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• Diarrhea rates are affected by ambient
temperature, precipitation, extreme
weather.

• Pathogen taxa, socioeconomics, and
antecedent weather modify these
relationships.

• Climate change likely to increase diar-
rhea rates but complexity makes im-
pacts unclear

• Current methods to study climate
change impacts on diarrhea are
inadequate.

• Mechanistic systems methods can pre-
dict impact and help design adaptation
strategies.
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Increased precipitation and temperature variability as well as extreme events related to climate change are pre-
dicted to affect the availability and quality of water globally. Already heavily burdened with diarrheal diseases
due to poor access to water, sanitation and hygiene facilities, communities throughout the developing world
lack the adaptive capacity to sufficiently respond to the additional adversity caused by climate change. Studies
suggest that diarrhea rates are positively correlated with increased temperature, and show a complex relation-
ship with precipitation. Although climate change will likely increase rates of diarrheal diseases on average,
there is a poor mechanistic understanding of the underlying disease transmission processes and substantial
or).
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uncertainty surrounding current estimates. This makes it difficult to recommend appropriate adaptation strate-
gies. We review the relevant climate-related mechanisms behind transmission of diarrheal disease pathogens
and argue that systems-based mechanistic approaches incorporating human, engineered and environmental
components are urgently needed. We then review successful systems-based approaches used in other environ-
mental health fields and detail onemodeling framework to predict climate change impacts on diarrheal diseases
and design adaptation strategies.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Enteric infections caused by inadequate drinking water supplies,
sanitation and hand hygiene currently kill an estimated 842,000 chil-
dren worldwide annually with the greatest number of deaths occurring
in Sub-Saharan Africa and South-East Asia (Prüss-Ustün et al., 2014).
They also frequently lead to stunted growth, impaired cognitive devel-
opment andmalnutrition— the effects of which can last into adulthood
(Guerrant et al., 2013). It has been estimated that anthropogenic climate
change will increase the relative risk of diarrhea by 22–29% by the end
of the century (Kolstad and Johansson, 2011) possibly negating recent
progress in reducing the global burden of diarrhea (Walker et al.,
2012). The approximately 748 million people worldwide without an
improvedwater supply (Bartram et al., 2014) and the additional 1.8 bil-
lion without consistent access to water free of microbial contamination
(Bain et al., 2014) may bear the heaviest share of this additional disease
burden. Their reliance on microbially contaminated or unreliable
water supplies reduces their adaptive capacity to sufficiently re-
spond to regional climate impacts. Furthermore, the nearly 2.5 bil-
lion who lack access to improved sanitation (Bartram et al., 2014)
or who have other risk factors such as poor nutrition, hygiene or ac-
cess to healthcare — are also at risk of increased incidence of diar-
rhea due to climate change impacts.

Predicting diarrhea incidence is complicated by the number of
relevant risk factors and layers of complexity even when not ac-
counting for climate change impacts (Mellor et al., 2012). This com-
plexity includes factors such as individual genetics and physiology,
personal behaviors, engineered infrastructure, local disease etiology
and environmental factors as well as geographical, political, socio-
economic and cultural elements (Rehfuess and Bartram, 2014). In
particular, the effects of environmental conditions such as tempera-
ture and precipitation might be modified by different factors, such
as underlying social conditions, available infrastructure, and ante-
cedent environmental conditions.

Epidemiological analyses have helped build our understanding
of the relationships between weather-related drivers of diarrheal
diseases. However, given the imminent threat of climate change,
there is now a need for alternative approaches to augment our
understanding of the risk of increased incidence of diarrhea, and to
work towards designing effective interventions to improve adapta-
tion strategies.

We propose that mechanistic, transdisciplinary systems-based
methods that couple empirical field-based measurements with compu-
tational approaches incorporatinghuman, engineered and environmen-
tal components are needed to better quantify this disease risk under
diverse climate scenarios for disparate regions. These types of methods
will enable engineers, scientists and policymakers to design “no regrets”
adaptation strategies that reduce both current and future risk
against a backdrop of generally improving economic conditions in
many developing countries. Such an approach can help improve re-
siliency which is the tendency to maintain integrity when subject to
disturbance. Here, we first review the epidemiological literature on
weather and climatic drivers of diarrheal diseases. We then assess
the relevant weather and climate-affected transmission mecha-
nisms that should be considered in improved approaches. Finally,
we discuss examples of successful systems-based approaches and
propose a way forward.
2. Discussion

