pathogens that threaten both
aquaculture sustainability and human health. In shrimp farming, workers are frequently
exposed to contaminated estuarine water, underscoring the importance of evaluating
occupational health risks. This study assessed fecal contamination in estuarine water used
for shrimp aquaculture in San Blas, Nayarit, Mexico, and estimated the probability of
gastrointestinal infection (Gl) of shrimp farm workers across dry and rainy seasons under
two exposure scenarios: immersion (INM) and hand-to-mouth contact (HMC). Escherichia
coli (EC) and Enterococcus (ENT) were used as microbial indicators in a quantitative
microbial risk assessment model. A total of 56.7% and 96.7% of samples (n = 30) exceeded
recommended limits for EC (1.00x10° CFU/100 mL) and ENT (35 CFU/100 mL),
respectively. Microbial loads did not differ significantly among sites (p > 0.05) but showed
seasonal variation (p <0.05). The highest Gl risk was associated with INM exposure,
particularly in the dry season for EC (1.65%107") and in both seasons for ENT (5.47x107" to
5.96x107"). HMC exposure presented lower but notable risks, ranging from 1.89x10~* to
6.78x107° for EC, and from 3.85x107?to 7.59x1072 for ENT. Seasonal dynamics of
contamination pose significant occupational health risks for shrimp farm workers and
highlight the need to reinforce water quality management and safer aquaculture practices.
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1. INTRODUCTION

Aquaculture is among the fastest-growing food production industries worldwide, providing
an important source of protein for human consumption (Ahmad et al. 2021). In Mexico, an
annual aquaculture production of 404,551 tons has been reported, with shrimp being one
of the main cultured species with 270,000 tons, recorded mainly in the states of Sonora,
Sinaloa and Nayarit (Rodriguez-Camacho et al. 2014; Cortés et al. 2021).

Shrimp production has intensified in response to the rising global demand. As a result, it
generates large volumes of effluents containing nutrients and emerging contaminants,
which are often discharged uncontrollably into coastal waters (Ahmad et al. 2021).
Additionally, coastal water quality is affected by human activities such as agricultural
runoff, domestic water discharges, and inadequate wastewater treatment, altering
physicochemical and microbiological conditions and ecological imbalance of water (Akita
et al. 2021; Turcios et al. 2021; Mustafa et al. 2022). Besides, microbial water quality is
strongly influenced by seasonal variation. During the rainy season, agricultural runoff and
wastewater discharges increase the input of fecal microorganisms into estuarine systems,
while the dry season is often characterized by higher salinity and temperature, conditions
that may favour the persistence of pathogens (Rivas-Montafio et al. 2018; Gyraite et al.
2019). Consequently, shrimp farm workers are subject to different levels of microbial
exposure depending on seasonal conditions. Despite efforts to maintain water quality
through the implementation of wastewater treatment (Priya et al. 2018; Gupta et al. 2022),
this objective has not yet been fully achieved.

For decades, exposure to water contaminated with infectious agents has been reported to
represent a major cause of morbidity and mortality worldwide (Lee et al. 2023). The World
Health Organization (WHO) estimates 842,000 deaths annually worldwide due to
gastrointestinal diseases associated with water of inadequate quality. Of these, 59.61%
(502,000 deaths) are attributed to ingesting unsafe water and 35.27% (297,000 deaths) to
inadequate hand hygiene practice (WHO 2014). In Mexico, the DGE reported 4,203,260
cases of gastrointestinal infections (Gl) in 2024, of which 63,302 cases occurred in Nayarit,
making Gl the second most frequent disease in the state (DGE 2025).

Previous epidemiological studies have reported the potential risk of Gl associated with
exposure to coastal recreational waters, where enteric pathogens (Astrovirus, Adenovirus,
Norovirus, Salmonella, Campylobacter, Shigella, Entamoeba, Cryptosporidium and
Giardia), fecal indicator organisms such as Escherichia coli (EC) and Enterococcus (ENT),
and opportunists (Vibrio parahaemolyticus, Vibrio cholerae and Vibrio vulnificus) are
detected at elevated levels (Jauregui Medina et al. 2010; Huang et al. 2017; Noman et al.
2021; Vieira et al. 2022)
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Regardless of its economic relevance, shrimp farming in estuarine environments involves
close contact between workers and water bodies that may be contaminated with fecal
microorganisms, creating potential occupational health risks that have received limited
scientific attention. During pond harvesting, direct contact with seawater is a common
practice that may involve exposure to contaminated water (Yajima and Kurokura 2008).
According to INEGI, 33,768 individuals were employed in aquaculture and fisheries
activities in 2019, of which 3,665 were active in Nayarit. These figures underscore the need
to better understand potential occupational hazards in this sector and their broader social
and public health implications. (Ponce Palafox et al. 2018; CESANAY 2023; INEGI 2021).

