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Abstract

Precipitation events such as hurricanes, typhoons, and heavy rainfall can have devastating
impacts on water and sanitation infrastructure around the world and have led to large-scale
waterborne outbreaks. As climate change amplifies the frequency and intensity of extreme
weather events, it is also triggering an increase in waterborne disease transmission. This master’s
thesis consists of a systematic review of academic literature pertaining to extreme precipitation
events and the pathways by which they trigger waterborne outbreaks.

A systematic review of the literature in PubMed was conducted to identify waterborne
disease outbreaks associated with extreme precipitation. The initial search yielded 3,248 results
for title and abstract screening, of which 173 full-text articles were subsequently retrieved and
screened on inclusion criteria of extreme precipitation, waterborne disease outcomes, and
importantly, discussion of mediators and mechanisms driving the association. Ultimately, 57
studies were included in the review, representing study locations in 73 countries. The waterborne
diseases studied were primarily gastrointestinal illnesses and were caused by bacteria, viruses,
and parasites. The most common pathogens studied included bacteria of the genera Leptospira
(23%) and Shigella (11%), as well as parasites of the genus Cryptosporidium (11%). Heavy
rainfall (33%) and flooding (32%) were the most common events associated with waterborne
disease outbreaks.

Ultimately, the most common mediators of waterborne transmission following an extreme
precipitation event were (1) hydro-ecological risk factors, related to runoff from industrial,
agricultural, or environmental sources (2) infrastructural risk factors, resulting from damage to or
disruption of WASH (Water, Sanitation, and Hygiene) infrastructure, (3) socio-behavioral risk
factors, arising from existing vulnerabilities or from changes in activities and behaviours, and (4)
physical risk factors, due to contact with contaminated storm water or floodwaters. By examining
and understanding these climate-related drivers of waterborne disease transmission, we can begin

to envision better mitigation and prevention strategies to protect public health around the globe.
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Introduction

The increasingly urgent threat of climate change has had profound impacts on
meteorological patterns as well as socio-ecological systems. Among these, changes in the global
hydrologic cycle have disrupted normal weather patterns and amplified the frequency and
intensity of extreme weather events, floods, droughts and heatwaves.! While these
meteorological changes have come with many significant human health impacts, one in
particular — the exacerbation of extreme precipitation events — has been specifically associated
with risk of waterborne disease transmission and burden.?*

A major question that remains in our understanding of these associations is how exactly
such precipitation influences waterborne disease outcomes and vulnerabilities, and what
pathways or mediators are driving this association. Globally, and especially in low- and middle-
income settings, mitigating the transmission of waterborne diseases is a crucial aspect of water,
sanitation and hygiene (WASH) programming in public health.’ Thus, it is highly relevant to
study these pathways in order to prioritize prevention and mitigation efforts.

Much of the existing literature has highlighted the relationship between climate and
health, and more specifically, between heightened precipitation events and waterborne disease
transmission.>* With a range of etiologies including unsafe drinking water, contact with
contaminated water, or poor sanitation and hygiene options, waterborne diseases contribute to
major health burdens across the world. In 2015, the Global Burden of Disease study attributed an
estimated 1.2 million deaths and 71.7 million disability-adjusted life years (DALYs) to
contaminated water.® Highly sensitive to climatic variability, this burden is likely to grow as
precipitation events become more intense and unpredictable.

This systematic review aims to address two gaps in the study of waterborne disease

transmission associated with extreme precipitation events. The first is that the study of these



specific climate events has generally remained limited to associations through epidemiological
studies of disease outcomes, linking climate impact and its health outcomes, but without
identifying the mediators that drive transmission and disease in this process, e.g., the specific
mechanisms which create these vulnerabilities and drive these associations. For example, in the
study of other types of infectious diseases, such as vector-borne diseases, researchers have been
able to better highlight the mediating mechanism linking relevant climate events and infectious
disease outcomes. Vector-borne diseases have been shown to thrive due to increased
precipitation, primarily due to improved vector breeding grounds (e.g., more pools of stagnant
water after storms),” but also in part due to changes in vector or reservoir behaviors (e.g., vector
or reservoir migrations or population expansion following a climatic event).®? These
mechanisms have been evaluated numerous times, and in this way, the primary steps of the
climate cascade are well-understood, such as the climate effect, the mechanisms of action, and
the disease outcomes.”!? Thus, part of the aim of this review is to systematically assess and
synthesize the mediators, or potential mechanisms, underlying the relationship between
precipitation and waterborne disease. For waterborne disease transmission to be better
understood and addressed, it is crucial that we better understand the mechanisms at hand.

