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Rainwater management and
associated health risks: case
study on the Welfengarten
campus of the Leibniz University
of Hannover, Germany

Estefania Carpio-Vallejo, Urda Düker and Regina Nogueira*

Institute of Sanitary Engineering and Waste Management, Leibniz University, Hannover, Germany

In the face of growing climate change challenges and increasing uncertainty over
water availability, roof-harvested rainwater emerges as a promising alternative
source in urban settings. At the Welfengarten campus, rainwater from the main
building’s roof feeds a pond that overflows into a park. However, concerns arise
about potential waterborne diseases a�ecting children interacting with the pond.
This study assessed the microbiological water quality of the urban pond and the
associated health risks. Bi-monthly water sampling was conducted in 2020 and
2021, field observations documented interactions with the pond, and amicrobial
risk assessment quantified health risks from recreational exposure, addressing
a critical gap in urban water safety research. Microbial analysis showed Total
coliforms (4.41 × 101 to 2.42 × 103 MPN/100mL), E. coli (5.20 × 100 to 4.61
× 102 MPN/100mL), Enterococci (1.60 × 101 to 1.73 × 103 MPN/100mL),
Salmonella spp. (2.00× 102 to 2.10× 104 CFU/100mL) and P. aeruginosa (4.00×

100 to 6.00× 103 MPN/100mL). QMRA results showed maximum daily infection
probabilities of 3.18× 10−1 for Enterococci and 2.48× 10−1 for Salmonella spp.,
exceeding the USEPA benchmark (3.60 × 10−2), while other bacteria remained
below it. Given the lack of water quality guidelines for these environments,
regular monitoring, particularly during summer, is recommended to safeguard
public health and guide future water management policies.
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1 Introduction

The concept of the Sustainable Development Goals (SDGs) aimed at creating a set of 26

universal objectives to address the pressing environmental, social and economic challenges

that our world has confronted during the past decades. Among these challenges, water

stands out as a critical resource that intersects with every dimension of these goals (Wong

et al., 2020). Every year, cities around the world face the challenges of rapidly growing

populations and constrained access to potable water resources, making cities a key focal

point for the application of sustainable development strategies (Imteaz et al., 2022).

These challenges are exacerbated by the effects of climate change, particularly its impact

on the ability of existing water systems to provide adequate quantity and quality of water

(IRP, 2018; UNEP, 2015). Furthermore, approximately 50% of the world’s drinking water

supply is derived from groundwater sources, increasing the pressure on these resources

Frontiers inWater 01 frontiersin.org

https://www.frontiersin.org/journals/water
https://www.frontiersin.org/journals/water#editorial-board
https://www.frontiersin.org/journals/water#editorial-board
https://www.frontiersin.org/journals/water#editorial-board
https://www.frontiersin.org/journals/water#editorial-board
https://doi.org/10.3389/frwa.2025.1590548
http://crossmark.crossref.org/dialog/?doi=10.3389/frwa.2025.1590548&domain=pdf&date_stamp=2025-06-20
mailto:nogueira@isah.uni-hannover.de
https://doi.org/10.3389/frwa.2025.1590548
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/frwa.2025.1590548/full
https://www.frontiersin.org/journals/water
https://www.frontiersin.org


Carpio-Vallejo et al. 10.3389/frwa.2025.1590548

and leading to aquifer depletion as the demand for clean

groundwater increases (Sarma and Singh, 2021). This highlights

the need for effective use of alternative water resources in urban

areas, such as roof-harvested rainwater (RHRW), which can also be

applied to promote groundwater recharge (Nachson et al., 2022).

To tackle these pressing issues, the United Nations/Word

Level Bank High-Level Panel on Water has formulated an Action

Plan. This Plan centers on reinforcing water data and promoting

evidence-based decisions, assessing the value of water in terms of

sustainability, efficiency and costs, and encouraging the adoption

of sustainable water management practices that enhance resilience,

water governance and social inclusion (HLPW, 2018). Urban

water management must evolve to become more integrative and

adaptive, considering factors that impact both social and technical

dimensions. This requires a shift of the existing infrastructure

and institutional framework to align with the goal of creating

sustainable green cities (Wong et al., 2020).

In recent years, several water initiatives have emerged to

achieve sustainable urban water management. Examples include

Water-Sensitive cities, Sponge Cities, Low Impact Development

infrastructures (LID), among others. These innovative concepts

have paved the way for new water features in urban areas to reduce

the burden on sewer systems during intense storm events and

to make rainwater available for other uses, including recreation

and infiltration (Jiang et al., 2018; Rahoui, 2021). Previously, the

concept of pond harvesting systems was only applied in rural

settings; however, there is a growing need to explore this alternative

in urban areas as part of nature-based solutions (NBS) (Zabidi et al.,

2020).

Despite their growing popularity and multifunctional benefits,

urban ponds remain largely under-monitored for microbiological

safety, particularly in Europe. Recreational exposure to these

water bodies poses potential health risks due to the presence of

pathogenic microorganisms (Islam et al., 2021). Urban ponds can

act as reservoirs for bacterial pathogens, which can proliferate

in such environments and pose significant health risks through

dermal contact or ingestion (Leonard et al., 2018). Children, due

to their lower immunity and behaviors that increase exposure (e.g.,

hand-to-mouth contact, splashing), are particularly vulnerable

(Wade et al., 2022). To assess these health risks associated

with pathogen exposure, we used the quantitative microbial risk

assessment (QMRA) approach.

Climate change is contributing to the emergence and spread

of water- and vector-borne diseases across Europe. Changing

precipitation patterns, high temperatures and extreme weather

events can significantly influence the transmission dynamics and

persistence of pathogens in the environment, increasing the risk of

infections related to E. coli, Salmonella,Campylobacter, andmaking

diseases such as Leptospira interrogans and Vibrio infections more

frequent in Germany and overall, in Europe. Illnesses linked to

Campylobacter and Salmonella are also on the rise (Arikan and

Cakir, 2023).

Globally, around 830,000 deaths occur each year because of

diarrheal diseases linked to inadequate drinking water, sanitation

and hygiene. In Europe, this burden remains significant, with an

estimated of seven daily deaths from the same causes. Between

2010 and 2021, the most frequently reported outbreaks in the

region were related to shigellosis, E. coli diarrhea, hepatitis

A and cryptosporidiosis (WHO, 2022). Recent data show that

in 2022 Europe reported 1,822 cases of Shiga toxin-producing

E. coli (STEC), with over 80% infected in Germany, even though

waterborne transmission is less frequent, it remains a relevant

concern (Withworth, 2024). Despite these findings, comprehensive

and up-to-date data specifically related to the occurrence of these

pathogens in recreational water bodies in Germany and Europe

remain scarce, highlighting the need for systematic monitoring and

targeted research to better understand and manage health risks in

urban water environments.