The World Health Organization (WHOQO) has recommended values lower than 1.00x10° CFU
of EC per 100 mL of pond water to guarantee a risk of enteric infection of 1/10,000 exposed
traders (i.e., 0.0001) (WHO 2006). The US Environmental Protection Agency (USEPA) points
to ENT as a primary indicator in the context of seawater. It proposes geometric means of
<35 and <30 CFU/100 mL for risks of 36 and 32 diseases per 1000 users, respectively, as
an acceptable risk reference for primary contact during recreation (USEPA 2012; Sklar et al.
2023). In Mexican legislation, limits of 600 MPN /100 mL have been established for EC and
ENT as a microbiological standard to evaluate the sanitary suitability of water discharges in
maritime areas (DOF 2021).

In recent years, quantitative microbial risk assessment (QMRA) has become a tool for the
development of management strategies to improve the safety of seawater and seafood.
Research on opportunistic marine pathogens of fecal origin such as Vibrio spp., with
important implications in the development of Gl (USFDA 2005; FAO/WHO 2002; Malcolm et
al. 2016; Huang et al. 2017; Noman et al. 2021) isolated from coastal water (Hernandez-
Diaz et al. 2015), coastal lagoons (Rivas-Montano et al. 2018) and estuaries (Rodriguez-
Camacho et al. 2014) of Baja California Sur, Sinaloa, and Nayarit, have been published.
However, these types of investigations tend to be expensive and time-consuming
(Denissen et al. 2023). Consequently, information can be sparse and discontinuous for a
QMRA model (Federigi et al. 2020). Alternatively, the WHO recognizes the use of indicator
bacteria to infer the presence of pathogens in environmental samples as an
epidemiological basis (WHO 2016; Sklar et al. 2023).

EC and ENT are historically used as the basis for water quality standards (Sklar et al. 2023).
Through review of multiple recreational epidemiological studies in marine waters with point
sources of pollution, mathematical models have found a strong correlation between EC
and ENT density and Gl (Sunger and Haas 2015).

Although occupational exposure to contaminated water has been recognized in other
contexts (Yajima and Kurokura 2008; Dorevitch et al. 2012; Abia et al. 2016; Zhang et al.

3 JWMM 34: C582



2019; Denissen et al. 2023; Sklar et al. 2023), little research has specifically addressed
shrimp farm workers. Therefore, this study evaluates the seasonal variation of fecal
contamination (EC and ENT) in estuarine waters used for shrimp farming in San Blas,
Nayarit, while also estimating the occupational health risks for shrimp farm workers during
rainy and dry seasons through quantitative microbial risk assessment (QMRA). Worker
exposure was assessed considering the volume of water ingested by immersion (INM) and
hand-to-mouth contact (HMC) during aquaculture activities. By combining microbial
indicators with risk assessment models, this research aims to generate evidence to guide
safer aquaculture practices and water management strategies that protect both human
health and the sustainability of shrimp production.

2. MATERIALS AND METHODS

2.1 Study area

A cross-sectional study was conducted to comprehensively evaluate the microbiological
quality of water for aquaculture use in the municipality of San Blas, Nayarit, Mexico. In
total, 30 samples were collected at 15 sites (inlet channels) (Table 1) distributed in the
towns of San Blas, La Chacalilla, and La Chiripa (Figure 1), measured twice and distributed
in January—March (dry season) and in August-September (rainy season) 2023. The samples
were transported to the laboratory for analysis immediately upon arrival.

Table 1 Location of farms in San Blas, Nayarit, México.