The second gap this review aims to address is the greater use of a global, broad
perspective. Existing reviews often highlight disease-specific or region-specific associations
between climate events and infectious disease outbreaks.!!"!? Nevertheless, there is value in
examining and synthesizing the global landscape and highlighting the mechanisms by which
waterborne diseases are influenced by climate-change-related precipitation events at a global
scale. By elucidating the climate-related drivers of waterborne disease outcomes, we can begin to

consider mitigation and prevention strategies for vulnerable regions across the globe.



Hypothesis & Rationale

Studies in the existing literature outline mechanisms of waterborne disease
transmission.*”-!3 For each outbreak or disease transmission event, these mechanisms can vary,
ranging from biological to behavioral, affecting the environment and engineering, and sometimes
combining and overlapping considerably.!® Thus, it is relevant to systematically examine the
relationship between these mediators and their involvement in climate-related waterborne disease
outbreaks.

We hypothesize that four primary mediators play a role in the fate of waterborne
diseases, acting in of overlapping, interconnected, and compounding ways. These notably
include (1) hydro-ecological factors, such as runoff from industry, agriculture, and
environmental sources; (2) infrastructural factors, such as damage to or disruption of WASH
infrastructure; (3) physical factors, including contact with stormwater or contaminated
floodwaters; and (4) socio-behavioral factors, including the exacerbation of social
vulnerabilities or change in activities caused by the extreme precipitation event. This review
aims to systematically assess and synthesize the evidence surrounding these interconnected
mediators and their broader implications for mitigation and prevention in the face of rapidly

progressing climate change.



Methods

Search Strategy

This search was conducted using PubMed as the primary source of peer-reviewed
articles. The search terms, consisting of a waterborne disease domain and a precipitation
domain, can be found in Supplemental Table 1. Search results were limited to English-language
articles from February 18, 2013-February 17, 2023, to capture the most recent climate change
impacts and developments, which are rapidly modifying the infectious disease landscape.
Articles were screened based on titles and keywords, followed by an abstract review. Full-text

versions of all remaining articles were subsequently downloaded and screened for inclusion.

Inclusion and Exclusion Criteria
Inclusion criteria were as follows:

e Literature type: Peer-reviewed, full-text primary research articles and epidemiological
studies, including randomized-control, ecological, time-series, cohort, cross-sectional,
observational, spatio-temporal studies.

e [FEvent: Heavy precipitation or extreme weather events.

e QOutcome: Outbreaks or increased incidence of waterborne disease, as previously defined

e Population: Any populations or regions of the world

e Particular interest was given to studies examining or theorizing about the specific
mediators that could be underpinning the association between the weather event and the
waterborne disease outcomes.

Exclusion criteria were as follows:
e Literature type: Inappropriate or irrelevant study designs or publication types, including

review articles, protocol papers, pre-prints, and grey literature.



e [FEvent: Other climate change impacts (eg: temperature increase, droughts, sea level rise,
etc.); non-extreme seasonal/habitual weather events; floods without mention of extreme
precipitation events causing them; precipitation not qualified as unusual or extreme

o (Qutcome: Food-borne, vector-borne, environmental diseases, or other diseases which are
not primarily transmitted through water, ie: not waterborne as previously defined,
projections of potential future cases

® Population: Non-human populations or non-human health outcomes

Extraction
After screening full-texts and obtaining a final body of included articles, the relevant data
was extracted according to PRISMA guidelines and recorded into an Excel file. Data extraction

categories and the corresponding coding can be found in Table 1.

Quality Control

The quality of included studies was evaluated based on study design, qualitative or
quantitative outputs, and ascertainment of climate exposures, mediators and outcomes
(systematic or not). Based on these criteria, the studies were subsequently assigned a quality

99 ¢

rating of either “low,” “moderate,” or “high.” Studies with ongoing surveillance or systematic
ascertainment of climate exposures, outcomes and mediators received a rating of “high” quality.
Studies with ongoing surveillance of two of these three components, but with non-systematic or
interrupted ascertainment of the third, received a rating of “medium” quality. Studies without

systematic ascertainment or ongoing surveillance for any of the components, or for only one of

the three, received a rating of “low” quality in terms of the value of the evidence.



Table 1: Data extracted from included articles. Data was extracted from 57 included articles

and systematically recorded, coded and classified in a Microsoft Excel file.

Data Extraction Categories

Extraction classification category

Author

Name

Year of study

Year

Study location

Location, Country

Study design

Design and general characteristic
(e.g.: retrospective cohort study)

Duration of study

Study initiation month/year — study end month/year

Type of extreme precipitation event

Heavy precipitation / Extreme precipitation / Flooding
following precipitation / Typhoon / Hurricane / El-Nifio-
related event / La Nifia-related event

Pathogens studied or reported

Genus/species, or pathogen type

G«

(e.g. “Vibrio cholera”, “gastrointestinal pathogen”)

Health outcomes being studied (cases,
deaths, YLDs, hospitalizations...)