Mitigating environmental challenges requires synergistic

collaboration and strong commitments from both public and

private organizations. Among these, Higher Education Institutions

(HEIs) play a key role in fostering sustainability through

internal and external commitments, including policies, campus

management, environmental initiatives, curricula and research

programs (Barreiros et al., 2024). HEIs not only empower students

with the knowledge and the tools to address environmental

challenges but also cultivate sustainable behaviors, particularly in

water use.

As integral components of urban environments, HEIs

contribute significantly to the implementation and achievement

of the SDGs. Concepts such as “green campus” and “sustainable

campus” have gained momentum, reflecting institutional efforts

toward environmental responsibility. A sustainable campus reflects

the integration of environmental sciences and best practices,

embedding sustainability across management, teaching and

research areas (Sugiarto et al., 2022).

To develop sustainable campuses, a multifaceted approach

considering several strategies is required, strategies that address

behavioral aspects, strategies in the learning instrument aspects,

and strategies improving campus infrastructure. Many universities

have strategically implemented sustainable campus initiatives,

among them we can mention the University of Florence, which

has embedded sustainability into its institutional framework by

establishing clear strategies and structured initiatives, including

green buildings, waste management and sustainable mobility (Fissi

et al., 2021). This highlights the crucial role of leadership in

successfully implementing sustainable campus practices. Similarly,

the adoption of environmentally friendly technology in the learning

processes has paved the way for sustainable e-learning, promoting

resource efficiency and reducing environmental impact (Abdillah

et al., 2018).

Water quality in universities also plays a critical role in

sustainable campus development. The University of Tianjin has

integrated a green campus model that incorporates the use of

rainwater harvesting and a sustainable water circulation system,

demonstrating effective water resource conservation (Peng et al.,

2018). Recognizing the growing importance of sustainable campus

management, institutions worldwide need to prioritize energy

conservation, resource efficiency and waste reduction. At the

Leibniz University Hannover (LUH) water management is a

key pillar of its environmental sustainability efforts, reinforcing

the broader role of HEIs in fostering responsible resource

management and advancing the achievement of the SDGs

(Schmiedner, 2019).
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The case study described in the present work took place in the

Welfengarten campus of the Leibniz University of Hanover. This

study ismeaningful as it addresses a critical gap in the application of

Quantitative Microbial Risk Assessment (QMRA) to rainwater-fed

urban ponds used informally for recreation in Europe.While urban

ponds are increasingly being integrated in green urban design,

there is a lack of safety guidelines and microbial risk data specific

to these settings. Previous studies have highlighted the potential

health risks associated with exposure to pathogens in urban water

bodies (Stec et al., 2022; vOon et al., 2023; Baral et al., 2018; Ziółek

et al., 2024); however, comprehensive risk assessments tailored to

European urban ponds remain scarce. By applying QMRA in this

context, our findings contribute valuable insights that can inform

evidence-based public health protections and guide the design

of future NBS initiatives. There are two main objectives of this

study: (a) to estimate the annual infiltration of pond water into the

groundwater and its microbiological water quality, and (b) to assess

the microbial health risks with a particular focus on gastrointestinal

diseases and skin infections in children as a result of their exposure

to pond water.

2 Materials and methods

2.1 Study area and system description

Located in the Nordstadt district of Hannover, Germany,

the Welfengarten Park covers ca. 0.12 km² and is situated at

52.38406◦N, 9.71730◦E, directly behind the main building of the

Leibniz Universität Hannover. The park is open to the public, and

in summer, citizens gather on the lawns around the pond (Figure 1).

Children and dogs frequently play near the pond and interact with

the water, while several other animals can be observed in the pond

and in the surrounding areas.

The pond stores rainwater that is harvested from the

university’s roof and allows the overflow to infiltrate into the lawn,

recharging the groundwater. The pond has a surface area of 410

m2 with an associated infiltration area spanning approximately

1,300 m2. The volumetric capacity of the ponds is 493 m3, and it

is replenished by rainwater harvested from the roof of the main

building of the Leibniz University. The rainwater collection system

encompasses a 1,053 m2 roof area, which is connected to the pond

by a PVC pipe. The inlet structure where the rainwater flows into

the pond also serves as a sand trap. We conducted a comprehensive

analysis of the microbiological water quality of the pond.

2.2 Sampling design and procedure

Sampling was conducted under clear-sky conditions, with

ambient temperatures ranging from 20◦C to 24◦C. The lowest

temperatures were recorded in September 2020 and May 2021,

while the highest occurred in July of both years.

The pond, situated at 52.38406◦N, 9.71730◦E, approximately

at 55m above sea was sampled twice per month at surface level

(∼15 cm depth), following standard sampling procedures, from

June to September 2020 and from May to August 2021. The

variation in sampling months between the 2 years was due to

logistical constraints, including limited personnel availability and

disruptions caused by the COVID-19 pandemic in May 2020.

To avoid external contamination during sampling, the glass

bottles were carefully handled by their base, avoiding contact

between hands and the bottle opening or interior. Bottles were

submerged with their opening pointed downward and then tilted

upward to collect water at the target depth. Submersion was

done carefully to avoid stirring bottom sediments of the pond

and to minimize contact with the pond banks during sampling,

as described in (US Environmental Protection Agency Science

Ecosystem Support Division Athens, 2016).

Fifteen samples were collected using pre-cleaned and sterilized

1 liter borosilicate glass bottles. Samples were immediately stored

in cooled transport boxes at 4◦C and transported to the laboratory

for microbiological analysis within 24 h of collection.

2.3 Physicochemical and hydrological
analyses

2.3.1 Physicochemical parameters
Key physicochemical parameters, including dissolved oxygen

(DO), pH, electrical conductivity and water temperature, were

measured in situ at the surface level (approximately 15 cm

depth) of the pond during each sampling event. Measurements

were taken using a MultiLine R© Multi 3630 IDS digital multi-

parameter portable meter (WTW, Germany), ensuring accurate

and consistent monitoring under field conditions. The device

was calibrated prior to each sampling campaign according to the

manufacturer’s instructions.