Fig. 11D  Location Estuary Site Latitude (°N)  Longitude (W)
1 San Blas San Cristobal Tsikuri 21.580348° -105.286359°
2 La Chacalilla  San Cristobal La Providencia 21.599018° -105.272304°
3 La Chacalilla Chacalilla Gran Nayar 21.614054° -105.287026°
4 La Chiripa Papayitos Plebes 21.606210° -105.312713°
5 La Chiripa La Poma Venancio Torres  21.624632° -105.305837°
6 La Chiripa Papayitos Lamosa 3 21.628427° -105.341657°
7 La Chiripa Papayitos Lamosa 4 21.627143° -105.334881°
8 La Chiripa Papayitos Callejones 21.621455° -105.330929°
9 La Chiripa Papayitos Isla 21.613304° -105.315383°
10 La Chiripa Camaronai Papayitos 21.620727° -105.316175°
11 La Chiripa Papayitos Puntilla 21.623487° -105.322604°
12 La Chiripa Callejones Familia 21.629705° -105.323366°
13 La Chiripa La Poma Cocodrila 21.621082° -105.302625°
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Figure 1 Map of the farms located in San Blas, Nayarit, Mexico.

NOTE: Numbers 1-15 correspond to the Site IDs detailed in Table 1.

2.2 Microbiological analysis

The simple membrane filtration protocol was used for four sample volumes (100, 10, 1, and
0.1 mL; lower volumes were filled to 10 mL with 1x PBS for uniform distribution on the
filter). They were directly filtered through nitrocellulose filters (Milipore) of 0.45 pm pore
size (47 mm diameter), transferred to mEndo agar plates (Difco, USA, # 273620) for E. coli
(EC), Enterococcus Confirmatory Agar (Condalab, Spain, no. 1018) for ENT, and incubated
for 18 to 24 hours at 37°C = 1°C. Mean values were calculated and expressed as CFU/100
mL.

2.3 Water intake

Two different scenarios were used to calculate the ingestion rate (/): one of primary contact
through breeding activity with immersion of the aquaculturist's body in shrimp production
ponds (INM), where a uniform distribution was considered for /. (0-53 mL/h) (Bortagaray et
al. 2022); and the other from secondary contact, due to hand-to-mouth contact during
harvest (HMC). The I due to wet hand-to-mouth contact (/um, in mL/h) was calculated
(Poma et al. 2019) as follows:
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Iyy = h - A fuu (1)
Where:

h(cm) = thickness of the water film on the hands,
A(cm?) = skinsurface area of the hand that touched the mouth, and
fum (number/h) = frequency of hand-to-mouth contact (Poma et al. 2019).

For the simulations, h and A were considered to have a uniform distribution between
0.00197 and 0.00234, and between 1 and 20, respectively. For fum, a Gamma distribution
was considered, with the shape parameter equal to 2 and the scale parameter equal to 0.5
(Poma et al. 2019).

For exposure assessment, the ingestion rate (mL/h) was converted to total ingested volume
by multiplying by exposure time (t, h), allowing estimation of water intake per exposure
event under each scenario.

2.4 Exposure analysis

The exposure of the workers was estimated by multiplying the total volume of water
ingested for both scenarios and the microbial concentration quantified in the present
investigation.

Since ingestion was initially expressed as a rate (mL/h), the total ingested volume was
calculated by incorporating exposure time (t, h), allowing estimation of intake per exposure
event.

The exposure dose was calculated separately for each scenario in Equations 2 and 3:

D=1-C-t (2)
D =1Iyy-C-t (3)
Where:
D = exposure dose,
I = volume of water ingested by immersion (mL/h),
Ilsm = volume of water ingested by hand-to-mouth contact (mL/h),
C = Dbacterial concentration, and
t = exposuretime (h/event).
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2.5 Dose-response model and hazard characterization

With the purpose of evaluating the Dose-Response, a relationship was established
between the level of microbial exposure and the probability of occurrence of an adverse
health effect given the intake during aquaculture activities. The risk assessment was
determined by developing the mathematical function f-Poisson (Equation 4) (Haas et al.
2014):

-a
Pi=1-[1+-2(2""—1)| (4)
Where:
Pi = probability of infection,
D (CFU/mL) = bacterialdose, and
aand N50 = model parameters that reflect the dose-response.

For EC, the values a = 0.49 and N50 = 5.9x10° were considered; while a =0.312, and
N50 =236 for ENT (Haas et al. 2014).

2.6 Data analysis

The indicator bacteria data were entered into a non-parametric Kruskal Wallis statistical
test to determine the significant difference of the data in relation to their origin, and Mann-
Whitney U to compare seasonality. Statistical tests were performed using Minitab 18
software with a confidence level of 95% and a significant value of P < 0.05. The QMRA was
estimated using Oracle Crystal Ball software (vs.11.1.2.3.500).

