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Key Points:

e Many pathogens cause diarrhea in
children and are affected in different
ways by weather conditions like
rainfall, temperature, and humidity

e Diarrhea-causing bacteria infections
increase in warm, humid weather and
when soil is moist, though ETEC is
sensitive to rainfall extremes

e High humidity decreases prevalence
of several viruses, though only
rotavirus increases in cold weather and
following heavy surface runoff
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Abstract Diarrheal disease, still a major cause of childhood illness, is caused by numerous, diverse
infectious microorganisms, which are differentially sensitive to environmental conditions. Enteropathogen-
specific impacts of climate remain underexplored. Results from 15 studies that diagnosed enteropathogens in
64,788 stool samples from 20,760 children in 19 countries were combined. Infection status for 10 common
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enteropathogens—adenovirus, astrovirus, norovirus, rotavirus, sapovirus, Campylobacter, ETEC, Shigella,
Cryptosporidium and Giardia—was matched by date with hydrometeorological variables from a global Earth
observation dataset—precipitation and runoff volume, humidity, soil moisture, solar radiation, air pressure,
temperature, and wind speed. Models were fitted for each pathogen, accounting for lags, nonlinearity,
confounders, and threshold effects. Different variables showed complex, non-linear associations with infection
risk varying in magnitude and direction depending on pathogen species. Rotavirus infection decreased markedly
following increasing 7-day average temperatures—a relative risk of 0.76 (95% confidence interval: 0.69-0.85)
above 28°C—while ETEC risk increased by almost half, 1.43 (1.36-1.50), in the 20-35°C range. Risk for all
pathogens was highest following soil moistures in the upper range. Humidity was associated with increases in
bacterial infections and decreases in most viral infections. Several virus species' risk increased following lower-
than-average rainfall, while rotavirus and ETEC increased with heavier runoff. Temperature, soil moisture, and
humidity are particularly influential parameters across all enteropathogens, likely impacting pathogen survival
outside the host. Precipitation and runoff have divergent associations with different enteric viruses. These
effects may engender shifts in the relative burden of diarrhea-causing agents as the global climate changes.

Plain Language Summary Diarrheal disease is a big health problem for children. It can be

caused by different bugs, which can be caught more easily in certain weather conditions, though not much is
understood about this because the climate varies so much from one place to the next. This study combined
data from many different countries where diarrhea-causing bugs were diagnosed in children's stool. Satellites
recorded what the weather was like on the day each sample was collected. Rotavirus is easiest to catch in cold
weather and when water washes over the ground after rain. Dry weather also makes it and other viruses easy
to catch. Bacteria spread best when the air is warm and humid, and the soil moist, though one type of E. coli
can also be spread in rainwater. Climate change will make dry places drier, wet places wetter and everywhere
warmer. This might lead to more diarrhea caused by bacteria and less by viruses in some places, though places
with moist soil might see more of every kind of bug.

1. Introduction

In spite of impressive decreases in global diarrheal disease burden this century, the syndrome remains a leading
cause of childhood mortality and disease (Kotloff et al., 2013; Reiner et al., 2020) thought to have accounted for
some 533,800 deaths in children under 5 years of age in 2017 (Roth et al., 2018) and with health and economic
impacts that last throughout the life course (Dewey & Begum, 2011; McGovern et al., 2017). Most diarrhea is
infectious in etiology, caused by numerous species of fecal-orally transmitted viral, bacterial and protozoal micro-
organisms that vary in the extent to which environmental and atmospheric conditions facilitate or constrain their
survival and dispersal (Chao et al., 2019; J. M. Colston et al., 2019; Platts-Mills et al., 2018). This sensitivity to
time-varying hydrometeorological factors, now widely documented both for individual diarrhea-causing patho-
gens (Brunn et al., 2018; Djennad et al., 2019; L.-P. Wang et al., 2021; P. Wang et al., 2018) and for all-cause
diarrheal outcomes (Aik et al., 2020; Horn et al., 2018; Wangdi & Clements, 2017), has led to fears that climate
change might undermine progress in reducing global childhood diarrheal disease incidence and deaths (K. Levy
et al., 2016). Other researchers have projected that the burden of diarrhea of viral etiology may actually decrease
in some locations due to shifting weather patterns (Onozuka et al., 2019). The lack of clarity surrounding the
associations between meteorological exposures such as temperature, rainfall and humidity and the prevalence
and transmission of individual enteropathogen species has stymied efforts to generate actionable projections of
future disease burden trends under plausible climate change scenarios (Kolstad & Johansson, 2011; World Health
Organization, 2014b).

Over the past decade considerable progress has been made in elucidating these relationships due to improved
accessibility, accuracy, and resolution of climatological data on the one hand (J. M. Colston, Ahmed, Mahopo,
et al., 2018) and sensitivity and affordability of broad-based tools for differential diagnosis of diarrhea-causing
agents on the other (Brown & Cumming, 2019). Concurrent advances in statistical methods are now able to ac-
count for complex non-linear, time-lagged and highly seasonally varying associations (Alsova et al., 2019; J. M.
Colston et al., 2019), and analysis of data pooled from multiple sites and studies has been demonstrated to offer
insights into the general epidemiology of enteric pathogens that might not be apparent from considering just a
single location (Andersson et al., 2018; J. M. Colston et al., 2020; Hasso-Agopsowicz et al., 2019). Analyses of
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time-series data from particular cities, regions or countries have identified significant associations between indi-
vidual climatological parameters—such as relative humidity in Singapore (Aik et al., 2020), temperature in Bhu-
tan (Wangdi & Clements, 2017) and precipitation in Mozambique (Horn et al., 2018)—and diarrheal outcomes.
Others have focused on single pathogen species (Brunn et al., 2018; Djennad et al., 2019; Hasan et al., 2018;
Ureiia-Castro et al., 2019) or compared multiple species within the same taxon (Park et al., 2018; P. Wang
etal., 2018). However, to draw broad, generalizable conclusions about the impact of weather on enteropathogens,
it is necessary to combine data from locations that are representative of different climate zones. Initial efforts to
do this for rotavirus in the 8-site MAL-ED study (J. M. Colston et al., 2019), for multiple pathogens in the 7-site
GEMS study (Chao et al., 2019) and across seven ecological regions of China (L.-P. Wang et al., 2021) illustrate
the value and potential of such approaches.

The objective of this Independent Participant Data Meta-Analysis (IPD-MA) was to pool data from comparable
studies in multiple locations across diverse geographical areas and climate zones and match them with coinci-
dent Earth observation-derived data to model the associations between eight hydrometeorological exposures
(precipitation, runoff volume, humidity, soil moisture, solar radiation, air pressure, temperature, and wind speed)
and infection status for 10 common, high-burden enteric pathogens ascertained in young children (adenovirus,
astrovirus, norovirus, rotavirus, sapovirus, Campylobacter, ETEC, Shigella, Cryptosporidium, and Giardia). The
research question to be assessed was whether different combinations of rainfall, ambient temperature, atmospher-
ic humidity and pressure and other parameters impact the risk of enteric infections independently of each other
and of seasonality, and at magnitudes and in directions that differ by pathogen species, which are differentially
resistant to environmental conditions such as dryness, ultraviolet light, and in their probability of transmission
via aerosol (J. M. Colston et al., 2019; Fernstrom & Goldblatt, 2013; [jaz et al., 1985; Jones & Brosseau, 2015).
Understanding these associations may inform health care policy and planning including prioritization of target
populations for existing vaccines (rotavirus) or the further development of promising candidates (Shigella, enter-
otoxigenic E coli [ETEC], and multicomponent viral vaccines).