2.1. Epidemiological literature on climate drivers of diarrheal diseases

A number of epidemiological studies correlate all-cause diarrhea
incidence to ambient temperature differences. In particular, studies
have shown increases in diarrhea incidence of 3–11%, per degree Celsius
ambient temperature increase in Fiji (Singh et al., 2001), Bangladesh
(Hashizume et al., 2007), Peru (Checkley et al., 2000; Lama et al.,
2004) and Japan (Onozuka et al., 2010). These regional results are cor-
roborated by a recent global meta-analysis indicating a 7% increase in
all-cause diarrhea per degree Celsius temperature increase based on
the 10 studies that met the inclusion criteria (Carlton et al., 2015).
While some of this research has shown a linear relationship between
temperature and diarrhea rates (Hashizume et al., 2007), these associa-
tions can be non-linear and depend on local climatic conditions and
pathogens. For example, in Peru, Checkley et al. (2000) found that
a 5 °C temperature increase in the winter was associated with a
77% increase in diarrhea-related hospital admissions, while the
same temperature increase led to only a 21% increase in the summer
(Checkley et al., 2000). Research in Botswana found that hospital
admissions for diarrhea were associated with minimum tempera-
ture but not average or maximum temperature. Furthermore, in-
creases in minimum temperatures corresponded with higher rates
of diarrhea in the dry season, but lower rates in the wet season
(Alexander et al., 2013).

Rainfall has likewise been shown to be an important driver of diar-
rheal diseases across diverse climatic regions. Research in Botswana
found a bimodal cyclical patternwith peaks in the incidence of diarrhea
in the wet and dry seasons. However, diarrhea incidence was only cor-
related to rainfall during thewet season (Alexander et al., 2013). Studies
in Fiji (Singh et al., 2001) and Bangladesh (Hashizume et al., 2007) have
shown that diarrhea incidence can increase above or below thresh-
old rainfall amounts. Carlton et al. (2014) found that heavy rainfall
events following dry periods increased the risk of diarrhea by 39%,
while the risk decreased by 26% when the heavy rainfall event
followed a wet period (Carlton et al., 2014). Furthermore, the exac-
erbation of diarrhea rates has been associated with severe flooding
in Bangladesh (Hashizume et al., 2008) which can affect vulnerable
regions (Christenson et al., 2014).

Studies have also investigated whether social and environmental
conditions such as socioeconomic status or improved water and sanita-
tion facilities modify the effect of weather or climate on diarrheal
diseases. Research in Bangladesh indicated that effects of temperature
on diarrhea rates were greater for those with lower educational at-
tainment, households without a concrete roof and unsanitary toilets
(Hashizume et al., 2007). The risk of diarrhea during severe flooding
in Bangladeshwas increased for individualswith lower education levels
and non-concrete roofs, those drinking from a tube-well as opposed to
tap water, and those with a distant water source or unsanitary toilets
(Hashizume et al., 2008). Researchers in Ecuador found that unim-
proved sanitation increased the risk of diarrhea after one day of rainfall,
but the effect was insignificant after five days of rainfall. Moreover, hav-
ing an unimprovedwater source increased the risk of diarrhea, but only
after several days of rainfall (Bhavnani et al., 2014). Despite the im-
portance of such factors in modifying risk in these studies, other re-
searchers have reported that sanitation, social cohesion and hygiene
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did not modify the relationship between heavy rainfall and diarrhea
rates in Ecuador (Carlton et al., 2014). A study in the Pacific Islands
found that diarrhea rates increased with the average annual tempera-
ture of the 17 islands studied, but there was no clear correlation be-
tween gross national product and diarrhea reports (Singh et al., 2001).
The aforementioned recent meta-analysis found that the relationship
between temperature and all-cause diarrheawas notmodified by either
geographical climate category or national income group. However, for
bacterial diarrhea, therewas a stronger effect size between temperature
and diarrhea for low and middle income countries and in tropical cli-
mates (Carlton et al., 2015).

As a further complicating factor, diarrhea is not a single disease.
Rather, it is a symptom that can be caused by infection with a number
of different pathogens (Walker et al., 2010; Guerrant et al., 1990) whose
relative importance varies regionally (Kotloff et al., 2013). Diarrhea inci-
dence directly attributable to these various pathogens shows substantial
seasonal variations (Albert et al., 1999), whichmight change under future
climates. For instance, rotavirus is positively associated with cooler
and drier weather in the tropics (Levy et al., 2009a; Jagai et al., 2012),
norovirus incidence peaks in the winter months in temperate climates
(Ahmed et al., 2013), cryptosporidiosis is positively associated with
warmer andwetter weather (Jagai et al., 2009), campylobacter incidence
peaks in the springtime in temperate climates and is not correlated to
rainfall (Kovats et al., 2005) and Shigella is associated with warmer
weather (Gao et al., 2014). Indeed, a recentmeta-analysis of the influence
of temperature on diarrhea incidence found that pathogen taxawas a sig-
nificant source of heterogeneity across the 26 studies they analyzed
(Carlton et al., 2015). It is important to note that these pathogen-
temperature associations are correlational relationships and may not be
directly causally linked. An understanding of the relative importance of
these pathogens under future climates and their sensitivity to cli-
matic conditions is needed to fully quantify future diarrhea risk
and design adaptation strategies. However, in order to predict how
disease rates associated with each of these diarrheal disease agents
might change under future climatic conditions, it will be important
to incorporate other critical factors in addition to expectedmeteorological
variables, such as projected demographic changes, development of in-
frastructure, and behavioral factors. Systems-based approaches can facili-
tate this more complex predictive modeling of pathogen sources and
transmission pathways.