3. RESULTS

Table 2 presents EC and ENT concentrations across dry and rainy seasons. EC levels were
higher in the dry season (mean =3217 CFU/100 mL) while ENT peaked in the rainy season
(mean =602 CFU/100 mL). Both indicators showed wide variability among sites, with many
samples exceeding recommended thresholds (EC: 1.00x10° CFU/100 mL; ENT: 35
CFU/100 mL). Geometric means confirm higher ENT prevalence during rains, and extreme
EC values in the dry season. The results indicate distinct seasonal dynamics, as EC was
more abundantin the dry season, while ENT showed higher values in the rainy season;
these findings could indicate that occupational exposure risks for shrimp farming workers
vary seasonally, highlighting the need for targeted preventive measures.
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Table 2 Descriptive statistics.

Season Description EC ENT
(CFU/100mL)  (CFU/100 mL)

Dry Mean 3217 254
Minimum 600 15
Median 1500 220
Maximum 15,950 1040
Geometric mean - 258

Rainy Mean 1156 602
Minimum 5 85
Median 900 430
Maximum 5400 1760
Geometric mean - 572

Figure 2 illustrates the EC and ENT concentrations across sampling sites during dry and
rainy seasons. For EC (panel a), concentrations were generally higher during the dry
season, with notable peaks at sites such as Providencia, Gran Nayar, Lamosa 3 and 4, and
Michoacanai. The statistical analysis confirms a significant seasonal effect (P =0.014),
indicating that lower water volumes during the dry season may lead to increased EC
concentrations. In contrast, ENT (panel b) exhibited higher levels during the rainy season,
with significant seasonal variation (P = 0.004) observed at sites including Michoacanai and
Gran Nayar. The results reveal that microbial contamination is not uniform across sites,
reflecting the influence of local environmental conditions and potential inputs of fecal
matter. The differences between EC and ENT suggest that each indicator responds
differently to seasonal factors; EC peaks during dry periods, likely due to concentration
effects and persistence under lower flow conditions, whereas ENT increases in the rainy
season, probably associated with runoff and discharge from urban and agricultural
sources.
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Figure 2 Histograms showing the concentrations corresponding to the mean values for
each sampling point of EC (a), and ENT (b) in call canal water samples collected in the dry
season and the rainy season.

NOTE: In (a-b), the mean concentration values reported in the boxplots for the dry season and the rainy season. (*)

Represents an atypical value. The dashed line indicates the microbiological limit of ENT (35 CFU/100 mL) and EC
(1.00x10° CFU/100 mL) for water.

3.1 Risk of Gl associated with indicator bacteria

This study characterized a risk associated with Gl inferred from the probabilistic
determination of the distributions of EC and ENT concentrations in conjunction with the
volume of water ingested by immersion (INM), and hand-to-mouth contact (HMC), during
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aquaculture activities at two times of the year, and the uncertainty or variability of QMRA
was propagated. Figure 3 presents the risk per event of acquiring Gl associated with
exposure to EC and ENT in both scenarios. The box plotillustrates an increased health risk
for operators associated with activities involving body immersion.
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Figure 3 Probability of gastrointestinal (Gl) infection per exposure event associated with
Escherichia coli (EC) and Enterococcus (ENT) under two exposure scenarios: (a) immersion
(INM), and (b) hand-to-mouth contact (HMC).

NOTE: Each box represents the distribution of simulated risk values across all sampling sites and seasons,
combining data from both dry and rainy seasons.
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Figure 4 breaks down the risks by activity using temporality. The INM is the scenario with
the highest risk of Gl in the dry season for EC (1.65x107"), and in both seasons for ENT
(5.47x107'-5.96x107"). The risk of HMC ranges from dry-rainy season, 1.89x1074-6.78x107°
and 3.85x1072-7.59x1072 for EC and ENT, respectively. This association is particularly
relevant during the warm months. Since our analysis was consistent with the highest risks
of acquiring Gl for both exposures (INM =5.96x10"", HMC = 7.59x107?) (Figure 4) and an
estimated disease rate of 588 Gl cases per 1000 people for ENT, and 1.16 Gl cases per
10,000 people for EC exceeded USEPA (3.6 cases per 100 people) and WHO (1 case per
10,000) standards.

0.0000 — .
EC_INM EC_HMC ENT_INM ENT_HMC

mOry 0.1651 0.000189 05473 0.0385
Rainy 0.0701 0.0000678 05959 0.0759
Figure 4 Risk of infection by immersion (INM), and hand-to-mouth contact (HMC), of EN
and ENT during the dry season and the rainy season.