2. Methods
2.1. Sources of Pathogen Data

This analysis used an IPD-MA framework in which raw, individual participant-level data was pooled from studies
that used molecular diagnostics to identify multiple enteric pathogens in stool samples collected from children
aged under 5 years in Low- and Middle-Income Countries (LMICs). The IPD-MA design is considered the gold
standard in systematic reviews, offering numerous advantages over aggregate data meta-analyses, and a great-
er potential for generalizable inferences compared with individual studies (Chen & Benedetti, 2017; Dewidar
et al., 2021). In this IPD-MA, studies which tested for six or more of 10 target pathogens were identified through
exploratory literature review and professional networks and investigators from eligible studies were contacted
with requests for access to their data. Study-specific datasets were combined into a central database with a stand-
ardized format and list of variables and analyses were conducted on the pooled data. Table 1 summarizes key
features of studies that contributed data (throughout this article, studies are referred to by the number in the left-
most column of the table), while Figure 1 shows the locations and number of samples included from each of the
studies' sites. 15 studies contributed data from 19 countries with a range of latitudes spanning the entirety of the
tropics and sub-tropics, including locations in Central and South America (studies 7, 8, 11, and 15), Sub-Saharan
Africa (1, 3,4, 5,6,7,9, 10, and 13) and South and Southeast Asia (2, 4, 7, 12, and 14). Study designs varied
and included numerous case-control designs (1, 2, 4, 10, 11, and 14) in which a single sample was collected
from active cases of diarrhea and matched to those from asymptomatic controls. Some other studies used health
facility-based surveillance (3, 5, and 9) and so only collected samples from subjects during an ongoing diarrhea
episode of a severity necessitating care-seeking. Still others had community-based, longitudinal designs (6, 7,
8, and 13), mostly collecting repeated asymptomatic samples from the same subjects along with a small number
of samples from uncomplicated diarrhea episodes as they occurred. Several studies were carried out at multiple
sites, including in different countries (2, 4, and 7), while some sites were included in more than one study (7 and
12 in Vellore, India; 5 and 7 in Haydom, Tanzania; 7 and 8 in Loreto, Peru). This meant that the pooled database
had a complex, hierarchical structure with samples nested in subjects, which in turn were nested in sites, but sites
were not uniformly nested within studies and vice versa.
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Table 1
Features of Studies That Contributed Data to This Analysis
Number of
Sample included
collection Follow-up samples
Study Sites Design Inclusion criteria schedule period (subjects) Reference
1.  Agogo Asante Akim North ~ Health facility-  Watery/bloody One per subject 2007-2008 646 (606) Eibach et al. (2016)
Presbyterian Municipality, based diarrhea collected
Hospital Ghana unmatched cases age within 24 hr
case-control <6 years, of enrollment
study hospital
controls
2. Asian Various locations Health facility-  Intussusception One per subject 2015-2017 206 (206) Burnett et al. (2020)
Intussusception in Bangladesh, based cases age collected
Surveillance Nepal, Pakistan matched <2 years, within 48 hr
Network case-control matched of enrollment
(AISN) study hospital
controls
3. Diarrheal Sentinel ~ Various locations in  Health facility-  Acute diarrhea One per subject 2009-2017 689 (689) Page et al. (2018)
Surveillance South Africa based patients aged collected
Program surveillance <5 years within 48 hr
(DSSP) study of admission
4.  Global Enteric Mirzapur, Health facility-  Moderate- 1 per subject 20072011 11,276 (10,769) Kotloff et al. (2012)
Multicenter Bangladesh; based to-severe collected at
Study (GEMS) Basse, The matched diarrhea enrollment
Gambia; case-control cases aged
Kolkata, India; study <5 years,
Nyanza, Kenya; matched
Bamako, Mali; community
Manbhiga, controls
Mozambique;
Karachi,
Pakistan
5. Haydom Lutheran = Haydom, Tanzania Health facility-  Gastroenteritis/ One per subject 20142015 233 (233) Platts-Mills
Hospital based diarrhea collected etal. (2017)
surveillance patients aged within 48 hr
study <5 years of enrollment
6. iLiNS-DYAD Mangochi District, Community- Children of Three 20112014 1,835 (711) Ashorn et al. (2015)
Malawi based women asymptomatic
trial of a enrolled samples
nutritional during per subject
product pregnancy collected at
6, 18, and
30 months of
age
7.  Malnutrition Dhaka, Bangladesh; ~Community- Newborns with Monthly from 0  2009-2014 41,327 (1,715) MAL-ED Network
and Enteric Fortaleza, based normal birth to 24 months Investigators (2014)
Disease Study Brazil; cohort study weight of age
(MAL-ED) Vellore, India; and upon
Bhaktapur, caregiver
Nepal; reported
Naushahro diarrhea
Feroze, Pakistan; episode (of
Loreto, Peru; any severity)
Venda, South
Africa; Haydom,
Tanzania
COLSTON ET AL. 4 of 20
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Continued
Number of
Sample included
collection Follow-up samples
Study Sites Design Inclusion criteria schedule period (subjects) Reference
8.  Novel Loreto, Peru Community- Children aged 15 per subjects 2018 1,075 (75) Bill and Melinda Gates
Biomarkers of based 3-18 months between 1 Foundation (2012)
Environmental cohort study and 30 days
Enteropathy following
(NBEE) enrollment
9.  Program for Lusaka and Ndola, Health facility-  Moderate- One per subject 2012-2013 1,379 (1,379) Chisenga et al. (2018)
Awareness and Zambia based to-severe collected at
Elimination surveillance diarrhea enrollment
of Diarrhea study patients aged
(PAED) <5 years
10. Pediatric Hospital ~ Luanda, Angola Health facility-  Diarrhea cases One sample 20132014 194 (194) Pelkonen et al. (2018)
of Luanda based (any severity) per subject
unmatched aged collected at
case-control <5 years, enrollment
study unmatched
hospital
controls
11. RECODISA Six cities in the Community- Diarrhea cases One per subject 2009-2012 1,200 (1,200) Lima et al. (2019)
semiarid region based (any severity) collected at
of Brazil matched aged enrollment
(Cajazeiras, case-control 2-36 months,
Crato, Ouricuri, study matched
Patos, Picos, and community
Sousa) controls
12. Rotavac Trial, Three sites in India Placebo- Infants aged Upon caregiver 2011-2013 1,271 (1,090) Bhandari et al. (2014)
India (Delhi, Pune, controlled 6-7 weeks reported
and Vellore) vaccine diarrhea
efficacy episode (any
trial severity)
13. Sanitation Hygiene Midlands, Community- HIV-unexposed 1,3, 6, and 2013-2016 2,372 (1,046) Humphrey et al. (2019)
Infant Nutrition Zimbabwe based children 12 months of
Efficacy WASH trial of women age and upon
(SHINE) Trial enrolled caregiver
during reported
pregnancy diarrhea
episode (any
severity)
14. Thai Hospitals Various locations in ~ Health facility- ~ Acute diarrhea One per subject 20162018 473 (473) Okada et al. (2020)
Thailand based cases collected at
matched (any age), enrollment
case-control matched
study hospital
controls
15. Urban and rural El Trifinio region, Health facility-  Acute non- Two per subject ~ 2015-2016 585 (299) Gaensbauer
Guatemala and Guatemala based bloody collected at et al. (2019)
City, Guatemala trial of a diarrhea enrollment
nutritional patients aged and at study
product 6-35 months day 31

In pooling the data, the following information was retained from the study-specific databases in addition to the
diagnostic results: the date of sample collection; the subjects' age on that date; whether the sample was collected
while the subject was asymptomatic or during a diarrheal episode; whether the subject was enrolled in a health
facility- or community-based study; and the country, study, and site in which the subject was recruited. In ad-
dition, samples were georeferenced to the latitude and longitude coordinates of the approximate location of the
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Figure 4. Associations between 8 hydrometeorological variables and infection status for five enteric viruses. Unadjusted effects (polynomial smoothed probability)
shown by black, dashed lines; effects for continuous variables (predicted probability of infection from multivariable GLMs) shown by colored lines with 95%
confidence intervals shown by shaded areas; relative risks of surface runoff categories shown by dot-and-whisker plots; panel captions are relative risks from otherwise
identical GLMs in which each continuous variable in turn was dichotomized with the range shaded in gray as the comparison category (with 95% confidence intervals,
**¥p < 0.001, **p = 0.001-0.01, and *p = 0.01-0.05).

association took on a similar shape to Campylobacter but was of a lower magnitude (0.93 [0.89-0.96] below a
25°C threshold) and statistical significance.

Soil moisture showed small yet highly statistically significant associations with all 10 pathogens, and in each case
higher probability of infection was predicted in the upper extreme of the distribution. The largest relative effect of
soil moisture was with Cryptosporidium—a 36% increased risk above 25% moisture content (1.36 [1.25-1.47])—
while large absolute effects were observed with Campylobacter and ETEC—a more than 10% point difference in
infection probability at highest compared to lowest moisture.

Relative humidity showed low-magnitude, statistically significant inverse associations with all enteric virus spe-
cies with the exception of adenovirus, with which it demonstrated no discernable association. For astrovirus,
rotavirus, and sapovirus, threshold effects were observed in the upper range of the humidity distribution, nota-
bly for astrovirus, for which there was a 28% (0.72 [0.66-0.78]) decreased relative risk above a 70% humidity
threshold. The enteric bacteria all had roughly direct associations with relative humidity, though these were small
in magnitude with the exception of ETEC, which showed a 23% (0.77 [0.73-0.81]) decrease risk below 40% hu-
midity. Cryptosporidium showed no association and Giardia a slight inverse association with relative humidity.
For adenovirus, Campylobacter and Giardia, lower risk of positivity was observed with pressure values within
6 mbar of the site-specific mean, whereas for astrovirus, risk was 25% (1.25 [1.14-1.38]) higher in this range.

Although there was evidence that deviations in precipitation below the local average slightly increased infection
risk for several pathogens (with the exceptions of rotavirus, Shigella and the two protozoa), only for norovirus
did this translate into a statistically significant relative risk: a 13% (1.13 [1.06-1.20]) increase below a —10 mm
deviation in precipitation. Both light (<5 mm) and heavy runoff (>5 mm) were associated with slightly statis-
tically significant increases in rotavirus—respectively 11% (1.11 [1.01-1.22]) and 29% (1.29 [1.05-1.58])—
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Figure 5. Associations between eight hydrometeorological variables and infection status for three enteric bacteria and two protozoa. Unadjusted effects (polynomial
smoothed probability of infection) shown by black, dashed lines; effects for continuous variables (predicted probability of infection from multivariable GLMs) shown
by colored lines with 95% confidence intervals shown by shaded areas; relative risks of surface runoff categories shown by dot-and-whisker plots; panel captions are
relative risks from otherwise identical GLMs in which each continuous variable in turn was dichotomized with the range shaded in gray as the comparison category
(with 95% confidence intervals, ***p < 0.001, **p = 0.001-0.01, and *p = 0.01-0.05).

while heavy runoff was associated with a moderately statistically significant increase in ETEC infection of 12%
(1.12 [1.04-1.22]). Slight decreases in Shigella risk with light and heavy runoff were not statistically significant,
though an equivalent decrease in Campylobacter risk with light runoff was.

Adjusted associations with solar radiation were inverse and low in magnitude for almost all pathogens and rela-
tive risks were not significant for any viruses, though Cryptosporidium, ETEC, Giardia, and Shigella did exhibit
statistically significant reduced relative risks of infection above a 230 W/m? threshold. Four of the five enteric
viruses showed decreases in predicted prevalence at very low wind speeds, and for norovirus, this translated into
a 13% decreased relative risk (0.87 [0.82-0.92]) following winds of below 2 m/s, though by contrast, relative risk
of rotavirus increased by 13% (1.13 [1.05-1.21]) below the same threshold. Associations between wind speed and
bacteria and protozoa were small in magnitude and mostly not statistically significant, although still conditions
(<2 m/s winds) were associated with a statistically significant 8% (0.92 [0.89-0.95]) decrease in the relative risk
of ETEC.