2.3.2 Water balance of the urban pond
To estimate the potential water infiltration contributing

to groundwater recharge, we calculated the total amount of

rainwater harvested from the roof and direct precipitation into the

pond based on Equations (1), (2) (EPA, 2020). Subsequently, we

subtracted the estimated evaporation employing the evaporation

rate reported by NLWKN (2016), which represents the average

conditions for Hannover.

dV

dt
(
m3

year
) = QRHRW − Qinfiltration + Qprecip − Qevap (1)

Qinfiltration = QRHRW + Qprecip − Qevap (2)

2.4 Microbiological analysis

To quantify the concentrations of Total coliforms, E. coli,

Enterococci, and P. aeruginosa, we used IDEXX test kits:

ColilertTM, EnterolertTM, and PseudalertTM (IDEXX Canada,

ASTM Method #D6503-99). For each analysis, a 100mL water

sample was poured into sterile bottles (Carl Roth, Karlsruhe), after

which the appropriate reagent was added and the bottle gently

shaken until fully dissolved. Prepared samples were incubated for
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FIGURE 1

(a) Pond in the Welfengarten park in the city of Hannover. (b) Detail of the pond showing the presence of ducks and organic debris.

24 ± 2 h at the temperatures recommended by the manufacturer:

Total coliforms and E. coli at 35◦C± 0.5◦C, Enterococci at 41◦C±

0.5◦C and P. aeruginosa at 38◦C± 0.5◦C. Following the incubation

period, QuantitrayTM wells were examined and the number of

positive wells was used to calculate the Most Probable Number

(MPN) according to IDEXX reference tables. For Total coliforms,

yellow wells were counted, for E. coli, yellow wells exhibiting

fluorescence under UV light were counted, for P. aeruginosa and

Enterococci, fluorescent wells under UV light were recorded, with

fluorescence indicating the presence of the target organism (IDEXX

Laboratories, 2019).

The detection of Salmonella spp., Vibrio spp., Listeria

monocytogenes, and Campylobacter spp. was carried out using

selective culture methods following routine protocols from

the Institute of Food Science and Human Nutrition, Leibniz

University Hannover.

For the analysis of Salmonella spp., 100 µl of undiluted, 1:10

and 1:100 diluted water samples were plated in triplicate onto

modified BPLS agar plates (Oxoid, Wesel, Germany). Plates were

incubated at 35◦C ± 0.5◦C for 24 ± 2 h. Presumptive Salmonella

colonies, exhibiting morphology consistent with Salmonella spp.,

characterized by pink-red coloration with a red halo, were

enumerated. Quality control was maintained throughout the

analysis by including Salmonella enterica subsp. enterica (DSMZ

No. 5569) as a positive control. For each dilution, colony

counts from triplicate plates were averaged. The concentration of

presumptive Salmonella spp. was then calculated by multiplying

the average colony count by the inverse of the dilution factor and

adjusting for the plated volume, and the results were expressed as

CFU/100 mL.

For the detection of Listeria monocytogenes, 100 µl of

undiluted, a 1:10 and a 1:100 diluted water samples were plated

in triplicate onto BrillianceTM Listeria Agar plates (Oxoid, Wesel,

Germany). Plates were incubated at 36 ± 1◦C for 24 ± 2 h and

then extended to 48 ± 2 h due to initial absence of visible colonies.

Quality control was ensured by including Listeria monocytogenes

DSMZ No. 20600 as a positive control.

Campylobacter spp. was cultured by plating 100 µL of

undiluted, 1:10, and 1:100 diluted water samples in triplicate onto

Campylobacter selective agar plates. To establish the required

microaerophilic conditions, CampyGenTM gas-generating sachets

(Oxoid) were used. The plates were incubated at 42◦C ± 1◦C for

48 ± 2 h. Quality control was ensured using Campylobacter jejuni

ATCC 33560 as a positive control.

For the analysis of Vibrio spp., 100 µL of undiluted, 1:10, and

1:100 diluted water samples were plated in triplicate onto TCBS

agar plates (Oxoid,Wesel, Germany). Plates were incubated at 35◦C

± 1◦C for 24 ± 2 h. Quality control was ensured using Vibrio

cholerae ATCC 14035 as a positive control.

Sterile phosphate-buffered saline (PBS) was used as blank

control in each analytical batch across all microbiological assays to

control de sterility of the medium.

2.5 Field observations for exposure
assessment

While video surveillance is a commonly used tool to collect data

during field observations, we selected a different method due to

strict data protection regulations in Germany. Therefore, we used

an adapted version of the Burano method (Riege and Schubert,

2002) to conduct field observations at the pond.

In the present study, the Buranomethod was tailored to observe

and record the behavior of individuals engaging in recreational

activities involving contact with pond water.

Observations were carried out during our water sampling

campaigns. In total, we conducted five visits with a duration of

60min each. In the visits, we collected and recorded information
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using a spatially referenced site map, noting the type of

water contact (e.g., hand, foot, full-body immersion) and the

estimated duration of exposure for each observed event (see

Supplementary Figure 1).

2.6 Health risk assessment

For this study, the health risk assessment considered Total

coliforms, E. coli, Enterococci, and Salmonella spp. to account for

the probability of gastrointestinal illness, while P. aeruginosa was

used to assess the probability of infection through dermal exposure.

Vibrio spp., Listeria monocytogenes, and Campylobacter spp. were

not included in the risk assessment as their concentrations were

below the limit of detection.

Our risk assessment focused specifically on children, due to

their lower immunity against pathogens and infections. Children

are also more likely to engage in hand-to-mouth contact while

playing in or near water, increasing their risk of exposure, and their

tendency to ingest more water during recreational activities such as

wading or splashing (Sinclair et al., 2009).

Two primary exposure routes were considered based on typical

recreational behavior: hand-to-mouth contact (QHM) and ingestion

of water droplets resulting from splashing (QD) (see Section

2.6.2). Given the similarity of our study with the exposure routes

analyzed previously by De Man et al. (2014), we adopted the

parameter framework from their work to perform our calculations.

However, the specific frequency values of events such as hand-to-

mouth contact and the unintentional ingestion of water droplets

were derived from our field observations and fitted to a gamma

distribution to better represent their probabilistic nature in the

subsequent calculations.

The quantitative microbial risk assessment (QMRA)

approach was chosen to quantify the likelihood of adverse

health outcomes to children associated with microbial exposure.

This framework integrates data of the targeted microorganisms,

their environmental behavior, exposure pathways and host

susceptibility (CAMRA, 2021; Carpio-Vallejo et al., 2024; WHO,

2016).

2.6.1 Hazard identification
The primary microbial hazards evaluated in this study

were Total coliforms, E. coli, Enterococci, Salmonella spp.,

and P. aeruginosa. These bacteria were selected due to their

relevance as fecal indicator bacteria (FIB) and their potential

to cause waterborne infections through recreational exposure.

While Total coliforms, E. coli and Enterococci are standard

indicators of fecal contamination, Salmonella spp. represent a well-

known enteric pathogen, and P. aeruginosa is an opportunistic

pathogen with relevance in dermal infections, particularly in

immunocompromised individuals and children.