Collectively, epidemiological studies have highlighted the relevance
of temperature and precipitation to diarrhea incidence and therefore to
the potential for diarrhea risk to change under future climates. How-
ever, these studies likewise highlight the geographical and climatic
specificity of this risk, the frequently non-linear responses to tem-
perature and rainfall, and the potential for risk to be modified with
socio-economic variables and local disease etiology. This makes it
difficult to accurately predict impacts or design intervention strate-
gies to improve adaptation under future climates. Despite this com-
plexity, due to the lack of high quality empirical data, the most
comprehensive study to date relying on the epidemiological litera-
ture to predict diarrhea rates under future climates, assumes a linear
response to temperature and was not able to include empirical data
from Africa or stratify by pathogen taxa. The authors were likewise
unable to include rainfall, extreme weather events or economic
growth effects (Kolstad and Johansson, 2011). This uncertainty and
lack of a mechanistic understanding was highlighted in the recent
IPCC Fifth Assessment Report (Barros and Field, 2014).

Mechanistic, systems-based methods can build upon the un-
derstanding that epidemiological studies have established about
weather and climate drivers of diarrheal diseases by more fully
incorporating the relevant human, engineered and environmental
components to explain the variability in observed epidemiological
results. Such methods can also integrate climate models to project
their findings into the future for diverse economic and social
scenarios.
2.2. Climate-affected diarrhea transmission mechanisms

Diarrhea-causing pathogens are transmitted from source to human
ingestion through mainly water, food, surface, insect or hand-based
pathways (Eisenberg et al., 2007). These pathways are likely to be
differentially affected under future climates due to their underlying
transmission mechanisms.

2.2.1. Water quality
Water-borne transmission of enteric pathogens is likely to be affect-

ed by predicted mean global precipitation increases coupled with the
likelihood that short, intense precipitation events will become more
frequent and weaker storms will become less common (Collins et al.,
2013). These changes in precipitation patterns are likely to affectmicro-
bial water quality. How this will occur will be impacted by the complex
interplay of the natural and anthropogenic factors and will depend on
local conditions, climatic and environmental processes (Barros and
Field, 2014). In developing world communities with inadequate sanita-
tion, there is an ample supply of fecal pollution from human and animal
sources that can be transported into water supplies (Escamilla et al.,
2013; Howard et al., 2003) making the contamination more transport
than supply limited (Burns, 2005). Results from a study in coastal
Ecuador were consistent with three major hydrological drivers of mi-
crobial contamination that are relevant for understanding how climate
change might impact water quality at a local scale (Levy et al., 2009b).
The “runoff effect” occurs when rainfall causes microbial contamination
to be flushed into the environment. The “dilution effect” happens when
highwaterflows dilutemicrobial concentrations. Lastly, the “concentra-
tion effect” occurs when dry conditions allow for the accumulation of
microorganisms in the environment.

On balance, regionswith increased precipitation variability could see
higher levels of contamination after short, intense rainfall events that
follow dry periods due to a combination of the concentration and runoff
effects. Since microbial contamination tends to be worse during the
rainy season in most places (Kostyla et al., 2015; Levy et al., 2009b;
Cronin et al., 2006; Kumpel and Nelson, 2013), mean rainfall increases
may degrade mean water quality. Despite these general mechanisms,
drinking water quality from either untreated surface (Levy et al.,
2009b) or nominally treated piped (Kumpel and Nelson, 2014) systems
can vary substantially over very short timescales.Water quality also de-
pends on the proximity of pollution sources (Escamilla et al., 2013) and
the exact timing and intensity of rainfall events will ultimately control
pathogen loading to water sources (Howard et al., 2003).