Description of health outcome
(e.g.: “pediatric healthcare visits for gastrointestinal illness ",
“clinical and confirmed cases of leptospirosis”)

Outbreak size

Number of cases
(N/A if no outbreak reported)

Associations between extreme
precipitation event and health outcome

Positive / negative / null
If quantified, numeric value
(e.g. odds ratio, relative risk)

Qualitative association between
suspected mediator/driver and
outbreak/disease incidence

Reports or descriptions of risk factors, drivers
(e.g. “runoff of fecal matter from nearby poultry farms
contaminating stormwater”)

Quantitative association between
suspected mediator/driver and
outbreak/disease incidence

Measured levels of a mediator suggesting the presence of the
mechanism: odds ratio, relative risk, spatial modeling, etc.
(e.g. “high viral concentrations in floodwaters”, “higher
odds ratio among individuals drinking municipal tap water”)
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Analysis

Following data extraction and quality control, we conducted a descriptive analysis of the
studies’ locations, time periods, quality, event description, pathogen, outcomes assessment, and
suspected mechanisms. This provided a profile of the characteristics of the articles obtained
through our search, as well as highlight any potential gaps.

With these data extracted, we highlighted associations between extreme precipitation
events and pathogens to establish the existing links between climate exposures and disease
outcomes. Upon examining the reported mediators, we were able to identify key themes and
categorize the mediators into four primary categories. A conceptual model was created to
visually summarize the findings of this review and the categorization of mediators.

Finally, we also identified salient gaps in the literature with regard to study locations,
pathogens, vulnerable populations, and overlooked mediators. Together, these findings can
contribute to highlighting research gaps or informing public and global health recommendations

for future research and interventions.
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Results

The initial literature search performed in PubMed yielded 3,248 results. (Fig. 1, Supp.

Table 1) Following the title/abstract screening, 173 articles were retained based on the relevant

inclusion and exclusion criteria, including study design and specific focus on waterborne

diseases and extreme precipitation. Subsequently, a full-text screen was conducted to identify

studies which discussed suspected or confirmed mediators of the relationship between

waterborne disease and extreme precipitation events. Based on the pre-determined inclusion and

exclusion criteria, 57 articles remained and were included in the final review.

Identification of studies via databases

]

Not retrieved (abstract and full-text unavailable)
(n=1)

c
<]
ﬁ Records identified from
g PubMed: (n = 3248)
S
L)
v
Records screened for titles >
and abstracts: (n = 3247)
o
£
c
[
o
G
(7]
\4
Rggorfis screened for full-text ,
eligibility: (n = 173)
)\ A 4
2
3 Studies included in review
] (n=57)
£
—/

Full-text not retrieved (n = 3074)
e 1882 Not related to human WBDs
e 367 Inappropriate study design
o 825 Not related to extreme
precipitation and WBD outbreaks

Studies excluded (n=116):

e 73 No proposed / suspected
mechanism specific to precipitation
event and WBD outbreak

e 15 Inappropriate study design

e 28 Not related to extreme precipitation
and WBD outbreaks
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14-70

Figure 1: PRISMA flow chart
of Systematic Review
Screening and Inclusion
Flowchart of the identification,
abstract screening, full-text
screening, and inclusion of
studies in this systematic

review.”’



Study Quality & Design
The majority of studies were of high (46%) or medium (44%) quality, according

to previously outlined criteria. Only 11% of studies were categorized as low quality (Supp. Table
2), and these were primarily case series, with little to no systematic ascertainment of extreme
precipitation events or mediators. The higher prevalence of medium- or high-quality studies may
be due to the fact that the inclusion criteria were stringent enough to typically require
systematically ascertained, quantitative data in order to be included in the final review.

The articles consisted primarily of ecological studies (49%), most of which were time

series studies (42%). Other study designs included cross-sectional studies (12%), cohort studies

(14%), case-crossover (7%) and case-control studies (7%).

of studies
in each country

go. 5 |
&

i al

[] 1 study

[] 2studies

[ 3 studies

[l 46 studies
[l Over 7 studies

[] Appeared only in Dimitrova
etal.

@ Study Location

Figure 2. Global distribution of studies on waterborne diseases associated with extreme
precipitation events. Studies were mapped according to the number of times they appeared in the
included studies. Several countries, indicated by gray cross-hatching, appeared only in Dimitrova
et al. Countries appearing in Dimitrova et al. as well as separate studies were cross-hatched in

their corresponding count color.
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Global Distribution

The studies were conducted across 73 countries (Fig. 2). One study by Dimitrova et
al.,® conducted a large-scale ecological study examining meteorological and health data from
51 low- and middle-income countries. The other 56 studies included locations in 28 countries.
Across all studies (excluding the countries discussed only in Dimitrova et al.), the most
common continents of study were Asia (42%), Europe (18%), and North America (12%). This
distribution suggests a major gap in research in many low- and middle-income regions, notably
in South America and Africa. Meanwhile, the range of publication dates was fairly evenly

distributed, with the most common publication years being 2020 (14%) and 2018 (12%).