It is important to note that our microbial analytical methods

did not specifically identify pathogenic strains of E. coli and

Enterococci. In the case of Salmonella spp., enumeration was

based on presumptive colonies grown on selective media.

Therefore, a conservative “worst -case scenario” approach was

applied in the risk assessment, using dose-response models

and parameters associated with ETEC O111 (CAMRA, 2021),

pathogenic Enterococci (Haas et al., 2014) and Salmonella (WHO,

2001), all of which are commonly linked to gastrointestinal illness

following environmental exposure. This assumption aligns with

previous QMRA studies that rely on generalized FIB and culture-

based detection as proxies for pathogenic organisms when specific

strain identification is not feasible (USEPA, 2010; Holcomb and

Stewart, 2020). While this method allows for illness probability

estimation using established dose-response models, it likely results

in an overestimation of the actual health risk.

2.6.2 Exposure assessment
In our study, we investigated two primary pathways of

exposure for children who had direct contact with pond water.

These pathways included hand-to-mouth contact (QHM) and the

unintentional ingestion of water droplets caused by splashing (QD).

For more detailed information on the parameters and calculations

used to determine the exposure volumes, please refer to Carpio

Vallejo et al. (2023). To establish the exposure duration (t), we

utilized the relevant data gathered during the field observations.

The collected data was then fitted to a Beta probability distribution

in RStudio Team (2020), as this distribution is well-suited to

describe values within a specific range, which, in this context,

corresponds to the duration of the field observations.

2.6.3 Dose estimation
The dose of exposure (d) was calculated for each microbial

parameter based on the estimated concentration of the

microorganism in the water, the exposure rate, and the duration

of contact during recreational activities. The equation used is

as follows:

d (MPN) = C (MPN/mL) x Q (mL/min) x t (min) (3)

Where C represents the concentration of the bacteria in water,

Q is the rate of water ingested or in contact with the skin during

the recreational event, and t is the duration of exposure of one

recreational event (Haas et al., 2014).

For each studied exposure pathway, parameter values for

Q and t were informed by behavioral data collected during field

observations and adjusted based on existing literature (De Man

et al., 2014; Carpio Vallejo et al., 2023).

2.6.4 Dose-response models
To estimate the probability of GI illness (Pill) or skin infection

(Pinf ), established dose-response models were applied for each

target bacteria. The models were selected based on available

literature and are summarized in Table 1. Each model relates the

microbial dose (d), estimated from exposure scenarios to the

probability of illness or infection (Pill or Pinf ), using organism-

specific parameters.

For Total coliforms and P. aeruginosa, exponential models were

applied. For E. coli, Enterococci, and Salmonella spp., beta-Poisson
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TABLE 1 Dose-response models and parameters used for the selected bacteria.

Bacteria Dose response model Parameters Source

Total coliforms Pill = 1 - exp –dxr r= 5.00× 10−7 (Clarke et al., 2017)

E. coli

(ETEC O111)

Pill = 1 - [1+ d × ((2(1/α) - 1)/N50)]
−α α = 2.63× 10−1

N50 = 3.56× 106
(Center for Advancing

Microbial Risk Assessment

(CAMRA), 2020)

Enterococci Pill = 1 - [ 1+ d × ((2(1/α) - 1)/N50)]
−α α = 1.60× 10−1

N50 = 59.90× 103
(Sunger and Haas, 2015)

Salmonella∗ Pill = 1 - [ 1+ d × ((2(1/α) - 1)/N50)]
−α α = 31.26× 10−2

N50 = 23.60× 103
(WHO, 2001)

P. aeruginosa Pinf = 1 - exp –kxd k= 4.30× 10−7 (Roser et al., 2015)

∗Multiple (non-typhoid) pathogenic strains (S. pullorum excluded).

models were used, which account for host variability and a dose-

dependent infection probability. The input parameters (α, N50, r,

and k) were obtained from the literature and reflect estimates that

are suitable for recreational water risk assessments.

2.6.5 Risk characterisation
As the final step of the QMRA, the probability of infection or

illness was estimated based on the exposure dose and the selected

dose-response models. Monte Carlo simulations were performed

using MATLAB R© (version R2020a), generating 10,000 iterations of

the dose-response model parameters. The simulations accounted

for variability in microbial concentrations, exposure volumes, and

exposure durations, using the distributions fitted to experimental

data and field observations. For the purposes of this study, all input

parameters were assumed to be independent (De Man et al., 2014;

Eregno, 2017).

The output of each simulation run corresponded to a

probability estimate of infection/illness for a single exposure event,

which were then compared to the USEPA benchmark established in

their Recreational Water Quality Guidelines of 3.6× 10 −2 risk per

exposure (USEPA, 2012). This approach provided the estimation of

health risks associated with eventual recreational contact with pond

water fed with RHRW in an urban setting.

2.6.6 Sensitivity analysis
Sensitivity analysis is a critical component of the QMRA.

As described by Eregno et al. (2016), it aims to identify how

variations in input parameters influence the final risk of illness or

infection. In this study, the sensitivity analysis was conducted to

identify the parameters causing the most significant impact on the

variability of the health risk outcomes. The assessed parameters

included the surface area of the hand that is mouthed (A),

bacterial concentration (C), frequency of ingesting water droplets

(fD), frequency of hand-to-mouth contact (fHM), film thickness

of water on hands (h), volume of a water droplet (VD), and

time of exposure (t). The dose-response parameters α, β, N50 and

k from each model were obtained as point estimates from the

literature. These parameters were not included in the sensitivity

analysis, as they can vary between individuals (Pérez-Rodríguez,

2021).

2.6.7 Risk comparison against USEPA recreational
water quality criteria

The 2012 USEPA Recreational Water Quality Criteria (RWQC)

guidelines (USEPA, 2012) set an estimated illness rate of 36

NGI/1000 (NEEAR - Gastrointestinal Illnesses). Even though

the RWQC did not provide an estimated illness or infection

rate for dermal infections, the findings from the NEEAR study

indicated that other waterborne illnesses occur at lower rates

than gastrointestinal (GI) illnesses (USEPA, 2012). Consequently,

safeguarding public health against GI illnesses serves as a preventive

measure against various other waterborne illnesses associated with

recreational water activities. Our study used this benchmark to

assess whether the current water quality of the pond aligns with the

USEPARWQC (USEPA, 2012), thereby determining its compliance

with the established standards.

2.7 Statistical analysis

To identify the most suitable probability distributions to

describe our dataset for bacterial concentrations and exposure

times, we employed descriptive statistical methods. The identified

distributions were then integrated into the dose-response models

used for the QMRA. First, the data obtained for microbial

concentrations and exposure durations were fitted to theoretical

distributions using the Maximum Likelihood Estimation (MLE)

method. Then the goodness-of-fit was assessed through criteria

such as the Akaike Information Criterion (AIC), Bayesian

Information Criterion (BIC), and graphical methods including

Q-Q plots. Distributions that best described the data were

subsequently incorporated into the Monte Carlo simulations for

risk characterisation.