Zoonotic pathogens can also impair water quality and spread fecal
contamination, especially in areas with high concentrations of domesti-
cated animals (Cotruvo et al., 2004). Dry conditions and drought may
lead to increased sharing of water sources between animals and
humans, leading to outbreaks of new pathogens, as occurred in
Swaziland in 1993 (Effler et al., 2001). In a systematic review of the lit-
erature, Zambrano et al. (2014) found consistent evidence of a positive
association between exposure to domestic food-producing animals and
diarrheal illness across a range of animal exposures and enteric patho-
gens (Zambrano et al., 2014). Factors such as the increased demand
for animal protein, increased population densities and water scarcity
may increase the public health risk of zoonotic enteric pathogen trans-
mission, especially under climate change. Identifying these sources
and transmission routes will be an important consideration for commu-
nity adaptation strategies.

The survival of microbial pathogens in waterways is also likely to be
affected directly by ambient temperatures. Diarrhea-causing pathogens
differ in their response to environmental temperature increases but
many, including Campylobacter (Thomas et al., 1999), Escherichia coli
(Wang and Doyle, 1998; van Elsas et al., 2010), rotavirus (Hurst et al.,
1989), norovirus (Ngazoa et al., 2008) and Cryptosporidium (King
et al., 2005) show decreased survival in warmer waters. This could
mean that the predictedwarmer temperatures by the endof the century
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could lead to decreased pathogen survival in many regions. On the con-
trary, other pathogens, such as Vibrio cholerae, exhibit greater survival in
warmerwaters (Huq et al., 1984). However, these effects are non-linear
and some pathogens might evolve to adapt to warmer climates (Koelle
et al., 2005). Some of these results are inconsistent with the epidemio-
logical evidence for diseases like cryptosporidiosis that shows higher in-
cidence at warmer temperatures (Jagai et al., 2009). This contradiction
could be explained by threshold effects, zoonotic transmission, nutrient
availability, food spoilage, higher expression of virulence genes at
warmer temperatures or behavioral factors. More research is need to
understand these issues.

2.2.2. Water quantity
In addition to water quality, the quantity of water available to com-

munities is an important factor in helping communities maintain good
health (Howard and Bartram, 2003). Poor access can limit the availabil-
ity of water needed to maintain adequate hygiene thereby increasing
the odds of hand and surface-based pathogen transmission.

While the impacts of climate change on both surface and groundwa-
ter resources are still debated (Barros and Field, 2014; De Wit and
Stankiewicz, 2006; Taylor et al., 2013a,b; Fry et al., 2012), there is poten-
tial for changes to water availability at the community scale inmany re-
gions through both increased frequency of extreme events and longer
term climatic changes. However, these changes will depend on regional
hydrological and precipitation characteristics (De Wit and Stankiewicz,
2006; Taylor et al., 2013a).

At the community scale, the reduced access to water that may occur
due to climate-induced hydrologic variabilitywill likely have significant
adverse impacts. For instance, if water supplies become limited due to
drought, families will likely need to travel further to secure sufficient
water. Evidence from Ethiopia suggests that water usage for hygiene
(but not for drinking and cooking) drops significantly in the dry season
when collection times rise and there is increased demand for wage
labor. This effect was particularly pronounced for poorer households
(Tucker et al., 2014). Long collection distances are associated with in-
creased risk of diarrhea, child growth stunting and death among
under five year old children in Africa (Pickering and Davis, 2012) due
in part to post-collection contamination (Wright et al., 2004). Further-
more, research has shown that the long storage times associated with
unreliable water sources are an important factor associated with diar-
rhea risk in South Africa (Mellor et al., 2012).

In some cases, increasedwater availability can also be detrimental in
communities both with and without improved water sources due to
behavioral changes. For example, there are large seasonal variations in
water collection practices and the increased use of informal (and likely
contaminated) water sources during the rainy seasons in Burkina Faso
and Cambodia (Schweitzer et al., 2013; Shaheed et al., 2014). If climate
change increases the duration of the rainy season in these types of areas,
residents might then rely more heavily on informal sources because of
their convenience and availability. However, even those with improved
water sources may be affected if those water sources are compromised
or damaged by extreme rainfall events especially in communities that
rely on a single water source. This is a particular concern since contam-
ination spikes to water supplies increase diarrhea incidence (Enger
et al., 2012). Soap usage for hand washing is another behavior that
can change seasonally. For example, in Mali, soap use dropped by 29%
during the wet season when farmers spend more time in the field
(Naughton, 2013).