Extreme Precipitation Events

The most common precipitation events (Fig. 3, Supp. Table 4) were heavy precipitation
and/or rainfall (33%) and flooding following precipitation (32%). The more intense, extreme
events, such as tropical cyclones (hurricanes and typhoons), or ENSO-related events (El Nifio
and La Nifa), were less frequent, appearing in 6 (11%) and 7 (12%) studies, respectively. This
may reflect the lower frequency of very intense events compared to more moderate or seasonal
ones, including monsoon events. Otherwise, it may also reflect the relative specificity of the
terms used to classify precipitation events and their definitions (with “tropical cyclone” being a

more specifically defined event than “heavy rainfall”, for example).
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Extreme Precipitation Events

. Location appearing in its
own study or studies

D Location appearing only in
Dimitrova et al.

Heavy precipitation

@ Extreme precipitation

@ Tropical cyclone (hurricanes, typhoons)

% El Nifio-related precipitation

A
% La Nina-related precipitation ;’ Y -

@ Flooding following precipitation

Figure 3. Global distribution extreme precipitation events with reported waterborne disease

outcomes. The precipitation events recorded in each study location are depicted with

’

corresponding symbols. All countries included in Dimitrova et al. studied “heavy precipitation’

events, and are not pictured as icons on this map.

Waterborne Pathogens & Disease Outcomes

With respect to pathogens and diseases, 16 pathogenic organisms were studied or
identified (Supp. Table 3). The most frequently identified pathogen among the 57 reports were
the bacterium Leptospira and its infection, leptospirosis, with 13 studies (23%), followed by the
bacterium Shigella (11%) and parasite Cryptosporidium (11%) with 6 studies each. The only
larger category was that of gastrointestinal illnesses as a whole (designated by various titles,

including acute diarrheal disease, gastroenteritis, etc.) for which a pathogen was not confirmed.
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These unconfirmed or unspecified general gastrointestinal illnesses were the focus of 14 studies
(25%) (Fig. 4).

Nearly all studies (96%) reported positive associations between waterborne disease and
extreme precipitation events. Among those which reported quantitative outcomes, the relative
risk of waterborne disease following an extreme precipitation event ranged anywhere from 1.13
to 11.47. 2433 Twenty-nine studies reported discrete waterborne disease outbreaks, ranging from
2 cases to 8867 cases.**%® The remaining studies which did not report specific outbreaks were
nearly all time-series or ecological studies spanning many years.

Only two studies, by Chong et al. and Wang et al., reported a negative association

between the extreme precipitation event and cases.!*%2

They were included because they clearly
reported and discussed which aspects of the suspected pathway had not been implicated. For
example, Chong et al. clearly reported that the water infrastructure was confirmed to have not
leaked or broken during the precipitation event, and also that the water supply, stormwater
drainage and sewage management systems in Hong Kong are separate and independent.'*
Meanwhile, Wang et al. reported that the heavy rainfall had prevented outdoor activity and
interpersonal contact for an extended period of time.®? They also suspected that in this high-
income urban setting, the city of Chongqing, China, heavy precipitation may have washed away
many existing pools of pathogen growth. In both cases, the study locations were high-income,

urbanized areas.!#62
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Occurence of Different Pathogen Types

40
35
30
25
20
14

15

10

4

Number of times reported across studies

Bacteria Viruses Parasites Gastrointestinal ~ Respiratory =~ Dermatological
pathogens pathogens pathogens
L Il |
Single pathogens Unspecified or unconfirmed pathogens
Pathogen type

Figure 4. Occurrence of pathogen causes of waterborne diseases associated with extreme
precipitation events across 57 studies. The most frequently reported pathogen type was bacteria,
followed by unspecified or unconfirmed gastrointestinal pathogens, and parasites. There were few

reports of viruses, respiratory pathogens or dermatological pathogens.

Suspected or Reported Mediators

The most frequently reported pathway or suspected mediator of waterborne infection was
infrastructural (ie: related to damage or disruption of WASH infrastructure), discussed in 38
papers (67%) (Table 2). The other pathways discussed most frequently were physical (ie: contact
with floodwaters), hydro-ecological (ie: runoff from nonpoint sources), and socio-behavioral (ie:
poverty, displacement, occupational or recreational activities), which were discussed in 24
(42%), 21 (39%) and 22 (37%) papers, respectively. The mediators most frequently reported for

a waterborne pathogen were often reflective of the pathogen’s typical modes of transmission. For
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example, Leptospira, a bacterium spread through contact with rodent urine,>> was most
frequently associated with contact with floodwaters, whereas Shigella and V. cholera, bacteria
usually contracted through unsafe drinking water,”!:”> were most frequently associated with

disrupted WASH infrastructure (Table 2).