4. DISCUSSION

This study provides one of the first assessments of occupational health risks associated
with fecal contamination in estuarine waters used for shrimp farming in San Blas, Nayarit.

Indicator bacteria are considered vital characteristics due to theirimportant consequence
on water quality standards (Sklar et al. 2023). EC and ENT are commensal bacteria from
the intestine of animals and are allochthonous to coastal marine waters. Their survival in
these environments is challenged by adverse conditions, which could explain their
variability. In this study, the dominance of EC concentrations over ENT is observed.
However, seasonality conditions impact the survival dynamics of these indicators, with the
rainy season being favorable for ENT, and the dry season for EC. The decrease in EC
concentration during the rainy season may be influenced by the effect of dilution with sea
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water and decomposition induced by solar radiation and salinity (Rivas-Montano et al.
2018; Gyraite et al. 2020); whereas the persistence of ENT in seawater can be attributed to
their cellular structure and survival rate (Akita et al. 2021). These characteristics have
allowed ENT to be used as a reliable indicator of seawater quality according to national and
international standards (USEPA 2012; DOF 2016). In addition, the literature suggests that
Enterococcus is best correlated as a vehicle for the transmission of gastroenteritis in
marine waters (Gyraite et al. 2020).

The seasonal dynamics in microbial contamination of estuarine waters used for shrimp
farming in San Blas, Nayarit reveals EC concentrations peaked during the dry season,
whereas ENT levels were higher in the rainy season. This pattern indicates that shrimp farm
workers are subjected to seasonally variable occupational health risks, with elevated
exposure to EC during low-flow dry periods, and to ENT during rainy conditions when runoff
and fecal discharges are intensified. Similar seasonal contrasts have been observed in
other aquatic environments (Yajima and Kurokura 2008; Abia et al. 2016; Denissen et al.
2023), underscoring the strong influence of hydrological factors on microbial dynamics
and, consequently, on human exposure risks.

Previous research on fecal contamination of seawater has expanded the understanding of
its suitability and potential risks to human health (Akita et al. 2021). The presence of EC
and ENT is an indicator of the possible presence of groups of pathogens (Astrovirus,
Adenovirus, Norovirus, Salmonella, Campylobacter, Entamoeba, Cryptosporidium,
Giardia, and Vibrio) of epidemiological importance causing acute gastroenteritis in the
water analyzed (Gyraite et al. 2019; Federigi et al. 2020; Vieira et al. 2022). For that reason,
these findings show the seawater of Nayarit as a potential vehicle for infectious agents and
a possible cause of acquiring Gl for water handle through primary and/or secondary
contact during different activities (WHO 2006; Poma et al. 2019; Bortagaray et al. 2022).

Aquaculture is not recognized as a primary contact activity, although the practices
developed may expose operators to the risk of primary contact with water for a
considerable period (Lee et al. 2023). Some studies show that a greater health risk is
associated with primary contact, in which the body and head are submerged in water,
compared to secondary contact, such as fishing and boating, where the volume of water
ingested is lower, which agrees with what is reported here (Dorevitch et al. 2012; Sklar et al.
2023). In contrast, Bortagaray et al. (2022) found a higher risk of infection for fishermen (or
secondary contact) than for swimmers (or primary contact) by Rotavirus and Astrovirus
attributed to the variation in viral concentration and frequency in the sites analyzed. The
difference between indicator levels suggests that the impact of various sources of fecal
contamination should be investigated. The QMRA should be applied considering the
different infectious risks posed by contamination from different sources (Federigi et al.
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2020). In this research, the QMRA results highlight immersion (INM) as the dominant
exposure pathway for shrimp farm workers for ENT, particularly during the rainy season.
Although hand-to-mouth contact (HMC) represented a lower risk, it still exceeded
acceptable thresholds in several scenarios, indicating that both exposure routes contribute
to gastrointestinal (Gl) infection risk.

Bortagaray et al. (2022) identified water exposure during the high shrimp production season
as an important risk factor for the health of operators, when contact with seawater during
aquaculture practices is greater. Nevertheless, Gl caused by water manipulation for shrimp
farming have not yet been widely recognized in Mexico. The risks declared in this
investigation linked to water management, with the exception of the risk for HMC

(6.78 x 107%) of EC in the rainy season, exceeded that acceptable by the WHO (1.00 x 107
for EC) for exposed operators and the USEPA (3.60 x 1072 for ENT) for direct contact
demonstrating a substantial risk faced by the local shrimp farm workers of San Blas. The
risk estimated in this study is based on the assumptions adopted and could be
overestimated. However, the State Aquaculture Health Committee of the State of Nayarit
(CESANAY) annually records growth in shrimp production and culture area and therefore in
exposed human capital (CESANAY 2023).