2.2.3. Other pathways
Insects- and food-borne transmission are two other important path-

ways by which diarrhea-causing pathogens can be transported
(Collinet-Adler et al., 2015). However, little research has been pursued
to understand the relationships between climate change and these
pathways. Alexander et al. (2013) suggest increases in fly abundance
as an explanation for observed increases in diarrhea in Botswana in
the dry season. Evidence from the United Kingdom indicates that fly
populations might increase by up to 244% by 2080 as a result of climate
change (Goulson et al., 2005). Furthermore, other evidence from
Australia suggests positive associations between ambient temperature
and food borne disease (D'Souza et al., 2004). These results could indi-
cate that insect- and food-based diarrhea incidence might increase in
the future, though the evidence is limited.

2.2.4. Engineered solutions
With climate change likely to affect many diarrheal disease trans-

mission pathways, there is an urgent need to implement technologies
that reduce diarrhea incidence under present as well as future climates
by designing “no regret” adaptation strategies. Such strategies provide
benefits under both current and potential future climate conditions.
They can increase resilience to predicted impacts of climate change
while providing immediate economic, environmental or social benefits
(EPA, 2013).

Historically, engineered solutions have had a notable role in
protecting populations from diarrheal diseases through protection of
drinking water intakes, centralized drinking water treatment and
wastewater treatment. Drinkingwater engineering was largely respon-
sible for the epidemiological transition of theUnited States. It accounted
for over half the reduction in total mortality and up to three-quarters of
the reduction in infant mortality during the late nineteenth and early
twentieth centuries (Cutler and Miller, 2005). More recent research
conducted in low and middle-income countries suggests that drinking
water solutions such as point-of-use treatment (Clasen et al., 2015)
and high-quality piped water and sewer connections (Wolf et al.,
2014) can lead to significant reductions in diarrhea rates. Likewise,
studies suggest that improved sanitation and sewage reduce diarrhea
incidence (Fewtrell et al., 2005; Heijnen et al., 2014; Barreto et al.,
2011).

Global efforts including the WHO/UNICEF Joint Monitoring Pro-
gramme for Water Supply and Sanitation provide insights into the
various water and sanitation technologies used around the world
(Bartram et al., 2014). These reports indicate that coverage rates and
technology types vary across countries and between urban and rural
areaswithin countries. They also indicate substantial increases in access
to improved water supplies and higher levels of service (e.g., water
piped to home) in recent decades. However, even the presence of, for
instance, an improved water supply, does not always fully address
water quality (Onda et al., 2012; Bain et al., 2014) or reliability.

Various water infrastructure and treatment types typical in
resource-limited settings are likely to be differently affected by cli-
mate extremes (Charles et al., 2010). For example, protected springs
can become contaminated following rainfall events (Howard et al.,
2003), while fluctuating water levels may cause problems for
water infrastructure (Charles et al., 2010). Additionally, seasonal
water quality changes can affect water treatment plant processes
(Santana et al., 2014). In India, researchers found that while source
water quality remained unchanged between monsoon and non-
monsoon periods, post household-water-treatment drinking water
had higher concentrations of indicator bacteria during the monsoon
period (MacDonald et al., 2015). This was due to the longer house-
hold storage periods during the rainy periods, which is associated
with growth of indicator bacteria (Mellor et al., 2013). They also
found that chemical disinfection with sodium dichloroisocyanurate
(NaDCC) tablets was less effective during that period (MacDonald
et al., 2015). However, exactly how climate change will impact various
water infrastructures and treatment technologies in diverse climates is
still an open question. More research is needed to understand how to
best improve the resiliency of water systems in such settings. That re-
search should include both technical and social factors.

Similarly, sanitation infrastructure is subject to inefficiencies and
failure under climate extremes. Poorly constructed or inadequately
designed or maintained sanitation systems can lead to water source
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contamination or the spreading of fecal matter (Escamilla et al., 2013).
Even when properly constructed, sanitation systems frequently rely
on significantwater resources (Fry et al., 2008), which can further strain
water-stressed regions. This could lead somewater-stressed communi-
ties to revert to open defecation.

Lastly, climate change is likely to increase the intensity and frequen-
cy of extreme weather events in much of the world. Given the correla-
tion between extreme events like flooding and diarrhea prevalence
(Hashizume et al., 2008), municipal governments can use systems
approaches to design adequate flood control and prevent the spread
of infectious diseases like diarrhea. These plans should not only prevent
flood water from entering populated areas, but also include adequate
disaster response plans.