At-Risk and Vulnerable Populations

Numerous studies highlighted higher risks of infection among at-risk and vulnerable
populations. Seven studies (12%) observed that, when stratified by age and sex, the risk of
infection was typically higher among adult males. This is likely driven by the type of disease and
mediator. Four of the seven studies were focused on leptospirosis, while the three others studied
V. cholera, Shigella, and Hepatitis E. Most of the studies suspected that it could be due to men
being tasked with post-flood assistance, repairs and clean-up, which typically entails wading
through floodwaters or coming in contact with contaminated water.

Similarly, seven studies (12%) focused on pediatric outcomes, as children are among the
most vulnerable and sensitive groups to waterborne infection. Four of the seven studies were
focused on unspecified gastrointestinal illness, while the three others studied the enteroviral
infection Hand, Foot and Mouth Disease (HFMD), as well as Cryptosporidium and E. coli.

One study, by Hines et al., also studied an outbreak of shigellosis among homeless
persons in Oregon following an extreme precipitation event in 2015.%° The outbreak of 105 cases
was reported to be a consequence of social vulnerabilities, which can increase the risk of
infectious waterborne disease.*’ It is crucial to shed light on these vulnerable populations in
order to better prioritize, design and implement public health interventions to address waterborne

disease transmission.
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Table 2: Reported mediators of the relationship between extreme precipitation events and waterborne diseases. Quantitative and

qualitative data relating to the suspected drivers of waterborne disease transmission and the primary related pathogens were extracted

from 57 studies and categorized thematically.

Suspected/Proposed Studies

Examples of important pathways discussed

Selected pathogens related

Assessment of

Mediators involved (%) * to mediator (%) ** mediator
Hydro-ecological 21 (37%) - Runoff from concentrated animal feeding operations Cryptosporidium (19%) Quantitative (33%)
pathway sources into drinking water Leptospira (14%)
- Runoff from wildlife and environmental sources Giardia (10%) Qualitative (67%)
- Runoff seeping into surface water or groundwater Campylobacter (10%)
used as drinking water source
- Higher turbidity leading to insufficient or inadequate
water treatment
Infrastructural 38 (67%) - Leaking or cracking of pipes or reservoirs Shigella (16%) Quantitative (37%)
pathway - Damage to wells and latrines V. cholera (13%)
- Hlicit cross-connections between sewage and Cryptosporidium (13%) Qualitative (63%)
drinking water supply systems Campylobacter (8%)
Giardia (8%)
Leptospira (8%)
E. histolytica (5%)
E. coli (5%)
Salmonella (5%)
Physical pathway 24 (42%) - Contact with floodwater Leptospira (54%) Quantitative (26%)
- Post-flood cleanup activities Shigella (13%)
- Aerosolization of pathogens while driving or biking Qualitative (74%)
through floodwaters
Socio-behavioral 22 (39%) - Poverty leading to insufficient or nonexistent waste Leptospira (32%) Quantitative (23%)
vulnerabilities disposal systems Shigella (18%)

Displacement after extreme climatic events
Occupational exposure (ie: working in rice paddies)

E. histolytica (9%)

Qualitative (77%)

*does not sum to 100% due to involvement of multiple mediators per study; **does not sum to 100%, includes only primary selected pathogens affected by

the reported mechanism
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Discussion

Climate change

EXTREME
PRECIPITATION

CLIMATE HAZARD

Increased Exposure

Contamination of Gaps in hygiene
drinking water supply and sanitation

EXPOSURES

Waterborne Disease

Bacteria Viruses Parasites

OUTCOMES

Figure 5. Conceptual model of findings. The mediators reported in the 57 studies were synthesized
into four primary categories and visualized in a conceptual model of the climate-disease cascade.
This can help us better conceptualize potential mitigation and prevention areas for waterborne

diseases.
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The most common precipitation events (Fig. 3, Supp. Table 4) tended to be heavy
precipitation and flooding following precipitation, with the more extreme climatic events such as
El Nifio/La Nifia and tropical cyclonic storms appearing less frequently. This could be due to the
more precise definition of these events, such as ENSO-related events referring to the oscillation
of ocean surface temperature which affect global weather and rainfall patterns, and tropical
cyclones referring specifically to the low-pressure, rotating tropical storm systems that form
hurricanes and typhoons.** Meanwhile, “heavy rainfall” and “flooding” are more general and
therefore encompass a broader range of precipitation events, including monsoon-related
precipitation events, which spanned multiple categories due to its wide range of possible
impacts. This finding may also reflect the frequency of these storms in real life — in fact, more
extreme storms may still be overrepresented in this review, appearing so often due to the severity
of the storms and their impacts.