Predictions in Figures 4 and 5 are for the reference, asymptomatic stool sample category. For this reason, in sev-
eral cases the adjusted probabilities are lower than the unadjusted probabilities, which are scaled to the positivity
rates in the overall database with its large proportion of diarrheal samples. Multicollinearity could also cause
this difference, but was found to be moderate and only between surface pressure and seasonality model terms
(VIF < 7). Sensitivity analyses that excluded seasonality terms demonstrated much lower correlation between
the hydrometeorological variables (VIF < 3) and only negligibly reduced differences between adjusted and un-
adjusted proportions. The results of all other sensitivity analyses (subsetting by sample type; excluding outlier
sites such as Fortaleza; excluding the seasonality adjustment; and allowing more degrees of freedom in the spline
terms) were consistent with those of the main analysis.
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4. Discussion

The role of climatic drivers in the transmission of diarrheal disease remains relatively underexplored compared to
some other disease groups and is challenging to characterize for numerous reasons. The etiology of the syndrome
encompasses diverse microorganisms, which may be differentially sensitive to environmental conditions, yet clin-
ically undifferentiated, with large reservoirs of asymptomatic transmission. Recent advances in broad spectrum
molecular diagnostic technologies that can be deployed on stool samples from population-based studies (Brown
& Cumming, 2019; Lappan et al., 2021; Liu, Gratz, et al., 2016; Liu, Ochieng, et al., 2016), as well as climate
data products that combine earth and ground-based observations with model-based reanalysis offer the potential
to address these knowledge gaps (J. M. Colston, Ahmed, Mahopo, et al., 2018; J. M. Colston et al., 2019; Grace
et al., 2015; M. C. Levy et al., 2019). This analysis is the first to bring together these two sources of data from
multiple studies carried out in populations across diverse climate zones, resulting in a database of a scale and
scope unprecedented in the study of enteropathogens and findings with implications for potential transmission
pathways. A major strength of this analysis is that, by only including data from studies that tested for multiple
pathogen targets in the same samples, we can have greater confidence in attributing observed effects to the ex-
posures themselves rather than pathogen- and location-specific factors. Furthermore, while health facility-based
studies offer logistical advantages such as minimizing the need for field work and transportation of samples, they
may overestimate pathogen prevalence due to preferential recruitment of severely symptomatic diarrheal cases.
By combining studies of both community- and health-facility based designs, this study was able to adjust for these
differences in the analysis stage, thus minimizing (though perhaps not fully eliminating) this bias.

Four main hypothesized mechanisms by which hydrometeorological conditions impact short-term risk of enter-
opathogen transmission include waterborne dispersal (K. Levy et al., 2016), airborne dispersal (Dennehy, 2000;
Ginn et al., 2021), survival on surfaces and fomites (Abad et al., 1994; Hurst et al., 1980) and host factors or
behaviors influencing contact rates (T.-C. Chan et al., 2015). In this context, “dispersal” can entail both the
transport of infectious agents in a moving substrate—that is, precipitation runoff, or wind—or conversely their
concentration or suspension during still conditions—in standing water or on infected aerosols in still air. These
pathways are not clearly delineated, however, and these findings suggest that it may be possible for the same
variable to impact different pathogens via different mechanisms and at varying magnitudes. Furthermore, hydro-
meteorological parameters are highly mutually interrelated. Surface pressure within a given season is generally
interpreted as a proxy for storminess, for example, with lower-than-normal pressure more commonly associated
with clouds (and correspondingly low solar radiation), rain, wind, and high pressure with clear skies and still
conditions (Ahrens & Henson, 2018). High runoff indicates that precipitation has overwhelmed infiltration rates
and occurs when very heavy rain falls over soil that is already close to fully saturated.

Regarding waterborne dispersal, several studies have reported evidence of a U-shaped association between rain-
fall and enteric pathogen proliferation (Dunn & Johnson, 2018; Fang et al., 2019; Ikeda et al., 2019). A “concen-
tration-dilution” hypothesis has been proposed according to which microbes concentrate in water sources under
very dry conditions, and are spread through the environment when heavy runoff or floodwater overwhelms drain-
age capacity (J. M. Colston et al., 2019; Kraay et al., 2020; K. Levy et al., 2016). Consistent with the first part of
this theory, this analysis identified modest increases in risk for enteric viruses during periods when precipitation
fell below the local average, with the exception of rotavirus which was, conversely, the only virus for which risk
increased with heavier surface runoff. The only single pathogen that appeared to increase in prevalence with both
low rainfall and heavy runoff was ETEC, a bacteria adapted to survive in riverine settings that is thought to have
caused multiple diarrheal outbreaks in Dhaka, Bangladesh following severe flooding (Schwartz et al., 2006),
though in this analysis, the effect sizes were small. This suggests that, if true, the concentration-dilution hypoth-
esis may not operate on any single pathogen, but rather by promoting proliferation of different etiological agents
at either extreme of the precipitation distribution. An interrupted time series analysis of a large, La Nifia-related
flood in the study site in Loreto, Peru found disruptions to the seasonal patterns of some of these pathogens over
several months following the start of the flood, including increases in rotavirus and ETEC that are in line with
the runoff findings identified here, but also increases in sapovirus, Campylobacter, Shigella/EIEC and astrovirus,
and decreases in adenovirus, which are at odds with them (J. Colston et al., 2020). That the effects of these two
variables (precipitation and runoff) contrasted for different pathogens may relate to the differences in species-spe-
cific incubation periods. Furthermore, the timing and sequence with which extremes of precipitation and runoff
occur relative to the 7-day window of aggregation used in this analysis may vary their effects on pathogens of
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different species and taxa. Rainwater from long periods of heavy precipitation may accumulate in subsequent and
overlapping periods of heavy runoff, during which the environment remains saturated despite the rain itself hav-
ing abated, promoting exposure to different pathogens at each stage of this process. It could also be an indication
that whether prior baseline conditions are moist or arid could differentially influence the subsequent trajectory
of a rainfall event's impact on pathogen dispersal (Kraay et al., 2020). This would implicate soil moisture as a
variable on this pathway, since antecedent saturation levels of soil may determine the volume of rainfall that is
converted to subsequent runoff with the potential to flush contaminants from the soil rather than infiltrating into
the ground (D. Lee et al., 2019). It is notable that no associations were found between extreme rainfall or runoff
and enteric protozoa risk, in contrast to the significant positive associations found in Canada between heavy
precipitation and both cryptosporidiosis and giardiasis using much longer lags (4-6 weeks) than considered here
(Chhetri et al., 2017). Taken together, these observations highlight the need to further examine impacts across
longer lags and time windows and interactions between hydrological parameters that are specific to each individ-
ual pathogen, as well as to monitor extreme weather events such as ENSO-related flooding.

Airborne transmission of enteropathogens is most commonly associated with the viruses, occurring via the sus-
pension of aerosols from diaper disposal or toilet flushing or the formation of contaminated dry dust particles
(Hervas et al., 2014; K. Levy et al., 2009). However, a recent study in urban sites in La Paz, Bolivia, and Kanpur,
India was the first to test aerosol samples from near open wastewater canals using PCR and detected the presence
of genes specific to enteropathogens of all three taxa included in this analysis, notably Shigella, ETEC, norovi-
rus and Cryptosporidium, and suggesting a greater potential role for airborne transmission than was previously
assumed (Ginn et al., 2021). Elsewhere, a study of diarrheal surveillance sites across China found that increased
wind speed was followed by a reduction in the incidence of gastroenteritis attributable to enteric viruses (with the
exception of the caliciviruses) and Shigella (L.-P. Wang et al., 2021). This is in line with previous findings from
analysis of rotavirus in MAL-ED (J. M. Colston et al., 2019) and suggests that the suspension of infective aero-
sols in still air may be a mechanism for enteric virus transmission as it is for some respiratory and other airborne
viruses (e.g., varicella zoster virus, measles, coronaviruses) (Leung, 2021; Tellier et al., 2019). The findings of
this analysis largely conflict with this interpretation, however, since for all viruses except rotavirus, positivity
was lowest in still conditions (Figure 4). The wind speed and surface pressure results reported here (the fifth
and seventh columns of Figure 5) also suggest a stronger role for airborne transmission of bacteria and possibly
protozoa than has previously been assumed (Gao et al., 2014; Hu et al., 2010; Nasr-Azadani et al., 2017). Air-
borne zoonotic transmission of campylobacteriosis has been documented in poultry plant workers (Wilson, 2004)
and prevalence of household-scale poultry husbandry is high in many of the settings represented by these data
(Schiaffino et al., 2020; Sultana et al., 2012). Similarly, airborne bioaerosols are a hypothesized secondary trans-
mission mechanism for E. coli and Cryptopsoridium (W. L. Chan et al., 2019; Fujiyoshi et al., 2017; Sponseller
et al., 2014). Though no such route has been considered for Shigella, and associations of this pathogen with wind
speed were very modest, it is a similarly sized organism to Campylobacter (both <1.0 pm wide and <6.0 pm
long) suggesting that transmission via air or houseflies acting as mechanical vectors may be equally plausible
for the two species (Levine & Levine, 1991; Murray et al., 2013). At 8—12 pm in length, Giardia duodenalis
cysts are the largest of the included infectious agents, which, though comparable in size to droplets involved in
transmission of some respiratory infections (5—-10 pm) (Murray et al., 2013; World Health Organization, 2014a)
make it unlikely that the modest inverse association with wind speed identified here is causal. Furthermore, it
is not clear how outdoor pressure and wind conditions might impact enteropathogen transmission among young
children that largely occurs inside the dwelling. While indoor/outdoor pressure gradients influence the ventilation
and air change rates of a dwelling in complex ways (Atkinson et al., 2009), if anything, this could be expected to
lead to an inverse association between wind speed and infection due to stronger outside air movement increasing
the evacuation of particles suspended in the air or on surfaces and fomites from indoors.