Through a better understanding of the impact that climate change
will have on water resources and diarrhea rates, we will be able to de-
sign “no regrets” water and sanitation infrastructure that will improve
human security for both present and future climates. As such, more re-
search is urgently needed to study how these engineered systems will
be affected by climate variability. However, it is also clear that there
are unlikely to be solutions that are effective in all settings. Engineered
solutions need to be culturally appropriate, available, acceptable, moni-
tored and evaluated to ensure ultimate success.
2.3. Systems-based approaches

Although prior epidemiological studies have shed light on the
importance of the relationship between temperature, precipitation
and diarrhea incidence, they are insufficient to predict climate change
impacts or design adaptation strategies. This is because the causes and
intervention strategies to prevent such environmentally-linked diseases
are comprised of multiple layers of complexity (Rehfuess and Bartram,
2014) which can include social, economic, biological, hydrological and
engineered factors as discussed above. These factors are difficult to
fully integrate using traditional epidemiological means. In contrast to
more localized environmental health hazards, climate change impact
studies require a consideration of global-scale risk factors over time
spans that last decades (McMichael, 1997) and epidemiological studies
Fig. 1. The complex pathways whereby global climate chan
have limited ability to understand ecological effects on disease rates or
effect mechanisms (Luke and Stamatakis, 2012).

We therefore argue that mechanistic, systems approaches to
study the effects of climate change on diarrheal diseases should
incorporate the mechanisms described in this review and include
human, engineered and environmental components. These mecha-
nisms are summarized in Fig. 1. This conceptual model is based on
a qualitative analysis of the risk factors associated with diarrheal
diseases as summarized in this review.

In our definition, a mechanistic, systems approach would explicitly
link in a modeling framework global climate change and its effects on
local weather and hydrology; pathogen diversity, survival and trans-
port; water quality and quantity available to communities and individ-
uals; the impact of engineered infrastructure; as well as individual
behaviors and changing socioeconomic factors. While similar ap-
proaches are more common for other environmental health diseases
impacted by climate, to the best of our knowledge, very few studies
have been conducted to date that model how climate change will im-
pact diarrheal diseases using a systems-based mechanistic approach.

By using amechanistic description that explicitly accounts for spatial
and temporal dynamic processes, a systems approach can improve our
understanding of how changes to climate will affect the spread of infec-
tious diseases. Systems approaches have other benefits, including ex-
plicit assumptions that can be tested systematically. Such methods can
also incorporate diverse data including climate predictions, pathogen
biology, engineered infrastructure, predicted development and behav-
ioral adaptation. This approach is also useful for identifying important
variables to inform resource- and time-intensive field work. These
methods can therefore not only predict outcomes, but also evaluate
the influence of various assumptions, which helps to identify key trans-
mission pathways to inform intervention strategies.

Mechanistic, systems based approaches can also account for eco-
nomic development and social factors. This can occur by, for example,
studying how periodic improvements of water delivery systems will
impact enteric pathogen transmission pathways andwater accessibility
as economies grow. Methods such as agent-based computer modeling
(An, 2009) can then be used to study how such improvements impact
diarrheal disease rates. This can be done by modeling both direct
ge canimpact diarrhea rates in low income countries.
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water-borne exposure and improvements to hygiene that can occur
through increased water accessibility (Mellor et al., 2012). Such
studies can motivate smarter investments by governments or
other stakeholders.

While many have called for the use of systems-based methods to
study the climate effects on environmental health diseases (McMichael,
1999; Altizer et al., 2013), many studies conducted to date are not
explicitly mechanistic in nature. However, such non-mechanistic
systems-based studies can use climate change scenarios to predict the
impact of climate change based on epidemiological information and
socio-economic scenarios. For example, one study looked at the
present-day global distribution of malaria and population density,
which was used to establish climatic constraints on malaria distribu-
tion. The researchers integrated global climate model (GCM) results to
project the changing distribution of malaria under different climate
change scenarios (Rogers and Randolph, 2000). A recent study in
China used estimates of the temperature sensitivity of diarrheal
diseases, temperature projections from GCMs, WASH infrastructure
development scenarios and projected demographic changes. That
study showed that climate change is likely to delay China's rapid
progress towards reducing WASH-attributable disease burden by
8–85 months by 2030 (Hodges et al., 2014). Although such studies
are important steps forward to predict the impact of climate change,
they have limited ability to inform the engineering design of adapta-
tion technologies.

To study the seasonality of enteric infections, time series analysis has
been used to analyze cohort studies of the seasonality of rotavirus and
the impact of temperature, humidity and other confounding variables
in India (Sarkar et al., 2013). It has also been used to study the seasonal
timing and intensity of six enterically transmitted diseases inMassachu-
setts, USA (Naumova et al., 2007). The results of such analyses could be
coupledwith GCMprojections to predict impact under different climate
scenarios. However, such a techniquewould be less suitable thanmech-
anistic studies to help design interventions.