All statistical analyses were conducted using RStudio version

4.1.1 (R Foundation for Statistical Computing, Vienna, Austria).

Additionally, to represent the distribution and visualize the spread

and central tendency of the microbiological parameters, we

generated box-and-whisker plots.

Furthermore, to assess whether there were statistically

significant variations in bacterial concentrations between 2020 and

2021, we used the non-parametric Mann-Whitney U test, as the

data did not conform to normality assumptions. A significance

threshold of p < 0.05 was applied for all statistical tests.
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3 Results and discussion

3.1 Physicochemical conditions and
hydrological balance

3.1.1 Physicochemical conditions
Dissolved oxygen (DO) concentrations ranged from 7.07 to

9.78 mg/L, indicating well-oxygenated conditions. The pH values

fluctuated between 8.05 and 8.76, suggesting slightly alkaline

conditions. Electrical conductivity values ranged from 241 to 296

µS/cm, reflecting moderate mineral content. Water temperatures

varied seasonally, from 15◦C during the cooler months to a peak of

24◦C in the warmest periods.

These values are consistent with reported ranges for urban

ponds in temperate European climates. For instance, Rodrigues

et al. (2022) assessed six urban ponds in Lisbon, Portugal,

and reported dissolved oxygen levels between 6.8 and 10.7

mg/L, average pH values ranging from 7.9 to 9.0, and electrical

conductivity values averaging from 332 to 1,255 µS/cm (Rodrigues

et al., 2022). Similarly, Ziółek et al. (2024) investigated small urban

ponds in Lublin, Poland, finding dissolved oxygen levels from 6.8 to

9.5 mg/L, pH values between 7.8 and 8.4, and electrical conductivity

ranging from 250 to 320 µS/cm. These studies confirm that the

physicochemical conditions of the Welfengarten pond fall within

expected ranges for urban water bodies in similar climatic zones

(Ziółek et al., 2024).

3.1.2 Pond hydrological water balance
In 2021, increased rainfall compared to 2020 led to higher

volumes of rainwater collected from the roof and direct

precipitation into the pond, resulting in a greater infiltration rate.

Water balance calculations estimated a potential infiltration of 534

m3/year in 2020 and 784 m3/year in 2021. Considering the pond’s

maximum capacity of 493 m3, these results suggest that the pond

water could be renewed approximately 1.4 to 1.9 times, accounting

for both roof-derived water and direct rainfall inputs.

It is noteworthy that the water table in the area is typically

found at an average depth of approximately three meters, which

is considered shallow (NLWKN, 2023). This indicates a potential

risk for microbiologically contaminated pond water to impact

the underlying groundwater quality. However, a comprehensive

investigation is necessary to thoroughly assess the extent of

this potential impact on the microbiological quality of the

groundwater body.

3.2 Microbial water quality

We assessed the microbiological water quality of the pond

based on the bacterial concentrations obtained from sampling. A

summary of the results for the mean, median, geometric mean and

95-percentile of each bacterium is presented in Table 2.

In the case of Vibrio spp., Campylobacter spp., and Listeria

monocytogenes, no colonies were detected in any of the plates,

indicating that concentrations were consistently below themethod’s

detection limit of 10 CFU/mL.

The concentration of Total coliforms in our study exhibited a

range from 4.41 × 101 to 2.42 × 103 MPN/100mL throughout

the sampling period. Higher concentrations were observed in

2021 compared to 2020, as evidenced by the mean, median and

geometric mean presented in Table 2. Our findings align with

the range reported by Zeki (2022), who detected similar levels in

samples taken from the bottom of an irrigation pond in Turkey

(ranging from 4.70 × 101 to 3.50 × 103), with surface water

samples reaching Total coliforms concentrations of up to 8.66 ×

103 MPN/100mL. It is worth noting that the pond in our study

was significantly smaller than the one studied by Zeki (2022), which

may influence microbial load and distribution.

In our study, E. coli concentrations ranged from 5.20 ×

100 to 4.61 × 102, except for one outlier which reached

2.42 × 103 MPN/100mL in 2021. Similar to Total coliforms,

higher values were recorded in 2021. This concentration range

is broader than that reported by Nalwanga et al. (2018), who

found E. coli concentrations ranging from 1.40 × 102 to 2.20

× 102 CFU/100mL across various rainwater harvesting systems,

identifying catchment ponds as the most contaminated. Recent

studies further contextualize our findings, Livhuwani et al. (2025)

reported E. coli concentrations in RHRW ranging from 4.32 × 100

to 2.79 × 101 CFU/100mL across different roof types in South

Africa, with steel roofs exhibiting the highest levels.

Enterococci concentrations ranged from 1.60 × 101 to 1.73 ×

103 MPN/100mL, with higher levels also observed in 2021. These

results are consistent with those reported by Clark et al. (2019),

who measured E. coli, Enterococci and Salmonella enterica in roof

runoff from different roofing materials during multiple rain events

in Utah. Their study, along with findings by Nalwanga et al. (2018),

consistently highlighted Enterococci as being more prevalent than

E. coli.

The consistently higher concentrations of Enterococci

compared to E. coli suggest that the source of the fecal pollution

likely originates from animal sources (Nalwanga et al., 2018). This

aligns with the broader literature, which identifies birds, rodents

and lizards as common contributors of pathogens in RHRW

(Mendez et al., 2011; Simmons et al., 2001).

It is important to highlight that E. coli concentrations in our

study fell within the recreational water compliance recommended

by the USEPA in the 2012 RWQC, which recommends a geometric

mean not exceeding 1.26 × 102 CFU/100mL. In contrast, the

geometric mean of Enterococci in both years exceeded the

threshold of 3.50× 101 CFU/100mL from the same guidelines.

The EU 2006 guidelines for excellent bathing water quality

set a 95th percentile threshold of 5.00 × 102 CFU/100mL for

E. coli and 2.00 × 102 CFU/100mL for Enterococci. E. coli

concentrations in our samples met this standard in 2020 but exceed

it in 2021. On the other hand, Enterococci concentrations exceeded

the recommended limit in both years.

Presumptive Salmonella spp. concentrations ranged from

2.00 × 102 to 2.10 × 104 CFU/100mL. These values align

with the findings of Nusraningrum et al. (2024), who also

reported Salmonella spp. in RHRW systems with both catchment

ponds and storage tanks, suggesting contamination sources

such as dust and animal excreta washed off from roofs. Also,

Chevez et al. (2024) detected Salmonella (invA) gene marker
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TABLE 2 Summary of mean, median, geometric mean and 95-percentile of bacterial concentrations.