The strong associations of soil moisture, humidity and temperature with almost all pathogen taxa and species
implicate these parameters as possible mediators influencing infection risk via pathogen survival outside the
human host. Bacteria require moisture for their survival, which can be prolonged on surfaces on which large
microdroplets have formed (Grinberg et al., 2019) and numerous viruses may remain viable for longer if they
adhere to surfaces that permit retention of their surrounding moisture (Hervas et al., 2014; Kramer & Assadi-
an, 2014). While several previous studies have speculated about how soil conditions might affect enteropathogen
transmission (Aik et al., 2020; Gonzales-Siles & Sjoling, 2016; Hasan et al., 2018; D. Lee et al., 2019; Rzezutka
& Cook, 2004), few have attempted to quantify this effect (J. M. Colston et al., 2019). Almost all the pathogens,
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and most notably ETEC, exhibited peaks in risk at around 35°C, a value close to human body temperature. Pre-
vious studies have concluded that enteric virus transmission is associated with lower temperatures and humidity
(K. Levy et al., 2016; Rzezutka & Cook, 2004; L.-P. Wang et al., 2021). While this analysis detected inverse
associations with humidity for all viruses except adenovirus (and particularly above a 65%—70% threshold), only
rotavirus risk was found to decrease across the entire temperature range and to a marked degree, though adenovi-
rus risk peaked at a lower temperature than most other pathogens (around 20°C). Contrastingly, astrovirus and the
calicivirus actually showed slight increases in risk in the upper temperature range. Such countervailing effects of
temperature on enteric viruses of different species may explain why a previous meta-analysis did not find an asso-
ciation between ambient temperature and viral diarrheal disease incidence, despite identifying a strong, direct ef-
fect on bacterial and all-cause diarrhea (Carlton et al., 2016). The modest associations of solar radiation with risk
of several pathogens may be the direct influence of sunlight promoting or inhibiting microbial survival, or else
the result of residual confounding of this variable with those on other pathways (such as rain clouds obscuring
sunlight). Giardia and Campylobacter share a common zoonotic transmission pathway and household livestock
may be important reservoirs of human infection for both pathogens (Daniels et al., 2016; St. Jean et al., 2021).
However, given that Giardia is prone to infections of longer duration and with a lower attributable fraction of
clinical diarrhea than Campylobacter (Platts-Mills et al., 2018), the similarity in the unadjusted results between
these two pathogens may partly be explained by subjects with Campylobacter-attributable diarrhea being more
likely to have a concurrent, persistent but asymptomatic Giardia infection.

This analysis is subject to several limitations. One is the inability to differentiate the impact of host-mediated
factors, such as susceptible individuals congregating indoors to escape extreme weather, thus increasing contact
rates. This limitation is inherent to using data that were not collected with the specific objective of answering
questions about climate, and would require different study designs to address, likely with intensive follow-up and
restricted to a small number of locations. A second limitation is the lack of consideration of interactions between
exposures, distributed lags, and longer periods of exposure aggregation, effects that are likely to be highly rel-
evant to pathogen transmission. For example, the effect of a heavy rainfall event may have opposing effects on
pathogen dispersal depending on whether it follows a very dry period, causing the flushing of microbes into the
environment, or a very wet period, leading to their dilution in runoff and standing water (Kraay et al., 2020; Le-
maitre et al., 2019) or depending on the time period over which it is measured (J. Colston et al., 2020). For com-
parability across multiple pathogens it was necessary to limit the scope of this analysis to apply the exact same
methods to all 10 infection outcomes, but future research can further explore the pathogen-specific temporality
behind and interactions between the identified associations. Other limitations include the inability to control
for non-climate factors such as drinking water, sanitation and healthcare access, which may be more proximal
determinants of infection risk, and vary between countries and sites, but were beyond the scope of this study to
explore. Finally, because some aspects of the analysis were not prespecified, the findings are sensitive to post hoc
modeling choices, such as the choice of cutoff when dichotomizing continuous variables.

Climate change is bringing about shifts in the mean values for many of the parameters included in this anal-
ysis, as well as in their variability and frequency of extremes (Intergovernmental Panel on Climate Change
[IPCC], 2012). Several studies have used projections in attempts to quantify how climate change might impact the
burden of diarrheal disease (Kolstad & Johansson, 2011; World Health Organization, 2014b) or specific enteric
pathogens (Chhetri et al., 2019), but found wide uncertainties around their estimates, perhaps due to only having
considered single variables. Temperatures are rising almost everywhere (Intergovernmental Panel on Climate
Change [IPCC] Working Group, 2013), and since all pathogens included in this study showed significant associa-
tions with that variable, these findings suggest that overall enteropathogen transmission is set to rise, with warmer
locations experiencing increases in infections with bacterial and protozoal etiology, and cooler sites shifting into
the mid-range temperatures at which adenovirus and ETEC proliferate, but rotavirus transmission is suppressed.
As the climate warms, both daily and seasonal precipitation variability will also increase over most land areas, but
with dry areas getting drier on average (notably in southern Africa, Central America, and the Caribbean) and wet
areas wetter (southern Asia and equatorial east Africa), translating into correspondingly more days with positive
precipitation anomalies (Collins et al., 2013; Pendergrass et al., 2017). In combination with the results of this
analysis, these predictions suggest that small increases in ETEC and viral enteric infections may be expected both
in locations that are currently dry as they begin to experience even less daily rainfall, and in wetter areas as rainfall
events become more extreme with correspondingly higher runoff volumes (Intergovernmental Panel on Climate
Change [IPCC], 2012; Intergovernmental Panel on Climate Change [[PCC] Working Group, 2013). Decreases in
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the relative prevalence of bacterial and protozoal infections may also occur as daily precipitation and humidity
shifts away from the mean and high runoff events become more frequent (Collins et al., 2013). However, ac-
counting for general warming trends, changes in annual mean soil moisture follow the pattern of annual change in
precipitation in most tropical and subtropical regions (Collins et al., 2013), so trends in waterborne bacteria and
protozoa transmission may be compounded by increases in pathogen survival on moist soil and surfaces.

5. Conclusion

Different hydrometeorological variables have complex, often non-linear associations with enteropathogen preva-
lence that vary in magnitude, direction and statistical significance depending on pathogen species and taxon and
may engender shifts in the relative burden of different diarrhea-causing agents as the global climate changes.
Temperature and soil moisture are particularly influential parameters across all enteropathogen species, likely
due to how they impact the survival of pathogens outside of the host, while hydrological factors (precipitation,
surface runoff), as well as humidity have divergent effects both between enteric viruses and compared to most
bacteria. Rising global temperatures may lead to decreases in adenovirus and rotavirus burden, and increases in
the prevalence of enteric protozoa and bacteria, most notably ETEC, while the impacts of greater precipitation
variability due to climate change on diarrhea-causing pathogens are less certain and likely to be highly species-
and location-specific.

Conflict of Interest

Drs. Gaensbauer and Melgar report grants from PanTheryx, Inc, and Dr. Page reports grants from GlaxoSmith-
Kline, during the conduct of the study; the remaining authors have no conflicts of interests to disclose.

Data Availability Statement

The epidemiological data used in this analysis contains identifiable human subject data, which cannot be dissem-
inated under the terms of the IRB and data use agreements with contributing institutions. Investigators from con-
tributing studies may be contacted with reasonable request for data access. Data from the MAL-ED and GEMS
studies are available from the ClinEpiDB website (VEuPathDB, 2021). GLDAS data is disseminated as part
of the mission of NASA's Earth Science Division and archived and distributed by the Goddard Earth Sciences
(GES) Data and Information Services Center (DISC) (NASA, 2021).

References

Abad, F. X., Pint6, R. M., & Bosch, A. (1994). Survival of enteric viruses on environmental fomites. Applied and Environmental Microbiology,
60(10), 3704-3710. https://doi.org/10.1128/aem.60.10.3704-3710.1994

Ahrens, C. D., & Henson, R. (2018). Meteorology today: An introduction to weather, climate, and the environment (12th ed.). Cengage Learning.
https://www.cengage.com/c/meteorology-today-introductory-weather-climate-environment-12e-ahrens/9781337616669/

Aik, J., Ong, J., & Ng, L. C. (2020). The effects of climate variability and seasonal influence on diarrhoeal disease in the tropical city-state of
Singapore — A time-series analysis. International Journal of Hygiene and Environmental Health, 227, 113517. https://doi.org/10.1016/j.
ijheh.2020.113517

Alsova, O. K., Loktev, V. B., & Naumova, E. N. (2019). Rotavirus seasonality: An application of singular spectrum analysis and polyharmonic
modeling. International Journal of Environmental Research and Public Health, 16(22). https://doi.org/10.3390/ijerph16224309

Andersson, M., Kabayiza, J. C., Elfving, K., Nilsson, S., Msellem, M. L., Martensson, A., et al. (2018). Coinfection with enteric pathogens in east
African children with acute gastroenteritis—Associations and interpretations. American Journal of Tropical Medicine and Hygiene, 98(6),
1566-1570. https://doi.org/10.4269/ajtmh.17-0473

Ashorn, P., Alho, L., Ashorn, U., Cheung, Y. B., Dewey, K. G., Gondwe, A., et al. (2015). Supplementation of maternal diets during pregnancy
and for 6 months postpartum and infant diets thereafter with small-quantity lipid-based nutrient supplements does not promote child growth
by 18 months of age in rural Malawi: A randomized controlled trial. The Journal of Nutrition, 145(6), 1345—1353. https://doi.org/10.3945/
jn.114.207225

Atkinson, J., Chartier, Y., Pessoa-Silva, C. L., Jensen, P., Li, Y., & Seto, W.-H. (2009). Understanding natural ventilation. World Health Organi-
zation. https://www.ncbi.nlm.nih.gov/books/NBK 143285/

Bhandari, N., Rongsen-Chandola, T., Bavdekar, A., John, J., Antony, K., Taneja, S., et al. (2014). Efficacy of a monovalent human-bovine (116E)
rotavirus vaccine in Indian infants: A randomised, double-blind, placebo-controlled trial. The Lancet, 383(9935), 2136-2143. https://doi.
org/10.1016/S0140-6736(13)62630-6

Bill & Melinda Gates Foundation. (2012). Improved biomarkers for the assessment of environmental enteropathy. Retrieved from https://gcgh.
grandchallenges.org/grant/improved-biomarkers-assessment-environmental-enteropathy

COLSTON ET AL.