Many studies have taken amore fully system-basedmechanistic ap-
proach to study how climate can impact a variety of environmental
health diseases. Theses studies can motivate and inform the design of
diarrhea modeling efforts. Researchers have studied the effects of cli-
mate or weather on schistosomiasis (Zhou et al., 2008; Perez-Saez
et al., 2015), dengue fever (Patz et al., 1998), chikungunya (Ruiz-
Moreno et al., 2012), cholera (Rinaldo et al., 2012) and malaria (Van
Lieshout et al., 2004; Martens et al., 1995) among others. In these stud-
ies, researchers combined empirical data with climate models. For in-
stance, to study schistosomiasis, Zhou et al. (2008) experimentally
measured the environmental determinants of snail life cycles. They
then integrated these results into GIS maps and used projected temper-
ature increases to predict disease risk by mid-century (Zhou et al.,
2008). Similarly, to study malaria, van Lieshout et al. (2004) included
data aboutmosquito biting rates,mosquito survival,malaria parasite in-
cubation periods, rainfall and temperature threshold values, mosquito
distributions, GCMs, population scenarios and adaptive capacity (Van
Lieshout et al., 2004). Another mechanistic systems-based study used
a compartment model of both human and mosquito susceptibility,
exposure and infection along with mosquito lifecycle information
to study the geographic sensitivity of epidemic potential of the
chikungunya virus in the United States (Ruiz-Moreno et al., 2012).
Rinaldo et al. (2012) studied the cholera epidemic in Haiti by incor-
porating hydrological transport, rainfall and human mobility among
other factors to accurately reproduce historic cholera outbreaks
(Rinaldo et al., 2012).

Such mechanistic system-based studies enable scientists to explicitly
understand the underlying pathogen transmission pathways andmecha-
nisms and how they are differentially affected by climate variables. This
enables them to design targeted interventions to reduce transmission
and improve health outcomes. These are the types of studieswe are advo-
cating for in this paper.
The case of diarrheal diseases is complicated by themultiple etiolog-
ical agents and transmission pathways involved, as discussed in this
review. Despite this challenge, several studies have taken systems ap-
proaches tomodel the environmental processes thatmediate this trans-
mission through air, water and fomite pathways (Li et al., 2009). Agent-
basedmodeling has been used to focus on themechanisms of pathogen
transmission, growth and death through water pathways and the risk
factors and intervention strategies that govern this transmission
(Mellor et al., 2012, 2014). Another novel approach looked at social net-
works in Ecuador and found that disease risk was lower in remote com-
munities (Eisenberg et al., 2006). Another study in Ecuador used a
spatiotemporal Markov chain model to dynamically assess how the
level of disease in a region dynamically affects the transmission dynam-
ics in a local community (Goldstick et al., 2014).

Specific tools and frameworks of interest would depend on the na-
ture of the specific research question. One sample modeling approach
incorporating several of these tools is given in the Example Modeling
Approach section. Such methods could be verified, validated and cali-
brated using new and existing, locally-based datasets. Parameter esti-
mates can be drawn from prior laboratory, observational and
intervention studies as appropriate. They can be supplemented by fo-
cused field-based studies designed to fill key knowledge gaps, allowing
for lean, focusedfield-based study designs. Data about local and regional
hydrology, rates and etiologies of diarrheal diseases, performance of
engineered infrastructure, water-related practices and adaptive behav-
iors, as well as water quality measurements should be integrated. These
data are partially available through existing datasets, but more compre-
hensive and integrated datasets are urgently needed over longer time
periods in diverse regions. They should also rely on downscaled climate
models or other regional climate change predictions to project change
in the long term. Proven methods and models could then be scaled up
to regional, continental or even global-scale models using larger
datasets such as those of the Joint-Monitoring Programme (Bartram
et al., 2014) or national records of disease rates and water quality.

The inclusion of many of the aforementioned mechanisms in a
systems-based framework can provide additional insight that is absent
inmore traditional approaches. For instance, the fact that rotavirus is as-
sociated with cooler and drier temperatures suggests that rotavirus in-
cidence might decline as regions of the earth get warmer and wetter.
Likewise, the association of cryptosporidiosis and Shigellawith warmer
and wetter weather could increase diarrhea incidence attributable to
those pathogens.While other, non-climatic factors such as demography
and behavior might also affect future incidence of diarrhea attributable
to each of these pathogens, the differential response of different patho-
gen taxa to weather has implications for adaptation strategies. For ex-
ample, water treatment technologies such as ceramic water filters,
which are effective against bacteria (Brown and Sobsey, 2010) and
cryptosporidium (Bielefeldt et al., 2010) but less so against viruses
might be preferred over chlorination, which is ineffective against proto-
zoan. Mechanistic systems-based approaches would allow researchers
to predict the microbial effectiveness, filter prevalence and compliance
rates needed tomitigate current (Mellor et al., 2014) and future disease
transmission, incorporating meteorological as well as social and demo-
graphic data. Similar mechanistic studies could allow researchers to
optimize water treatment plant operations for cities in developing
countries with the aim of improvingmicrobial water quality and ensur-
ing reliable water supplies. They can also be used to predict the level of
system resiliency needed in the future and aid in the design of infra-
structure systems to withstand the anticipated impact.