Total coliforms
(MPN/100mL)

E. coli
(MPN/100mL)

Enterococci
(MPN/100mL)

Salmonella spp.
(CFU/100mL)

P. aeruginosa
(MPN/100mL)

Year 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

n 7 8 7 8 7 8 7 8 7 8

mean 1.26× 103 2.07× 103 1.28× 102 4.29× 102 2.61× 102 5.98× 102 1.05× 104 2.60× 103 1.97× 103 1.40× 103

median 1.16× 103 2.42× 103 3.38× 101 1.22× 102 1.34× 102 2.48× 102 7.50× 103 2.10× 103 1.00× 103 1.13× 102

GM 7.87× 102 2.01× 103 4.94× 101 9.40× 101 1.37× 102 2.07× 7.80× 103 1.39× 103 8.83× 102 1.30× 102

95-P 2.41× 103 2.41× 103 4.20× 102 1.76× 103 6.80× 102 1.73× 103 2.07× 104 5.58× 103 4.92× 103 4.11× 103

n, number of samples; GM, geometric mean; 95-P, 95-percentile.

presence in six of the eight studied ponds and 6% detection

rate across 88 samples with higher prevalence during the

summer months, confirming the seasonal nature of Salmonella

in surface waters. In contrast, Morgado et al. (2022) did not

detect Salmonella spp. in samples from vegetable rain gardens

equipped with a first flush diverter. The absence of such

a diverter may partially explain the higher bacterial load in

our study.

In our study, P. aeruginosa was detected at concentrations

ranging from 4.00 × 100 to 6.00 × 103 MPN/100mL, with

higher levels observed in 2020. These concentrations are higher

than those reported by Grabowski et al. (2024), who investigated

the pollutant removal efficiency of a rainwater treatment system

in a National Park in Poland. They reported P. aeruginosa

concentrations ranging from 0 to 3.80 × 101 CFU/100mL,

suggesting that system design and maintenance can influence

bacterial proliferation.

The elevated concentrations observed in our study may be

attributed to the absence of a first flush diverter, which would

remove initial runoff carrying accumulated contaminants from the

roof and surrounding surfaces. Additionally, reduced maintenance

during COVID-19 pandemic in 2020 may have contributed to

increased water stagnation and biofilm formation, both favoring

growth of P. aeruginosa. Similar findings were reported by

Collins and Nabaasa (Nusraningrum et al., 2024) who isolated

P. aeruginosa during their assessment of the contamination

of RHRW in Uganda, although specific concentrations were

not indicated. Furthermore, Hamilton et al. (2017a), during

their study of premise plumbing pathogens in RHRW tanks,

detected significantly higher concentrations, highlighting the role

of stagnation time in bacterial occurrence.

Interestingly, and in contrast to the trends observed for fecal

indicator bacteria, both Salmonella spp. and P. aeruginosa showed

higher concentrations in 2020 (Figure 2). This observation is

consistent with the negative correlations found by Zhang et al.

(2020), who reported negative correlations between temperature

and the occurrence of certain microorganisms in RHRW.

Although the concentrations of Total coliforms, E. coli, and

Enterococci were higher in 2021 compared to 2020, the results of

the Mann-Whitney U test indicated that these differences were not

statistically significant (p-value > 0.05). Similarly, no statistically

significant difference was found for the different concentrations of

Salmonella spp. and P. aeruginosa between the 2 years.

3.2.1 Dry and wet weather conditions and
seasonal variations

In 2020, a total of eight samples were collected, with three of

them taken following a dry weather period, and the remaining

collected under wet conditions. Dry weather was defined as the

absence rainfall within the 72 h prior sampling. Total coliforms

and E. coli concentrations were lower during dry periods. A

Mann-Whitney U test indicated that E. coli concentrations were

significantly lower during dry weather (p < 0.05), while Total

coliforms did not show a statistically significant difference between

dry and wet conditions.

These observations align with previous studies documenting

elevated fecal indicator bacteria following rainfall events. For

instance, a study by Sarker et al. (2025) reported that E. coli

concentrations in karst springs increased from 1.04 × 102

MPN/100mL during dry conditions to 2.16 × 102 MPN/100mL

during wet conditions. Similarly, Hernandez et al. (2020) found

significantly higher Total coliforms counts after rainfall at

certain beach sites. However, it should be noted that the

study by Hernandez et al. was conducted in a coastal setting,

where hydrodynamic and microbial transport processes differ

significantly from those in urban ponds. Collectively, these findings

highlight the impact of rainfall as driver of fecal contamination in

surface waters.

On the other hand, no clear difference was observed

in the concentrations of Enterococci between dry and wet

weather conditions, suggesting greater environmental persistence

compared to E. coli (Ahmed et al., 2010a; Chidamba and Korsten,

2015). In 2021, only one of the seven samples was collected

after a dry period, limiting comparative analysis for that year

(Figure 3).

Seasonal variations also influenced the microbiological quality

of the pond water. A study conducted by students from the Leibniz

University at the same site in November 2020 (late autumn)

reported concentrations of 4.25 × 102 MPN/100mL for Total

coliforms, 1.60 × 101 MPN/100mL for E. coli and 8.30 × 101

MPN/100mL for Enterococci. In contrast, samples collected during

summer 2020 showed higher mean concentrations of 1.26 ×

103 MPN/100mL for Total coliforms, 1.29 × 102 MPN/100mL

for E. coli and 2.61 × 102 MPN/100mL for Enterococci. These

results indicate that Total coliforms and Enterococci levels were

approximately three times higher in summer, while E. coli

concentrations increased by a factor of eight.
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FIGURE 2

Box and whisker plots for bacterial concentrations for the years 2020 and 2021 at the pond. The line inside the box represents the median value, box
represents the interquartile range (25–75 percentiles), black dots outside box represent the outliers, and whiskers show the maximum and minimum
values.

These trends are consistent with findings by Zdeb et al. (2020),

who observed significant seasonal variability in RHRW microbial

quality. Their study reported E. coli values ranging from 0 to 2.40

× 10² CFU/100mL, and Total coliforms reaching up to 7.50 ×

10² CFU/100mL in summer months. The highest contamination

levels occurred during warmer periods (May to September), they

attributed to increased microbial activity at higher temperatures

and the accumulation of organic material on rooftops. However,

since a comparison between dry and wet weather conditions or a

detailed exploration of seasonal bacterial variations was beyond the

scope of our study, an in-depth investigation is necessary to fully

understand this.