16 of 20


https://doi.org/10.1128/aem.60.10.3704-3710.1994
https://www.cengage.com/c/meteorology-today-introductory-weather-climate-environment-12e-ahrens/9781337616669/
https://doi.org/10.1016/j.ijheh.2020.113517
https://doi.org/10.1016/j.ijheh.2020.113517
https://doi.org/10.3390/ijerph16224309
https://doi.org/10.4269/ajtmh.17-0473
https://doi.org/10.3945/jn.114.207225
https://doi.org/10.3945/jn.114.207225
https://www.ncbi.nlm.nih.gov/books/NBK143285/
https://doi.org/10.1016/S0140-6736(13)62630-6
https://doi.org/10.1016/S0140-6736(13)62630-6
https://gcgh.grandchallenges.org/grant/improved-biomarkers-assessment-environmental-enteropathy
https://gcgh.grandchallenges.org/grant/improved-biomarkers-assessment-environmental-enteropathy

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

GeoHealth 10.1029/2021GH000452

Bloom-Feshbach, K., Alonso, W. J., Charu, V., Tamerius, J., Simonsen, L., Miller, M. A., & Viboud, C. (2013). Latitudinal variations in seasonal
activity of influenza and respiratory syncytial virus (RSV): A global comparative review. PLoS One, 8(2), €54445. https://doi.org/10.1371/
journal.pone.0054445

Brown, J., & Cumming, O. (2019). Stool-based pathogen detection offers advantages as an outcome measure for water, sanitation, and hygiene
trials. The American Journal of Tropical Medicine and Hygiene, 102(2), 260-261. https://doi.org/10.4269/ajtmh.19-0639

Brunn, A., Fisman, D. N., Sargeant, J. M., & Greer, A. L. (2018). The influence of climate and livestock reservoirs on human cases of giardiasis.
Ecohealth, 16(1), 116-127. https://doi.org/10.1007/s10393-018-1385-7

Burnett, E., Kabir, F., Van Trang, N., Rayamajhi, A., Satter, S. M., Liu, J., et al. (2020). Infectious etiologies of intussusception among children
<2 years old in 4 Asian countries. Journal of Infectious Diseases, 221(9), 1499-1505. https://doi.org/10.1093/infdis/jiz621

Carlton, E. J., Woster, A. P., DeWitt, P., Goldstein, R. S., & Levy, K. (2016). A systematic review and meta-analysis of ambient temperature and
diarrhoeal diseases. International Journal of Epidemiology, 45(1), 117-130. https://doi.org/10.1093/ije/dyv296

Chai, S. J., Gu, W., O’Connor, K. A., Richardson, L. C., & Tauxe, R. V. (2019). Incubation periods of enteric illnesses in foodborne outbreaks,
United States, 1998-2013. Epidemiology and Infection, 147, €285. https://doi.org/10.1017/S0950268819001651

Chan, T.-C., Fu, Y.-C., & Hwang, J.-S. (2015). Changing social contact patterns under tropical weather conditions relevant for the spread of
infectious diseases. Epidemiology and Infection, 143(2), 440-451. https://doi.org/10.1017/S0950268814000843

Chan, W. L., Chung, W. T., & Ng, T. W. (2019). Airborne survival of Escherichia coli under different culture conditions in synthetic wastewater.
International Journal of Environmental Research and Public Health, 16(23), 4745. https://doi.org/10.3390/ijerph16234745

Chao, D. L., Roose, A., Roh, M., Kotloff, K. L., & Proctor, J. L. (2019). The seasonality of diarrheal pathogens: A retrospective study of seven
sites over three years. PLoS Neglected Tropical Diseases, 13(8), €0007211. https://doi.org/10.1371/journal.pntd.0007211

Chen, B., & Benedetti, A. (2017). Quantifying heterogeneity in individual participant data meta-analysis with binary outcomes. Systematic Re-
views, 6(1). https://doi.org/10.1186/s13643-017-0630-4

Chhetri, B. K., Galanis, E., Sobie, S., Brubacher, J., Balshaw, R., Otterstatter, M., et al. (2019). Projected local rain events due to climate change
and the impacts on waterborne diseases in Vancouver, British Columbia, Canada. Environmental Health, 18(1), 1-9. https://doi.org/10.1186/
$12940-019-0550-Y

Chbhetri, B. K., Takaro, T. K., Balshaw, R., Otterstatter, M., Mak, S., Lem, M., et al. (2017). Associations between extreme precipitation and acute
gastro-intestinal illness due to cryptosporidiosis and giardiasis in an urban Canadian drinking water system (1997-2009). Journal of Water and
Health, 15(6), 898-907. https://doi.org/10.2166/WH.2017.100

Chisenga, C. C., Bosomprah, S., Makabilo Laban, N., Mwila-Kazimbaya, K., Mwaba, J., Simuyandi, M., & Chilengi, R. (2018). Aetiology of
diarrhoea in children under five in Zambia detected using Luminex XTAG Gastrointestinal Pathogen Panel. Pediatric Infectious Diseases:
Open Access, 3(2), 8. https://doi.org/10.21767/2573-0282.100064

Collins, M., Knutti, R., Arblaster, J., Dufresne, J.-L., Fichefet, T., Friedlingstein, P., et al. (2013). Long-term climate change: Projec-
tions, commitments and irreversibility. In T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, et al. (Eds.), Cli-
mate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change (pp. 1029-1136). Cambridge University Press. https://www.ipcc.ch/report/arS/wgl/
long-term-climate-change-projections-commitments-and-irreversibility/

Colston, J., Paredes Olortegui, M., Zaitchik, B., Pefiataro Yori, P., Kang, G., Ahmed, T., et al. (2020). Pathogen-specific impacts of the 2011-2012
La Nifia-associated floods on enteric infections in the MAL-ED Peru Cohort: A comparative interrupted time series analysis. International
Journal of Environmental Research and Public Health, 17(2), 487. https://doi.org/10.3390/ijerph17020487

Colston, J. M. (2018). Seasonality and hydrometeorological predictors of rotavirus infection in an eight-site birth cohort study: Implications
for modeling and predicting pathogen-specific enteric disease burden. (Doctoral thesis). Johns Hopkins University. http://jhir.library.jhu.edu/
handle/1774.2/61085

Colston, J. M., Ahmed, A. M. S., Soofi, S. B., Svensen, E., Haque, R., Shrestha, J., et al. (2018). Seasonality and within-subject clustering of
rotavirus infections in an eight-site birth cohort study. Epidemiology & Infection, 146(06). https://doi.org/10.1017/S0950268818000304

Colston, J. M., Ahmed, T., Mahopo, C., Kang, G., Kosek, M. N., de Sousa Junior, F., et al. (2018). Evaluating meteorological data from weather
stations, and from satellites and global models for a multi-site epidemiological study. Environmental Research, 165, 91-109. https://doi.
org/10.1016/j.envres.2018.02.027

Colston, J. M., Faruque, A. S. G., Hossain, M. J., Saha, D., Kanungo, S., Mandomando, I., et al. (2020). Associations between household-level
exposures and all-cause diarrhea and pathogen-specific enteric infections in children enrolled in five sentinel surveillance studies. Internation-
al Journal of Environmental Research and Public Health, 17(21), 8078. https://doi.org/10.3390/ijerph17218078

Colston, J. M., Zaitchik, B., Kang, G., Pefiataro Yori, P., Ahmed, T., Lima, A., et al. (2019). Use of Earth observation-derived hydrometeorologi-
cal variables to model and predict rotavirus infection (MAL-ED): A multisite cohort study. The Lancet Planetary Health, 3(19), S2542-S5196.
https://doi.org/10.1016/S2542-5196(19)30084-1

Daniels, M. E., Smith, W. A., Schmidt, W.-P., Clasen, T., & Jenkins, M. W. (2016). Modeling cryptosporidium and giardia in ground and surface
water sources in rural India: Associations with latrines, livestock, damaged wells, and rainfall patterns. Environmental Science & Technology,
50(14), 7498. https://doi.org/10.1021/ACS.EST.5B05797

Dennehy, P. H. (2000). Transmission of rotavirus and other enteric pathogens in the home. The Pediatric Infectious Disease Journal, 19(10),
$103-S105. https://doi.org/10.1097/00006454-200010001-00003

Dewey, K. G., & Begum, K. (2011). Long-term consequences of stunting in early life. Maternal & Child Nutrition, 7(3), 5-18. https://doi.
org/10.1111/5.1740-8709.2011.00349.x

Dewidar, O., Riddle, A., Ghogomu, E., Hossain, A., Arora, P., Bhutta, Z. A_, et al. (2021). PRIME-IPD SERIES Part 1. The PRIME-IPD tool
promoted verification and standardization of study datasets retrieved for IPD meta-analysis. Journal of Clinical Epidemiology, 136, 227-234.
https://doi.org/10.1016/j.jclinepi.2021.05.007

Djennad, A., Lo Iacono, G., Sarran, C., Lane, C., Elson, R., Hoser, C., et al. (2019). Seasonality and the effects of weather on Campylobacter
infections. BMC Infectious Diseases, 19(1), 255. https://doi.org/10.1186/s12879-019-3840-7

Dunn, G., & Johnson, G. D. (2018). The geo-spatial distribution of childhood diarrheal disease in West Africa, 2008-2013: A covariate-adjusted
cluster analysis. Spatial and Spatio-Temporal Epidemiology, 26, 127-141. https://doi.org/10.1016/J.SSTE.2018.06.005

Eibach, D., Krumkamp, R., Hahn, A., Sarpong, N., Adu-Sarkodie, Y., Leva, A., et al. (2016). Application of a multiplex PCR assay for the detec-
tion of gastrointestinal pathogens in a rural African setting. BMC Infectious Diseases, 16(1), 150. https://doi.org/10.1186/s12879-016-1481-7

ESRI. (2019). Environmental Systems Research Institute. ArcGIS desktop: Release 10.8.

Fang, X., Ai, J., Liu, W, Ji, H., Zhang, X., Peng, Z., et al. (2019). Epidemiology of infectious diarrhoea and the relationship with etiological and
meteorological factors in Jiangsu Province, China. Scientific Reports, 9(1), 1-9. https://doi.org/10.1038/s41598-019-56207-2

COLSTON ET AL.