In terms of pathogens and diseases, the most frequently studied were Leptospira (21%),
Shigella (11%) and Cryptosporidium (11%) (Supp. Table 3). This finding highlights not only the
prevalence of different types of pathogens — bacterial and parasitic — but also their sensitivity to
climate variability, as they were the etiology of numerous outbreaks following heavy
precipitation events. That said, viruses were significantly less frequently discussed than bacteria
and parasites, appearing in only 4 studies (7%) where a specific pathogen was reported (Fig. 4).
This could be due to a number of factors, including greater sensitivity to heat inactivation in
tropical climates, or washing away during precipitation events, !#62

Crucially, in the study of the mediators of waterborne disease transmission following
extreme precipitation events, the infrastructural pathway was the most salient, by which

disrupted WASH systems lead to drinking water contamination or gaps in sanitation and
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contribute to an increase in waterborne disease incidence. Reported in 67% of studies, this
pathway is among the most amenable to public health action or intervention and represents an
opportunity for mitigation and prevention of waterborne disease outcomes.

The three other hypothesized mechanisms also appeared frequently and contributed to
waterborne transmission. The physical pathways (i.e., contact with floodwaters) were reported in
42% of studies, the hydro-ecological pathways (i.e., runoff from nonpoint sources) were reported
in 39%, and the socio-behavioral pathways (i.e., poverty, displacement, occupational or
recreational activities) were reported in 37% of studies. These findings support our hypothesis,
which suggested that these four pathways were the primary mediators of the relationship
between extreme precipitation events and waterborne disease transmission. Thus, extreme
precipitation events can disrupt existing environmental, infrastructural, and social processes in a
variety of overlapping, interconnected, and compounding ways, and by extension, impact
waterborne disease transmission. Nevertheless, future research should be conducted to further
quantify these associations and potentially establish more robust causal mechanisms.

The spatial distribution of the studies reviewed depicts key gaps in global research on
waterborne diseases and their association with extreme precipitation events (Fig. 2). 56 of the
studies covered study locations in 28 countries, and one study, by Dimitrova et al., conducted a
large-scale ecological study of data from 51 low- and middle-income countries, 45 of which
were not covered by the other independent studies. When excluding the countries from
Dimitrova et. al, only 2 African nations appear among the study locations. Meanwhile, research
has shown that the African continent, and sub-Saharan Africa in particular, will suffer more
frequent and intense meteorological changes due to climate change, which will likely trigger
more unpredictable precipitation events and, by extension, waterborne disease outbreaks.>”* In a

region with a majority of low- and middle-income countries with limited infrastructure, this
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could have severe consequences for disease transmission and overall public health. With clear
spatial gaps appearing on the map (Fig. 2), it is essential to promote further research in
underrepresented regions to address those research gaps.

Despite these global gaps in distribution, many of the studies still focused on low-income
cities, regions or countries, emphasizing many of the vulnerable communities within those areas
who are at higher risk of infection due in many cases to social or infrastructural vulnerabilities.
In addition, the study by Hines ef al. even highlighted the vulnerabilities of low-income
populations in high-income countries, as the outbreak of shigellosis was suspected to have been
precipitated by a number of social vulnerabilities, including poverty, crowding in shelters, poor
sanitation, and contamination of untreated drinking water. Another interesting finding that was
encountered in several studies was the observation that, when stratified by age and sex, the risk
of infection was typically higher among adult males, a reality mentioned in 12% of studies. Most
of the studies highlighting this difference suspected that it could be due to men being given the
task of cleaning up post-flood or wading through floodwaters to attend to their families’ or
neighbors’ needs. Children, another major vulnerable population, were the focus of 12% of
studies in this review. This is not unexpected, given that children — especially children under the
age of 5 — are typically at higher risk of waterborne illness and death than adults.!* Ultimately, it
is relevant to consider these vulnerabilities, whether related to age, sex, or socio-economic status,
when conducting research or implementing health interventions, as different populations and
groups may have a wide range of needs.

One pathway which was not originally included in our hypothesis but appeared in several
studies and require future research was the potential pathway of pathogen growth and survival.
Nine studies (16%) discussed the theory that wetter conditions favored the growth, proliferation,

and survival of pathogens in the environment. This could be due to favorable temperature and
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humidity, greater availability of suspended nutrients, or the washing away of predators after

74-76 it could be relevant

heavy precipitation. While research exists supporting these mechanisms,
to integrate both epidemiological and microbiological fields of research and use these findings to
further examine this microbial aspect of the relationship between extreme weather events and
waterborne disease outbreaks.