3.3 Human exposure

3.3.1 Field observations
Field observations were conducted on days with favorable

weather conditions, characterized by temperatures between 23◦C

and 30◦C, as such conditions increased the likelihood of human

interaction with the pond water. During the observations, a total

of 148 individuals were observed at the pond, of which 29%

were children estimated to be under 16 years of age (Figure 4a).

Approximately 50% of these children were observed to have direct

contact with the pond water; therefore the risk of illness/infection

was estimated specifically for children.

Throughout our field observations, we recognized various

exposure pathways, including activities like washing hands and

faces, having wet feet, and in some cases, full-body immersion. This

highlights that the predominant exposure pathways for children

at this location involve water ingestion and skin contact with the

water. Exposure (t) was recorded for individuals with direct water

contact. The collected data were then fitted to a Beta distribution

and then used as input to the dose-response model for the Monte

Carlo simulations to account for variability in exposure time. A

median exposure time of 10min was found (Figure 4b).

3.3.2 Dose estimation
Bacterial concentrations event to event variability, which

was captured through fitted probability distributions and

integrated into the QMRA. This approach allowed for a

more realistic estimation of exposure doses and associated

health risks (Haas et al., 2014). Table 3 presents the best-fit
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FIGURE 3

Rain events, temperature and sampling values of the pond water during (a) 2020 and (b) 2021. TC, total coliforms; EC, E. coli; EN, Enterococci.

probability distributions identified for each of the five targeted

bacteria and their corresponding parameters used in the Monte

Carlo simulations.

The use of these distributions in the Monte Carlo simulations

allowed the estimation of risk probabilities per event across the full

range of observed concentrations. Results showed that Enterococci

and Salmonella spp. were associated with the highest variability and

concentration peaks, which strongly influenced the risk outcomes

presented in Section 3.4.2.

The estimated exposure doses per recreational event

varied significantly across the five assessed bacteria, reflecting

the differences in their environmental concentrations and

exposure dynamics. Table 4 presents a summary of the mean,

median, 95-percentile and maximum values obtained for

the doses.

The results obtained from the Monte Carlo simulations for

dose estimation showed that Total coliforms had the highest

mean (1.48 × 100 MPN/event), median (2.83 × 10−1 MPN/event)
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FIGURE 4

(a) People observed during the field observations and the type of water contact they had. Direct water contact is defined as hand immersion in water,
hand-to-mouth after water contact and water droplets falling in face or mouth. Indirect water contact is defined as contact through another person,
animal, or object and no water contact is defined as people in the surroundings with no observed interaction with water. (b) Boxplot for the time of
exposure of people who had direct water contact at the pond. The line inside the box represents the median, the box represents the interquartile
range (25–75 percentiles), the black dots outside the box represent the outliers, and the whiskers show the maximum and minimum values.

TABLE 3 Probability distributions of selected bacteria used in the Monte Carlo simulations.

Total coliforms E. coli Enterococci Salmonella spp. P. aeruginosa

n 15 15 10 14

Beta:

α: 0.2464

β: 0.1137

Weibull:

Shape (κ): 0.465

Scale (λ): 0.048

Gamma:

Shape (κ): 0.377

Rate (θ): 1.612

Gamma:

Shape (κ): 0.357

Rate (θ): 1.042

Gamma:

Shape (κ): 0.291

Rate (θ): 1.035

and 95-percentile (6.97 × 100 MPN/event) among all the

assessed microorganisms. These elevated values indicate that Total

coliforms represent a relatively consistent exposure risk across

events, driven by occasional peaks in concentrations. However,

its maximum exposure dose (5.14 × 101 MPN/event) was not

the highest among the microorganisms assessed, suggesting fewer

extreme exposure events.

E. coli showed relatively lower exposure levels, with a median

dose of 1.01 × 10−2 MPN/event and a 95-percentile of 1.07 × 100

MPN/event. The maximum dose reached 5.33 × 101 MPN/event,

similar to Total coliforms, although such high values occurred less

frequently in the simulation.

Enterococci and P. aeruginosa presented similar dose profiles,

with median doses of 3.52 × 10−2 and 2.50 × 10−2 MPN/event,

respectively, and 95-percentiles of 2.50 × 100 and 2.93 × 100

MPN/event. These values suggest that while typical exposures

are moderate, upper-bound exposures are not uncommon. These

results align with prior research indicating the environmental

persistence of Enterococci in recreational waters (Stec et al., 2022)

and the ability of P. aeruginosa to proliferate under biofilm-favoring

conditions (Zhang et al., 2021).

Presumptive Salmonella spp. had the highest maximum dose

overall at 1.31 × 102 CFU/event and a broad dose range (1.64 ×

10−18 to 1.31 × 102 MPN/event), followed by P. aeruginosa with

a maximum of 1.25 × 102, indicating the potential for infrequent

but high-risk exposure scenarios. There is a limited number of

studies reporting dose exposure values in comparable urban pond

settings, thus limiting our capacity to discuss our results with other

published studies.

3.3.3 Risk characterisation
After calculating the dose to which individuals would be

exposed at each recreational event, the risk of illness/infection

is calculated by applying the dose-response relationship

corresponding to each bacterium. In our study, we used a

probabilistic approach to account for variability in bacterial

concentrations, exposure volumes and exposure duration as input

parameters. We performed Monte Carlo simulations to assess

the risk of gastrointestinal illness due to Total coliforms, E. coli,

Enterococci and Salmonella spp. and the risk of skin infection

due to P. aeruginosa. The results of the associated health risks are

shown in Figure 5.

Given the limited number of studies assessing potential health

risks associated with recreational exposure to RHRW stored in

urban ponds, we have drawn upon literature evaluating risks

from rainwater tanks and other relevant sources to contextualize

our findings.

As shown in Figure 5, Enterococci and Salmonella spp.

exhibited risk levels that may exceed the benchmark established

by the USEPA (2012) (USEPA, 2012), while Total coliforms,

E. coli and P. aeruginosa remained below this threshold. This

pattern is likely influenced by the low infectious dose assumed

for Enterococci in the applied dose-response model, as well as the

elevated presumptive concentrations of Salmonella spp. observed

in our samples.

Our findings for Enterococci are consistent with recent research

indicating that Enterococci concentrations above 1.00 × 102

CFU/100mL are associated with increased gastrointestinal illness

risk in recreational waters. For instance, the Canadian Recreational
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TABLE 4 Summary of mean, median, 95-percentile and max dose values of each bacterium.