17 of 20


https://doi.org/10.1371/journal.pone.0054445
https://doi.org/10.1371/journal.pone.0054445
https://doi.org/10.4269/ajtmh.19-0639
https://doi.org/10.1007/s10393-018-1385-7
https://doi.org/10.1093/infdis/jiz621
https://doi.org/10.1093/ije/dyv296
https://doi.org/10.1017/S0950268819001651
https://doi.org/10.1017/S0950268814000843
https://doi.org/10.3390/ijerph16234745
https://doi.org/10.1371/journal.pntd.0007211
https://doi.org/10.1186/s13643-017-0630-4
https://doi.org/10.1186/S12940-019-0550-Y
https://doi.org/10.1186/S12940-019-0550-Y
https://doi.org/10.2166/WH.2017.100
https://doi.org/10.21767/2573-0282.100064
https://www.ipcc.ch/report/ar5/wg1/long-term-climate-change-projections-commitments-and-irreversibility/
https://www.ipcc.ch/report/ar5/wg1/long-term-climate-change-projections-commitments-and-irreversibility/
https://doi.org/10.3390/ijerph17020487
http://jhir.library.jhu.edu/handle/1774.2/61085
http://jhir.library.jhu.edu/handle/1774.2/61085
https://doi.org/10.1017/S0950268818000304
https://doi.org/10.1016/j.envres.2018.02.027
https://doi.org/10.1016/j.envres.2018.02.027
https://doi.org/10.3390/ijerph17218078
https://doi.org/10.1016/S2542-5196(19)30084-1
https://doi.org/10.1021/ACS.EST.5B05797
https://doi.org/10.1097/00006454-200010001-00003
https://doi.org/10.1111/j.1740-8709.2011.00349.x
https://doi.org/10.1111/j.1740-8709.2011.00349.x
https://doi.org/10.1016/j.jclinepi.2021.05.007
https://doi.org/10.1186/s12879-019-3840-7
https://doi.org/10.1016/J.SSTE.2018.06.005
https://doi.org/10.1186/s12879-016-1481-7
https://doi.org/10.1038/s41598-019-56207-2

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

GeoHealth 10.1029/2021GH000452

Fernstrom, A., & Goldblatt, M. (2013). Aerobiology and its role in the transmission of infectious diseases. Journal of Pathogens, 2013, 1-13.
https://doi.org/10.1155/2013/493960

Fujiyoshi, S., Tanaka, D., & Maruyama, F. (2017). Transmission of airborne bacteria across built environments and its measurement standards:
A review. Frontiers in Microbiology, 8, 2336. https://doi.org/10.3389/fmicb.2017.02336

Gaensbauer, J. T., Lamb, M., Calvimontes, D. M., Asturias, E. J., Kamidani, S., Contreras-Roldan, I. L., et al. (2019). Identification of enteropath-
ogens by multiplex PCR among rural and urban Guatemalan children with acute diarrhea. The American Journal of Tropical Medicine and
Hygiene, 101(3), 534-540. https://doi.org/10.4269/ajtmh.18-0962

Gao, L., Zhang, Y., Ding, G., Liu, Q., Zhou, M., Li, X., & Jiang, B. (2014). Meteorological variables and bacillary dysentery cases in Changsha
City, China. The American Journal of Tropical Medicine and Hygiene, 90(4), 697. https://doi.org/10.4269/AJTMH.13-0198

Ginn, O., Rocha-Melogno, L., Bivins, A., Lowry, S., Cardelino, M., Nichols, D., et al. (2021). Detection and quantification of enteric pathogens
in aerosols near open wastewater canals in cities with poor sanitation. Environmental Science & Technology, 55(21), 14758-14771. https://
doi.org/10.1021/acs.est.1c05060

Gonzales-Siles, L., & Sjoling, A. (2016). The different ecological niches of enterotoxigenic Escherichia coli. Environmental Microbiology, 18(3),
741-751. https://doi.org/10.1111/1462-2920.13106

Grace, K., Davenport, F., Hanson, H., Funk, C., & Shukla, S. (2015). Linking climate change and health outcomes: Examining the relation-
ship between temperature, precipitation and birth weight in Africa. Global Environmental Change, 35, 125-137. https://doi.org/10.1016/j.
gloenvcha.2015.06.010

Grinberg, M., Orevi, T., Steinberg, S., & Kashtan, N. (2019). Bacterial survival in microscopic surface wetness. ELife, 8, ¢48508. https://doi.
org/10.7554/eLife.48508

Hasan, M. A., Mouw, C., Jutla, A., & Akanda, A. S. (2018). Quantification of rotavirus diarrheal risk due to hydroclimatic extremes over South
Asia: Prospects of satellite-based observations in detecting outbreaks. GeoHealth, 2(2), 70-86. https://doi.org/10.1002/2017GH000101

Hashizume, M., Armstrong, B., Wagatsuma, Y., Faruque, A. S. G., Hayashi, T., & Sack, D. A. (2008). Rotavirus infections and climate variability
in Dhaka, Bangladesh: A time-series analysis. Epidemiology and Infection, 136(9), 1281-1289. https://doi.org/10.1017/S0950268807009776

Hasso-Agopsowicz, M., Ladva, C. N., Lopman, B., Sanderson, C., Cohen, A. L., Tate, J. E., et al. (2019). Global review of the age distribution
of rotavirus disease in children aged <5 years before the introduction of rotavirus vaccination. Clinical Infectious Diseases, 69(6), 1071-1078.
https://doi.org/10.1093/cid/ciz060

Hervas, D., Hervas-Masip, J., Rosell, A., Mena, A., Pérez, J. L., & Hervis, J. A. (2014). Are hospitalizations for rotavirus gastroenteritis associ-
ated with meteorologic factors? European Journal of Clinical Microbiology & Infectious Diseases, 33(9), 1547-1553. https://doi.org/10.1007/
$10096-014-2106-y

Horn, L., Hajat, A., Sheppard, L., Quinn, C., Colborn, J., Zermoglio, M., et al. (2018). Association between precipitation and diarrheal disease
in Mozambique. International Journal of Environmental Research and Public Health, 15(4), 709. https://doi.org/10.3390/ijerph15040709

Hu, W., Mengersen, K., Fu, S.-Y., & Tong, S. (2010). The use of ZIP and CART to model cryptosporidiosis in relation to climatic variables.
International Journal of Biometeorology, 54(4), 433-440. https://doi.org/10.1007/S00484-009-0294-4

Humphrey, J. H., Mbuya, M. N. N. N, Ntozini, R., Moulton, L. H., Stoltzfus, R. J., Tavengwa, N. V., et al. (2019). Independent and combined
effects of improved water, sanitation, and hygiene, and improved complementary feeding, on child stunting and anaemia in rural Zimbabwe: A
cluster-randomised trial. The Lancet Global Health, 7(1), e132—e147. https://doi.org/10.1016/S2214-109X(18)30374-7

Hurst, C. J., Gerba, C. P., & Cech, L. (1980). Effects of environmental variables and soil characteristics on virus survival in soil. Applied and
Environmental Microbiology, 40(6), 1067-1079. https://doi.org/10.1128/aem.40.6.1067-1079.1980

Ijaz, M. K, Sattar, S. A., Johnson-Lussenburg, C. M., Springthorpe, V. S., & Nair, R. C. (1985). Effect of relative humidity, atmospheric temper-
ature, and suspending medium on the airborne survival of human rotavirus. Canadian Journal of Microbiology, 31(8). https://doi.org/10.1139/
m85-129

Ikeda, T., Kapwata, T., Behera, S. K., Minakawa, N., Hashizume, M., Sweijd, N., et al. (2019). Climatic factors in relation to diarrhoea hospital
admissions in rural Limpopo, South Africa. Atmosphere, 10(9), 522. https://doi.org/10.3390/ATMOS 10090522

Intergovernmental Panel on Climate Change (IPCC). (2012). Managing the risks of extreme events and disasters to advance climate change ad-
aptation. In C. B. Field, V. Barros, T. F. Stocker, D. Qin, D. J. Dokken, K. L. Ebi, et al. (Eds.), A Special Report of Working Groups I and II of
the Intergovernmental Panel on Climate Change. Cambridge University Press. https://doi.org/10.1017/cbo9781139177245

Intergovernmental Panel on Climate Change (IPCC) Working Group. (2013). Summary for policymakers. In T. F. Stocker, D. Qin, G.-K. Plattner,
M. Tignor, S. K. Allen, J. Boschung, et al. (Eds.). Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press. http://www.ipcc.ch/report/ar5/wgl/

Jagai, J. S., Sarkar, R., Castronovo, D., Kattula, D., McEntee, J., Ward, H., et al. (2012). Seasonality of rotavirus in South Asia: A meta-analysis
approach assessing associations with temperature, precipitation, and vegetation index. PLoS One, 7(5), €38168. https://doi.org/10.1371/jour-
nal.pone.0038168

Jones, R. M., & Brosseau, L. M. (2015). Aerosol transmission of infectious disease. Journal of Occupational and Environmental Medicine, 57(5),
501-508. https://doi.org/10.1097/JOM.0000000000000448

Kolstad, E. W., & Johansson, K. A. (2011). Uncertainties associated with quantifying climate change impacts on human health: A case study for
diarrhea. Environmental Health Perspectives, 119(3), 299-305. https://doi.org/10.1289/ehp.1002060

Kotloff, K. L., Blackwelder, W. C., Nasrin, D., Nataro, J. P., Farag, T. H., van Eijk, A., et al. (2012). The Global Enteric Multicenter Study
(GEMYS) of diarrheal disease in infants and young children in developing countries: Epidemiologic and clinical methods of the case/control
study. 55(4), S232-S245. https://doi.org/10.1093/cid/cis753

Kotloff, K. L., Nataro, J. P., Blackwelder, W. C., Nasrin, D., Farag, T. H., Panchalingam, S., et al. (2013). Burden and aetiology of diarrhoeal dis-
ease in infants and young children in developing countries (the Global Enteric Multicenter Study, GEMS): A prospective, case-control study.
Lancet, 382(9888), 209-222. https://doi.org/10.1016/S0140-6736(13)60844-2

Kraay, A. N. M., Man, O., Levy, M. C,, Levy, K., Ionides, E., & Eisenberg, J. N. S. (2020). Understanding the impact of rainfall on diarrhea: Test-
ing the concentration-dilution hypothesis using a systematic review and meta-analysis. Environmental Health Perspectives, 128(12), 126001.
https://doi.org/10.1289/EHP6181

Kramer, A., & Assadian, O. (2014). Survival of microorganisms on inanimate surfaces. In G. Barkow (Ed.), Use of biocidal surfac-
es for reduction of healthcare acquired infections (Vol. 9783319080574, pp. 7-26). Springer International Publishing. https:/doi.
0rg/10.1007/978-3-319-08057-4_2

Lappan, R., Henry, R., Chown, S. L., Luby, S. P., Higginson, E. E., Bata, L., et al. (2021). Monitoring of diverse enteric pathogens across environ-
mental and host reservoirs with TagMan array cards and standard gPCR: A methodological comparison study. The Lancet Planetary Health,
5(5), €297-e308. https://doi.org/10.1016/S2542-5196(21)00051-6

COLSTON ET AL.