Such approaches are complicated by the large uncertainties associat-
ed with human demographic behavior, non-linear and interactive
relations of humans to natural systems and the sensitivity of health out-
comes tomultiple environmental stressors (McMichael, 1997). Further-
more, the level of spatial and temporal resolution is an important factor
that warrants consideration. For instance, what resolution of climate
models is needed to accurately predict climate impacts in heterogeneous
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landscapes? Or, at what rate will diarrhea pathogens evolve and societies
adapt under future climates? These knowledge gaps mean that re-
searchers must perform rigorous sensitivity analyses in order to fully
characterize uncertainties.

These uncertainties are compoundedby the fact that globally, diarrhea
death rates have declined rapidly since 2004which some have suggested
is due to improved access to water and sanitation interventions and im-
proved treatment of diarrheal diseases (WHO, 2004; Prüss-Ustün et al.,
2014). It is likely that population adaptive responses and economic
growth may likewise lessen this disease burden in the long term. There-
fore, modeling efforts will need to incorporate any trends towards im-
provement, as has been done for malaria (Gething et al., 2010) and can
be done using systems based approaches. By understanding such trends,
we can learn what is working and build upon it.

2.4. Example modeling approach

One modeling approach to study climate impacts on diarrhea in-
volves agent-based computer modeling (Mellor and Zimmerman,
2014). Agent-based modeling (An, 2009) is an effective and proven
platform that can integrate many of the disparate mechanisms needed
to quantify the effects of climate change on diarrheal disease rates and
to design “no-regrets” adaptation strategies. For regional studies, such
a platform could utilize a stochastic weather generator to downscale
GCMs and generate simulated daily weather predictions for different
climate change scenarios (Semenov and Stratonovitch, 2010). That sim-
ulated weather can then be used to determine water availability and
quality for the human agents to consume. This can be done using a
stand-alone or integrated watershedmodel appropriate for local condi-
tions (Jamieson et al., 2004). Such water quality models can simulate
the fate and transport of pathogens through natural and built systems.
The water quality and quantity then available to the human agents on
a given day can determine the propensity of those agents to get diar-
rhea. Quantitative microbial risk assessment (Haas et al., 1999) based
on local disease etiology and pathogen abundance measurements can
be used to quantify dose–response relationships and the relative risk as-
sociated with water availability can also be integrated (Fry et al., 2010).
Other important factors like hand-washing, water source choice and
other contamination vectors can also be included (Mellor et al., 2012).
Then, different interventions such as point-of-use water treatment de-
vices (Sobsey et al., 2008) or more reliable water supplies (Fry et al.,
2010) can be included to test the ability of those interventions to reduce
diarrhea incidence and help communities adapt to climate change. In
addition to prioritizing adaptation strategies, such a method can quan-
tify the links between climate model scenarios and diarrhea incidence
over long time periods. It can also be used to explore the complex sys-
tem dynamics, rank risk factor importance, identify key data gaps, find
tipping points and test a broad range of counter-factual scenarios. It is
a modular and adaptable technique that can simulate scenarios in silico
which has obvious cost and ethical benefits. Bringing such a technique
to a continental or global scale is challenging due to the computational
limitations, however recent advances have made global-scale agent-
based models feasible (Parker and Epstein, 2011).

3. Conclusions

New methods are needed to fully quantify the risk that climate
change poses to rates of diarrheal diseases across diverse climates and
to design “no-regrets” adaptation strategies to improve the resilience
of developing world communities. Mechanistic, systems approaches
and the coupling of the human, engineered and environmental systems
have the potential to provide these benefits. Although common in other
environmental health fields, such methods are not yet widely used to
study climate impacts on diarrheal diseases.

In countries with the most adaptive capacity, global climate change
impacts will range from crop failures and heat waves to sea level rise
and the spread of serious infectious diseases. The costs of inaction will
be high. In addition to those impacts, those populations with the least
capacity and resilience in low income countrieswill be heavily impacted
in terms of access to safe, reliable drinking water and basic sanitation
(Barros and Field, 2014). Amechanistic understanding of these systems
will support the development of robust adaptation strategies, advancing
improved resiliency of developingworld communities in the face of the
added burdens of climate change impacts on water quantity, quality,
and availability, and subsequently health.
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