The DGE reported Gl as the second most common disease in the world in 2024 with 63,302
annual cases (DGE 2025). Publications on sanitary quality of water in San Blas recorded a
total of 3,451 Gl cases allegedly related to the consumption of contaminated water; these
events may be derived from the presence of fecal bacteria (Jauregui Medina et al. 2010).
For this reason, the risk assessed in this research has epidemiological relevance to link
water as a source of infection with the occurrence of Gl registered in the locality.

The acquisition of Gl by operators is enhanced by fecal contamination of water from
discharges of water without prior treatment from surrounding towns. In addition, the
Santiago River, whose mouth is located 21 km northwest of the town of San Blas, has
previously been diagnosed with questionable water quality for EC and ENT (CONAGUA
2018). Therefore, the use of water with anthropogenic fecal remnants and warm-blooded
animals have been identified as important risk factors (Yajima and Kurokura 2008).

The basis for recommending criteria that use bacterial indicators of fecal contamination is
that pathogens often coexist with indicators of contamination (USEPA 2012). Although, the
use of fecal indicator bacteria data has been reported to underestimate the risks
associated with other pathogens (Yajima and Kurokura 2008). Pathogen-specific risk
assessments are necessary to protect vulnerable populations from exposure to fecal
pathogens. However, in the context of pathogen dose calculation, there is a scarcity of
pathogen data due to the difficulties and costs of regular monitoring of pathogen
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contamination (Federigi et al. 2020). Instead, surrogate data are used to infer the presence
of the latter in environmental samples (Sklar et al. 2023).

Importantly, the estimated burden of disease exceeded international benchmarks. The risk
values obtained for ENT (up to 5.96 x 107" per exposure event; 588 cases per 1000 workers)
and for EC (1.16 cases per 10,000 workers) surpassed USEPA (3.6 cases per 100 people)
and WHO (1 case per 10,000 people) reference levels. Such exceedances demonstrate that
shrimp farm workers in San Blas face occupational health risks beyond internationally
accepted safety thresholds. While previous studies have highlighted waterborne exposure
in aquaculture and recreational contexts (Yajima and Kurokura 2008; Abia et al. 2016), this
study provides one of the first quantitative assessments of microbial risk for shrimp farm
workers, filling a gap in the occupational health literature.

Finally, this QMRA model provided a useful scientific tool to evaluate risks associated with
aquaculture activities including INM and HMC exposure scenarios, and to project human
capital health risk under different climatic conditions. Information on the influence of fecal
indicator bacteria use statistics on potential risk in a particular seawater body may be
useful to policy makers in planning health campaigns and prioritizing future interventions.
The QMRA model presented in this study can be refined to adapt to potential pathogens
present in aquaculture water. This QMRA approach can also be applied to tropical waters if
comprehensive water quality data are collected in the future.

3. CONCLUSION

Understanding the origin of fecal contamination of water as a vital resource for shrimp
production is essential to evaluate health risks, as well as to determine the necessary
actions to remedy the problem. Here we examined the presence of EC and ENT in the
estuary water of San Blas, Nayarit, Mexico, and it was possible to determine for the first
time the risk of infection probabilistically for shrimp farm workers. This study highlights the
pronounced seasonal variability of Escherichia coli (EC) and Enterococci (ENT) in coastal
waters, with EC peaking in the dry season and ENT in the rainy season, resulting in a
substantial proportion of samples exceeding microbial quality standards. QMRA
demonstrates that occupational exposure during aquaculture activities, particularly
through immersion and hand-to-mouth contact, poses a significant risk of gastrointestinal
illness that varies seasonally. These findings have important implications for both worker
safety and the sustainability of shrimp farming. Preventive measures such as seasonal
monitoring of microbial indicators, use of protective equipment during immersion, and
improved management of agricultural and urban discharges are recommended to reduce
exposure risks. In addition, training workers on safe handling practices and promoting
policies that integrate occupational health into aquaculture management could further
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mitigate risks. Despite inherent uncertainties in QMRA related to ingestion volume
estimates and spatial variability of contamination, the consistency of the results across
scenarios strengthens their relevance. Future research should integrate epidemiological
monitoring of aquaculture workers and explore interventions tailored to local hydrological
and occupational contexts.
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