18 of 20


https://doi.org/10.1155/2013/493960
https://doi.org/10.3389/fmicb.2017.02336
https://doi.org/10.4269/ajtmh.18-0962
https://doi.org/10.4269/AJTMH.13-0198
https://doi.org/10.1021/acs.est.1c05060
https://doi.org/10.1021/acs.est.1c05060
https://doi.org/10.1111/1462-2920.13106
https://doi.org/10.1016/j.gloenvcha.2015.06.010
https://doi.org/10.1016/j.gloenvcha.2015.06.010
https://doi.org/10.7554/eLife.48508
https://doi.org/10.7554/eLife.48508
https://doi.org/10.1002/2017GH000101
https://doi.org/10.1017/S0950268807009776
https://doi.org/10.1093/cid/ciz060
https://doi.org/10.1007/s10096-014-2106-y
https://doi.org/10.1007/s10096-014-2106-y
https://doi.org/10.3390/ijerph15040709
https://doi.org/10.1007/S00484-009-0294-4
https://doi.org/10.1016/S2214-109X(18)30374-7
https://doi.org/10.1128/aem.40.6.1067-1079.1980
https://doi.org/10.1139/m85-129
https://doi.org/10.1139/m85-129
https://doi.org/10.3390/ATMOS10090522
https://doi.org/10.1017/cbo9781139177245
http://www.ipcc.ch/report/ar5/wg1/
https://doi.org/10.1371/journal.pone.0038168
https://doi.org/10.1371/journal.pone.0038168
https://doi.org/10.1097/JOM.0000000000000448
https://doi.org/10.1289/ehp.1002060
https://doi.org/10.1093/cid/cis753
https://doi.org/10.1016/S0140-6736(13)60844-2
https://doi.org/10.1289/EHP6181
https://doi.org/10.1007/978-3-319-08057-4_2
https://doi.org/10.1007/978-3-319-08057-4_2
https://doi.org/10.1016/S2542-5196(21)00051-6

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

GeoHealth 10.1029/2021GH000452

Lee, D., Chang, H. H., Sarnat, S. E., & Levy, K. (2019). Precipitation and Salmonellosis Incidence in Georgia, USA: Interactions between extreme
rainfall events and antecedent rainfall conditions. Environmental Health Perspectives, 127(9). https://doi.org/10.1289/EHP4621

Lee, R. M, Lessler, J., Lee, R. A., Rudolph, K. E., Reich, N. G., Perl, T. M., & Cummings, D. A. T. (2013). Incubation periods of viral gastroen-
teritis: A systematic review. BMC Infectious Diseases, 13(1), 446. https://doi.org/10.1186/1471-2334-13-446

Lemaitre, J., Pasetto, D., Perez-Saez, J., Sciarra, C., Wamala, J. F., & Rinaldo, A. (2019). Rainfall as a driver of epidemic cholera: Com-
parative model assessments of the effect of intra-seasonal precipitation events. Acta Tropica, 190, 235-243. https://doi.org/10.1016/J.
ACTATROPICA.2018.11.013

Leung, N. H. L. (2021). Transmissibility and transmission of respiratory viruses. Nature Reviews Microbiology, 19(8), 528-545. https://doi.
org/10.1038/541579-021-00535-6

Levine, O. S., & Levine, M. M. (1991). Houseflies (Musca domestica) as mechanical vectors of shigellosis. Reviews of Infectious Diseases.
Reviews of Infectious Diseases, 13(4), 688—696. https://doi.org/10.1093/clinids/13.4.688

Levy, K., Hubbard, A. E., & Eisenberg, J. N. S. (2009). Seasonality of rotavirus disease in the tropics: A systematic review and meta-analysis.
International Journal of Epidemiology, 38(6), 1487-1496. https://doi.org/10.1093/ije/dyn260

Levy, K., Woster, A. P., Goldstein, R. S., & Carlton, E. J. (2016). Untangling the impacts of climate change on waterborne diseases: A systematic
review of relationships between diarrheal diseases and temperature, rainfall, flooding, and drought. Environmental Science & Technology,
50(10), 4905-4922. https://doi.org/10.1021/acs.est.5b06186

Levy, M. C., Collender, P. A., Carlton, E. J., Chang, H. H., Strickland, M. J., Eisenberg, J. N. S., & Remais, J. V. (2019). Spatiotemporal error in
rainfall data: Consequences for epidemiologic analysis of waterborne diseases. American Journal of Epidemiology, 188(5), 950-959. https://
doi.org/10.1093/AJE/KWZ010

Lima, A. A. M., Oliveira, D. B., Quetz, J. S., Havt, A, Prata, M. M. G., Lima, I. F. N, et al. (2019). Etiology and severity of diarrheal diseases
in infants at the semiarid region of Brazil: A case-control study. PLoS Neglected Tropical Diseases, 13(2), e€0007154. https://doi.org/10.1371/
journal.pntd.0007154

Liu, J., Gratz, J., Amour, C., Nshama, R., Walongo, T., Maro, A., et al. (2016). Optimization of quantitative PCR methods for enteropathogen
detection. PLoS One, 11(6), €0158199. https://doi.org/10.1371/journal.pone.0158199

Liu, J., Ochieng, C., Wiersma, S., Stréher, U., Towner, J. S., Whitmer, S., et al. (2016). Development of a TagMan array card for acute-febrile-
illness outbreak investigation and surveillance of emerging pathogens, including Ebola virus. Journal of Clinical Microbiology, 54(1), 49-58.
https://doi.org/10.1128/JCM.02257-15

MAL-ED Network Investigators. (2014). The MAL-ED study: A multinational and multidisciplinary approach to understand the relationship
between enteric pathogens, malnutrition, gut physiology, physical growth, cognitive development, and immune responses in infants and chil-
dren up to 2 years of age in resource-poor environments. Clinical Infectious Diseases, 59(4), S193-S206. https://doi.org/10.1093/cid/ciu653

Martinez, M. E. (2018). The calendar of epidemics: Seasonal cycles of infectious diseases. PLoS Pathogens, 14(11), e1007327. https://doi.
org/10.1371/journal.ppat.1007327

McGovern, M. E., Krishna, A., Aguayo, V. M., & Subramanian, S. V. (2017). A review of the evidence linking child stunting to economic out-
comes. International Journal of Epidemiology, 46(4), 1171-1191. https://doi.org/10.1093/ije/dyx017

McMurry, T. L., McQuade, E. T. R., Liu, J., Kang, G., Kosek, M. N., Lima, A. A. M., et al. (2020). Duration of post-diarrheal enteric pathogen
carriage in young children in low-resource settings. Clinical Infectious Diseases, 72(11), e806—e814. https://doi.org/10.1093/cid/ciaal 528

Murray, P. R., Rosenthal, K. S., & Pfaller, M. A. (2013). Chapter 81: Intestinal and Urogenital Protozoa. Medical microbiology. Elsevier/Saunders.

NASA. (2021). Earth Data. Goddard Earth Sciences (GES) Data and Information Services Center (DISC). Retrieved from https://disc.gsfc.nasa.
gov/

Nasr-Azadani, F., Khan, R., Rahimikollu, J., Unnikrishnan, A., Akanda, A., Alam, M., et al. (2017). Hydroclimatic sustainability assessment
of changing climate on cholera in the Ganges-Brahmaputra basin. Advances in Water Resources, 108, 332-344. https://doi.org/10.1016/J.
ADVWATRES.2016.11.018

Okada, K., Wongboot, W., Kamjumphol, W., Suebwongsa, N., Wangroongsarb, P., Kluabwang, P., et al. (2020). Etiologic features of diarrhe-
agenic microbes in stool specimens from patients with acute diarrhea in Thailand. Scientific Reports, 10(1), 4009. https://doi.org/10.1038/
s41598-020-60711-1

Onozuka, D., Gasparrini, A., Sera, F., Hashizume, M., & Honda, Y. (2019). Modeling future projections of temperature-related excess morbidity
due to infectious gastroenteritis under climate change conditions in Japan. Environmental Health Perspectives, 127(7), 077006. https://doi.
org/10.1289/ehp4731

Operario, D. ], Platts-Mills, J. A., Nadan, S., Page, N., Seheri, M., Mphahlele, J., et al. (2017). Etiology of severe acute watery diarrhea in chil-
dren in the global rotavirus surveillance network using quantitative polymerase chain reaction. The Journal of Infectious Diseases, 216(2),
220-227. https://doi.org/10.1093/infdis/jix294

Page, N. A., Seheri, L. M., Groome, M. J., Moyes, J., Walaza, S., Mphahlele, J., et al. (2018). Temporal association of rotavirus vaccina-
tion and genotype circulation in South Africa: Observations from 2002 to 2014. Vaccine, 36(47), 7231-7237. https://doi.org/10.1016/j.
vaccine.2017.10.062

Park, M. S., Park, K. H., & Bahk, G.J. (2018). Combined influence of multiple climatic factors on the incidence of bacterial foodborne diseases.
Science of The Total Environment, 610—611, 10-16. https://doi.org/10.1016/j.scitotenv.2017.08.045

Pelkonen, T., Dos Santos, M. D., Roine, 1., Dos Anjos, E., Freitas, C., Peltola, H., et al. (2018). Potential diarrheal pathogens common also in
healthy children in Angola. Pediatric Infectious Disease Journal, 37(5), 424—428. https://doi.org/10.1097/INF.0000000000001781

Pendergrass, A. G., Knutti, R., Lehner, F., Deser, C., & Sanderson, B. M. (2017). Precipitation variability increases in a warmer climate. Scientific
Reports, 7(1). https://doi.org/10.1038/s41598-017-17966-y

Platts-Mills, J. A., Amour, C., Gratz, J., Nshama, R., Walongo, T., Mujaga, B., et al. (2017). Impact of rotavirus vaccine introduction and postin-
troduction etiology of diarrhea requiring hospital admission in Haydom, Tanzania, a rural African setting. Clinical Infectious Diseases, 65(7),
1144-1151. https://doi.org/10.1093/cid/cix494

Platts-Mills, J. A., Liu, J., Rogawski, E. T., Kabir, F., Lertsethtakarn, P., Siguas, M., et al. (2018). Use of quantitative molecular diagnostic meth-
ods to assess the aetiology, burden, and clinical characteristics of diarrhoea in children in low-resource settings: A reanalysis of the MAL-ED
cohort study. The Lancet Global Health, 6(12), e1309—e1318. https://doi.org/10.1016/S2214-109X(18)30349-8

R Core Team. (2020). R Foundation for Statistical Computing (Version 4.0.3).