The pathogens and illnesses encountered in these studies reflect the wide breadth of
public health threats posed by waterborne agents. Consisting of bacteria, viruses, and parasites
alike, the pathogens encountered in these studies require a variety of control mechanisms, each
with their strengths, limitations, and implementation difficulties. For example, parasites such as
Cryptosporidium spp. oocysts or Giardia spp. cysts are more resistant to water treatment
processes such as chlorination, coagulation, and filtration and can therefore be difficult to treat if
other methods such as UV treatment are unavailable.”” Additionally, the ability for some
pathogens such as Legionella pneumophila to remain suspended in aerosolized water droplets
makes it both a respiratory pathogen and, in some cases, a gastrointestinal pathogen as well.”’
These findings call for an adaptable approach to public health prevention and mitigation, one that
is prepared for outbreaks of different types, magnitudes, and etiologies.

Existing research suggests that the upstream drivers of waterborne outbreaks, extreme
precipitation events, will become more frequent and intense as the global climate changes. This
will likely increase the risk of these outbreaks, especially in regions and cities with aging or
poorly designed infrastructure. Through the many biological, environmental, and social
pathways discussed in this review, extreme precipitation events will pose a major threat to
infectious disease health around the world. Even in regions where droughts occur, the flood-
pulse dynamic of droughts followed by flooding — referred to as the “concentration-dilution

hypothesis” and discussed in five studies (9%) in this review — is also likely to exacerbate
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waterborne disease transmission.*>:’8

With climate impacts occurring more frequently and
unpredictably, it is crucial to continue conducting research in order to inform mitigation and

prevention strategies that take into account the climate sensitivity of waterborne disease

transmission.

Limitations

This systematic review carries several limitations. First, the review was conducted by a
single reviewer and with strict time constraints, which could have affected the profile of studies
included in the review. In order to maintain rigor, however, this limitation was mitigated by
adopting more stringent inclusion and exclusion criteria, in order to maximize efficiency and
reduce the number of eligible studies. Additionally, this limitation restricted the number of
articles which could realistically be reviewed, which could limit the scope or breadth of the
study. Another limitation of this study is the restriction to studies from the past 10 years. While
this criterion was used for purposes of reviewer manageability, it nevertheless excluded
numerous outbreaks and extreme precipitation events for which studies and data exist. Similarly,
the sole use of PubMed and the restriction to English language studies may have excluded
articles from different databases or from different regions of research, an important consideration
when conducting a review of global health outcomes. Finally, the emphasis on precipitation and
floods while excluding droughts may have unintentionally excluded certain findings, as the
interaction of dry periods followed by extreme precipitation was mentioned in five studies but
was not the focus of any studies in this review. Thus, studying the dynamics between drought
and extreme precipitation events in relation to waterborne disease transmission could provide a

more complete image of the mechanisms and mediators at play.
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Recommendations

As previously mentioned, several gaps and opportunities appear in the literature
examined in this review. The primary and most evident gap is an unequal distribution of studies
between high-, middle-, and low-income regions and generalizability of the findings of the
systematic review to LMICs. For example, many studies were in Europe and East Asia, which
consist primarily of high- and middle-income communities. Meanwhile, studies were lacking in
sub-Saharan Africa, which is experiencing more frequent and intense precipitation events and
has serious infrastructural needs,> but which was only included in 3 of the articles examined in
this review. Thus, additional research will be crucial to bridge this gap and better understand the

public health threats, drivers, and needs of these regions.

Conclusion

Ultimately, waterborne diseases are among the most sensitive to climate change and its
meteorological impacts across public and global health. When climate change disrupts current
conditions, a vast array of social, ecological, and infrastructural vulnerabilities can combine and
lead to major infectious disease outbreaks. Without concerted efforts to study, understand and
address the risk factors underpinning waterborne disease transmission, we could miss an
opportunity to prevent devastating outbreaks. Instead, we can choose to adapt mitigation and
prevention strategies to account for climate change and its impacts. In doing so, we move toward
socio-ecological resilience, protecting communities around the world from the burden of

waterborne diseases.
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Appendix