Total coliforms
(MPN/event)

E. coli (MPN/event) Enterococci
(MPN/event)

Salmonella spp.
(CFU/event)

P. aeruginosa
(MPN/event)

mean 1.48× 100 2.41× −1 5.05× 10−1 7.46× 10−1 5.92× 10−1

median 2.83× 10−1 1.01× 10−2 3.52× 10−2 4.53× 10−2 2.50×10−2

95-P 6.97× 100 1.07× 100 2.50× 100 3.63× 100 2.93× 100

max 5.14× 101 5.33× 101 8.00× 101 1.31× 102 1.25× 102

95-P: 95-percentile.

FIGURE 5

Box and whisker plot of risk of illness/infection per 1,000 users per day at the pond. The horizontal line across the plot represents the USEPA mean
illness rate of 36/1,000 users. The line inside the boxes represents the median, each box represents the interquartile range (25-75 percentiles), the
crosses outside the box represent the outliers, and the whiskers represent the minimum and maximum values.

Water Quality Guidelines designate Enterococci as a primary

indicator of fecal contamination, with concentrations exceeding

7.00 × 101 CFU/100mL considered a potential health risk for

swimmers (Health Canada, 2023). Another study carried out in

Sydney’s Parramatta River estuary (Lloyd et al., 2024) applied

Bayesian network models to predict Enterococci levels and found

that concentrations frequently exceeded urban bathing water

safety thresholds.

Furthermore, Chidamba and Korsten (2018) assessed fecal

indicator bacteria in RHRW storage tanks and categorized

Enterococci concentrations of 1.00 × 102 to 1.00 × 103

CFU/100mL as high risk, and concentrations exceeding 1.00× 103

CFU/100mL as extreme risk. This underscores the potential health

implications associated with Enterococci levels observed in urban

recreational waters.

The detection of presumptive Salmonella spp. in our study

aligns with the findings of a recent systematic review, which

highlighted the prevalence of Salmonella in water bodies across

South America, reinforcing the importance of monitoring

these pathogens in recreational waters (Reyes et al., 2025).

In contrast, our findings differ from those of Ahmed et al.

(2010b), who assessed health risks from RHRW ingestion

and concluded that Salmonella spp. posed no significant risk

relative to WHO (2001) benchmarks. This discrepancy may

be attributed to lower reported Salmonella concentrations

in their study and differences in ingestion volumes between

exposure scenarios.

Our results for P. aeruginosa are consistent with those of

Kusumawardhana et al. (2021), who found that the annual infection

risk from showering remained below the WHO annual benchmark

of 10−4 pppy (WHO, 2001). It is worth noting that opportunistic

pathogens, such as P. aeruginosa, along with other bacteria that

have been identified in RHRW samples, can present public health

risks when used for activities such as garden hosing or toilet

flushing, which can be comparable to the activities and volumes

assessed during our study (Hamilton et al., 2017b).

One limitation of our study is the inability to access and

sample the rooftop catchment area, which restricted our ability to
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FIGURE 6

Sensitivity analysis expressed as rank correlation due to (a) E. coli (b) Enterococci (c) Salmonella spp. (d) P. aeruginosa.

determine the relative contribution of rooftop vs. other parts of the

system to microbial contamination. Further investigation is needed

to trace the sources of contamination.

Given the intermittent nature of recreational exposure, risk

estimates were expressed in units per day, assuming a single

exposure event per day (Haas et al., 2014). Additionally, potential

reductions in bacterial concentrations due to degradation during

water transport or environmental exposure were not accounted for,

which may influence actual risk levels.

Finally, it is important to note that the health risk estimates are

based on a “worst-case scenario” and presumptive concentrations

of indicator and pathogenic organisms. The associated risk values

should be interpreted as conservative estimates that may overstate

actual illness/infection probabilities.

3.4 Sensitivity analysis

The results of the sensitivity analysis (Figure 6) show that,

across all bacteria assessed, the time of exposure was the parameter

with the greatest influence on the infection risk, closely followed

by the bacterial concentration (C). This highlights the critical

role of both behavior (duration of contact) and environmental

conditions (microbial load) in determining health outcomes.

However, this trend was reversed for P. aeruginosa, with bacterial

concentration (C) having a greater influence on infection risk

than exposure time, suggesting pathogen-specific differences in

sensitivity patterns. Conversely, the parameters with the least effect

were the surface area of the hand for hand-to-mouth contact

(A) and the film thickness of water on the hands (h). Similar
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results have been reported in other studies (Chen et al., 2021;

Federigi et al., 2020; Gitter et al., 2023). These findings contribute

to a better understanding of the critical factors that determine

the overall risk of illness or infection associated with the bacteria

studied, allowing to refine risk assessment models and prioritize

intervention strategies that focus on reducing exposure time and

bacterial concentrations in recreational water settings.

Microbial contamination in urban ponds, especially those

used as alternative water sources for multiple purposes, including

recreation, can pose a significant health risk for the local

community, especially for children who frequently engage in

recreational activities in direct contact with pond water. Exposure

through ingestion, skin contact or inhalation can lead to different

infections and illnesses, such as gastrointestinal infections, skin

rashes, and respiratory issues. The results of our study highlight

the presence of potentially pathogenic bacteria in urban ponds,

including Salmonella spp. and P. aeruginosa, both known to cause

severe infections, which reinforces the concern of recreational

exposure to this type of water.

The implications of such contact can go beyond individual

negative health concerns. Outbreaks of waterborne illnesses can

put additional stress on the local healthcare systems and impact

community wellbeing. Additionally, negative perception of water

safety can deteriorate the recreational use of such urban ponds,

affecting the social, psychological and environmental value of

these spaces.

To mitigate these risks, it is essential to implement regular

water quality monitoring, raise awareness on safe recreational

practices, and improve system maintenance to minimize the entry

of biological contamination.

4 Conclusions

This study identified microbial health risks associated

with recreational exposure to water from an urban pond,

where Enterococci and Salmonella spp. levels exceeded the

USEPA benchmark threshold used for comparison. Enterococci

concentrations frequently surpassed the regulatory benchmarks,

suggesting persistent fecal contamination likely originating from

animal sources.

Microbial concentrations of E. coli varied with weather

conditions, showing notable increases following rainfall events.

Moreover, E. coli, Enterococci and Salmonella spp., demonstrated

clear seasonal patterns, with higher concentrations observed during

the summer months, which coincide with periods of increased

recreational activity. In addition, water balance analysis suggested

that infiltrated pond water may affect the microbiological quality of

local groundwater.

Our findings provide new evidence to support the development

of targeted public health guidelines and the safe design of nature-

based urban water systems. The observed weather-related and

seasonal fluctuations in microbial concentrations highlight the

importance of continuous water quality monitoring, especially

during summer when human exposure to water is most

frequent. Continuous efforts in monitoring, regulation, and system

management are essential to address these emerging challenges

and to support the long-term success of urban water-sensitive

initiatives, contributing to the achievement of the Sustainable

Development Goals.
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