Reiner, R. C., Wiens, K. E., Deshpande, A., Baumann, M. M., Lindstedt, P. A., Blacker, B. F., et al. (2020). Mapping geographical inequalities
in childhood diarrhoeal morbidity and mortality in low-income and middle-income countries, 2000-17: Analysis for the Global Burden of
Disease Study 2017. The Lancet, 395(10239), 1779-1801. https://doi.org/10.1016/S0140-6736(20)30114-8

Rodell, M., Houser, P. R., Jambor, U., Gottschalck, J., Mitchell, K., Meng, C.-J., et al. (2004). The Global Land Data Assimilation System. Bul-
letin of the American Meteorological Society, 85(3), 381-394. https://doi.org/10.1175/BAMS-85-3-381

COLSTON ET AL.

19 of 20


https://doi.org/10.1289/EHP4621
https://doi.org/10.1186/1471-2334-13-446
https://doi.org/10.1016/J.ACTATROPICA.2018.11.013
https://doi.org/10.1016/J.ACTATROPICA.2018.11.013
https://doi.org/10.1038/s41579-021-00535-6
https://doi.org/10.1038/s41579-021-00535-6
https://doi.org/10.1093/clinids/13.4.688
https://doi.org/10.1093/ije/dyn260
https://doi.org/10.1021/acs.est.5b06186
https://doi.org/10.1093/AJE/KWZ010
https://doi.org/10.1093/AJE/KWZ010
https://doi.org/10.1371/journal.pntd.0007154
https://doi.org/10.1371/journal.pntd.0007154
https://doi.org/10.1371/journal.pone.0158199
https://doi.org/10.1128/JCM.02257-15
https://doi.org/10.1093/cid/ciu653
https://doi.org/10.1371/journal.ppat.1007327
https://doi.org/10.1371/journal.ppat.1007327
https://doi.org/10.1093/ije/dyx017
https://doi.org/10.1093/cid/ciaa1528
https://disc.gsfc.nasa.gov/
https://disc.gsfc.nasa.gov/
https://doi.org/10.1016/J.ADVWATRES.2016.11.018
https://doi.org/10.1016/J.ADVWATRES.2016.11.018
https://doi.org/10.1038/s41598-020-60711-1
https://doi.org/10.1038/s41598-020-60711-1
https://doi.org/10.1289/ehp4731
https://doi.org/10.1289/ehp4731
https://doi.org/10.1093/infdis/jix294
https://doi.org/10.1016/j.vaccine.2017.10.062
https://doi.org/10.1016/j.vaccine.2017.10.062
https://doi.org/10.1016/j.scitotenv.2017.08.045
https://doi.org/10.1097/INF.0000000000001781
https://doi.org/10.1038/s41598-017-17966-y
https://doi.org/10.1093/cid/cix494
https://doi.org/10.1016/S2214-109X(18)30349-8
https://doi.org/10.1016/S0140-6736(20)30114-8
https://doi.org/10.1175/BAMS-85-3-381

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

GeoHealth 10.1029/2021GH000452

Roth, G. A., Abate, D., Abate, K. H., Abay, S. M., Abbafati, C., Abbasi, N., et al. (2018). Global, regional, and national age-sex-specific mortality
for 282 causes of death in 195 countries and territories, 1980-2017: A systematic analysis for the Global Burden of Disease Study 2017. The
Lancet, 392(10159), 1736-1788. https://doi.org/10.1016/S0140-6736(18)32203-7

Royston, P., & Sauerbrei, W. (2007). Multivariable modeling with cubic regression splines: A principled approach. The Stata Journal, 7(1),
45-70. https://doi.org/10.1177/1536867x0700700103

Rzezutka, A., & Cook, N. (2004). Survival of human enteric viruses in the environment and food. FEMS Microbiology Reviews, 28(4), 441-453.
https://doi.org/10.1016/j.femsre.2004.02.001

Schiaffino, F., Trigoso, D. R., Colston, J. M., Paredes Olortegui, M., Shapiama Lopez, W. V., Garcia Bardales, P. F., et al. (2020). Associations
among household animal ownership, infrastructure, and hygiene characteristics with source attribution of household fecal contamination in
peri-urban communities of Iquitos, Peru. The American Journal of Tropical Medicine and Hygiene, 104(1), 372-381. https://doi.org/10.4269/
ajtmh.20-0810

Schwartz, B. S., Harris, J. B., Khan, A. I, Larocque, R. C., Sack, D. A., Malek, M. A, et al. (2006). Diarrheal epidemics in Dhaka, Bangladesh,
during three consecutive floods: 1988, 1998, and 2004. The American Journal of Tropical Medicine and Hygiene, 74(6), 1067-1073. https://
doi.org/10.4269/ajtmh.2006.74.1067

Sponseller, J. K., Griffiths, J. K., & Tzipori, S. (2014). The evolution of respiratory cryptosporidiosis: Evidence for transmission by inhalation.
Clinical Microbiology Reviews, 27(3), 575-586. https://doi.org/10.1128/CMR.00115-13

StataCorp. (2019). StataCorp LLC. Stata statistical software: Release 16.

StJean, D. T., Herrera, R., Pérez, C., Gutiérrez, L., Vielot, N. A., Gonzidlez, F., et al. (2021). Clinical Characteristics, Risk Factors, and Population
Attributable Fraction for Campylobacteriosis in a Nicaraguan Birth Cohort. The American Journal of Tropical Medicine and Hygiene, 104(4),
1215-1221. https://doi.org/10.4269/ajtmh.20-1317

Sultana, R., Nahar, N., Rimi, N. A, Azad, S., Islam, M. S., Gurley, E. S., & Luby, S. P. (2012). Backyard poultry raising in Bangladesh: A valued
resource for the villagers and a setting for zoonotic transmission of avian influenza. A qualitative study. Rural and Remote Health, 12, 1927.
https://doi.org/10.22605/rrh1927

Tellier, R., Li, Y., Cowling, B. J., & Tang, J. W. (2019). Recognition of aerosol transmission of infectious agents: A commentary. BV C Infectious
Diseases, 19(1), 1-9. https://doi.org/10.1186/S12879-019-3707-Y

Torok, T. J., Kilgore, P. E., Clarke, M. J., Holman, R. C., Bresee, J. S., & Glass, R. I. (1997). Visualizing geographic and temporal trends in
rotavirus activity in the United States, 1991 to 1996. National Respiratory and Enteric Virus Surveillance System Collaborating Laboratories.
The Pediatric Infectious Disease Journal, 16(10), 941-946. https://doi.org/10.1097/00006454-199710000-00007

Ureiia-Castro, K., Avila, S., Gutierrez, M., Naumova, E. N., Ulloa-Gutierrez, R., Mora-Guevara, A., et al. (2019). Seasonality of rotavirus hospi-
talizations at Costa Rica’s National Children’s Hospital in 2010-2015. International Journal of Environmental Research and Public Health,
16(13), 2321. https://doi.org/10.3390/IJERPH16132321

VEuPathDB. (2021). Online data repository. Clinical epidemiology resources. Retrieved from https://clinepidb.org/ce/app

Wang, L.-P., Zhou, S.-X., Wang, X., Lu, Q.-B., Shi, L.-S., Ren, X, et al. (2021). Etiological, epidemiological, and clinical features of acute diar-
rhea in China. Nature Communications, 12(1), 2464. https://doi.org/10.1038/s41467-021-22551-z

Wang, P., Goggins, W. B., & Chan, E. Y. Y. (2018). A time-series study of the association of rainfall, relative humidity and ambient temperature
with hospitalizations for rotavirus and norovirus infection among children in Hong Kong. Science of the Total Environment, 643, 414-422.
https://doi.org/10.1016/j.scitotenv.2018.06.189

Wangdi, K., & Clements, A. C. (2017). Spatial and temporal patterns of diarrhoea in Bhutan 2003-2013. BMC Infectious Diseases, 17(1), 507.
https://doi.org/10.1186/s12879-017-2611-6

Wilson, I. G. (2004). Airborne Campylobacter infection in a poultry worker: Case report and review of the literature. Communicable Disease and
Public Health, 7(4), 349-353.

World Health Organization. (2014a). Infection prevention and control of epidemic-and pandemic-prone acute respiratory infections in health
care WHO guidelines.

World Health Organization. (2014b). Chapter 4: Diarrhoeal disease. Quantitative risk assessment of the effects of climate change on se-
lected causes of death, 2030s and 2050s. World Health Organization. Retrieved from http://www.who.int/globalchange/publications/
quantitative-risk-assessment/en/

Zou, G. (2004). A modified Poisson regression approach to prospective studies with binary data. American Journal of Epidemiology, 159(7),
702-706. https://doi.org/10.1093/aje/kwh090

COLSTON ET AL.

20 of 20


https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1177/1536867x0700700103
https://doi.org/10.1016/j.femsre.2004.02.001
https://doi.org/10.4269/ajtmh.20-0810
https://doi.org/10.4269/ajtmh.20-0810
https://doi.org/10.4269/ajtmh.2006.74.1067
https://doi.org/10.4269/ajtmh.2006.74.1067
https://doi.org/10.1128/CMR.00115-13
https://doi.org/10.4269/ajtmh.20-1317
https://doi.org/10.22605/rrh1927
https://doi.org/10.1186/S12879-019-3707-Y
https://doi.org/10.1097/00006454-199710000-00007
https://doi.org/10.3390/IJERPH16132321
https://clinepidb.org/ce/app
https://doi.org/10.1038/s41467-021-22551-z
https://doi.org/10.1016/j.scitotenv.2018.06.189
https://doi.org/10.1186/s12879-017-2611-6
http://www.who.int/globalchange/publications/quantitative-risk-assessment/en/
http://www.who.int/globalchange/publications/quantitative-risk-assessment/en/
https://doi.org/10.1093/aje/kwh090