Supplemental Table 1: Search Terms and Search Strategy

Search #

Query

Filters

Results

"water-borne"[TiAb] OR "water borne"[TiAb] OR waterborne[TiAb]
OR "water-related"[TiAb] OR campylobacter*[TiAb] OR
cryptosporidi*[ TiAb] OR "entamoeba histolytica"[TiAb] OR
"amoebic colitis"[TiAb] OR enterobacter*[TiAb] OR

enterovirus*[ TiAb] OR "escherichia coli"[TiAb] OR "e. coli"[TiAb]
OR gastroenteritis[ TiAb] OR giardi*[ TiAb] OR "helicobacter
pylori"[TiAb] OR "hepatitis a"[TiAb] OR "hepatitis ¢"[TiAb] OR
legionell*[ TiAb] OR leptospir*[ TiAb] OR listeri*[ TiAb] OR
"naegleria fowleri"[TiAb] OR norovirus[TiAb] OR "pseudomonas
aeruginosa"[TiAb] OR rotavirus[TiAb] OR salmonell*[ TiAb] OR
typhoid[TiAb] OR "enteric fever"[TiAb] OR schistosom*[TiAb] OR
"cercarial dermatitis"[TiAb] OR shigell*[ TiAb] OR dysentery[TiAb]
OR toxoplasm*[TiAb] OR vibrio[TiAb] OR cholera[TiAb] OR
yersinia| TiAb] OR yersiniosis[TiAb]

814,748

"Waterborne Diseases"[Mesh]

234

#1 OR #2

814,782

"Climate change"[MeSH] OR "Cyclonic storms"[MeSH] OR
"Floods"[MeSH]

34,596

"Climate change"[TiAb] OR "climate variability"[TiAb] OR
"precipitation"[TiAb] OR "extreme weather"[TiAb] OR
"hurricane*"[TiAb] OR "cyclon*"[TiAb] OR "typhoon*"[TiAb] OR
"monsoon*"[TiAb] OR "tropical storm*"[TiAb] OR "tropical
depression"[TiAb] OR "storm*"[TiAb] OR "rainfall"[TiAb] OR
"rainstorm*"[TiAb] OR "flood*"[TiAb] OR "ENSO"[TiAb] OR "el
nifio"[TiAb] OR "la nifia"[TiAb]

197,205

#4 OR #5

205,022

#3 AND #6

6,743

#3 AND #6

English

6,331

#3 AND #6

in the last
10 years,
English

3,248
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Supplemental Table 2: Study quality ratings and design of the 57 studies reviewed

Quality Rating Number of studies (%)* Study designs (% of category*)

Time-series (38%)

High 26 (46%) Cohort studies (27%)
Case-control studies (15%)
Cross-sectional studies (12%)
Case-crossover studies (4%)
Spatio-temporal analyses (4%)
Quantitative exposure assessment (4%)

Medium 25 (44%) Time-series (56%)
Case-crossover studies (12%)
Spatio-temporal analyses (8%)
Cross-sectional studies (8%)
Case-control studies (4%)
Ecological study (4%)
Case series (4%)
Longitudinal survey (4%)

Low 6 (11%) Case series (67%)
Cross-sectional studies (17%)
Cohort study (17%)

*may not sum to 100%, due to rounding
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Supplemental Table 3: Pathogens reported in the 57 studies reviewed

Waterborne pathogen

Number of studies focused References

on pathogen (%)*

Bacteria
Aeromonas hydrophila
Campylobacter
Escherichia coli
Enterococci
Legionella

Leptospira

Salmonella
Shigella
Vibrio Cholera
Viruses
Enterovirus
Hepatitis A
Hepatitis E
Norovirus
Parasites
Cryptosporidium spp.
Entamoeba histolytica
Giardia spp.

Gastrointestinal pathogen(s)
(unspecified or unconfirmed)

Respiratory pathogen(s)
(unspecified or unconfirmed)

Dermatological pathogen(s)
(unspecified or unconfirmed)

36 (63%)
1 (2%)
4 (1%)
2 (4%)
1 (2%)
2 (4%)
13 (23%)

2 (4%)
6 (11%)
5 (9%)
4 (7%)
1 (2%)

1 (2%)

1 (2%)

1 (2%)
9 (16%)
6 (11%)
2 (4%)
3 (5%)
14 (25%)

2 (4%)

1 (2%)

16

18, 36, 49, 60
45, 66

66

46, 48

19, 29, 32, 34, 38, 43, 44,
47,50, 51, 52 67, 68

15, 57
19, 21, 33, 40, 59, 65

27,28, 35, 53, 56

62
58
37

60

24, 25, 26, 41, 54, 60
33,63
24, 25, 60

14,17, 20, 22, 23, 30, 31,
39,42, 55, 61, 64, 69, 70

39, 64

39

*may not sum to 100% due to rounding and inclusion of multiple pathogens per study



Supplemental Table 4: Extreme precipitation events reported in the 57 studies reviewed

Extreme Precipitation Number of studies
Event focused on event (%)*

Heavy precipitation/rainfall 19 (33%)

Extreme

o
precipitation/rainfall 7 (12%)

Flooding following 18 (32%)
precipitation

ENSO-related precipitation 6 (11%)
(El Nifio and La Nina)

Tropical cyclones 7 (12%)
(hurricanes and typhoons)

*may not sum to 100% due to rounding
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