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Conclusions

In this study, we observed that drought was associated with lower odds of completion of
childhood BCG, DPT, and polio vaccinations. These findings indicate that drought may hin-
der vaccination coverage, one of the most important interventions to prevent infections
among children. This work adds to a growing body of literature suggesting that health pro-
grams should consider impacts of severe weather in their programming.

Author summary

Why was this study done?

o Extreme weather events, including droughts, are associated with food insecurity and
poor health outcomes, but the link between drought and childhood vaccination has not
been studied, to the best of our knowledge.

« Potential mechanisms linking drought to lower childhood vaccination include food
insecurity, increased human migration, and erosion of the public health infrastructure.

What did the researchers do and find?

« We combined national survey data from 22 countries in sub-Saharan Africa with pub-
licly available historical rainfall data to estimate drought exposure among 137,379 chil-
dren born from 2011 to 2019 and estimated the association between drought and
childhood vaccination completion.

« Drought was associated with lower odds of completion of childhood bacillus Calmette—
Guérin (BCG), diphtheria—pertussis-tetanus (DPT), and polio vaccinations.

» We found a dose-response relationship between drought and DPT and polio vaccina-
tions, with the strongest associations closest to the timing of drought.
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What do these findings mean?

o These findings indicate that drought may hinder vaccination coverage, one of the most
important interventions to prevent infections among children.

o Public health programs should be prepared to address drought and adverse weather
events as a barrier to childhood vaccination efforts in the face of a changing climate.

Introduction

Childhood vaccination is one of the most successful and cost-effective health interventions
known [1]. For instance, polio vaccines have lowered the global incidence of polio by 99% [1-
3]. Diphtheria-pertussis—tetanus (DPT) vaccines, as well as measles vaccines, have substan-
tially reduced illness, disability, and death [1,4-6]. Despite these advances, vaccine coverage
gaps and disparities remain. For instance, DPT vaccination coverage in low-income countries
was 16% lower than in high-income countries in 2010 [1]. There are several explanations for
low vaccination coverage, including religious beliefs [7], safety worries [8], barriers due to the
healthcare system and providers [9], and war and conflict [10-12]. These barriers may only
partially explain the coverage gap. One potential explanation for low vaccination coverage that
remains understudied is climate change. Climate change and extreme weather events can neg-
atively impact human health [13,14], including contributing to infectious diseases, malnutri-
tion, chronic diseases, and poor mental health [14,15]. Droughts, defined as a prolonged dry
period in the climate cycle, are increasingly common in parts of sub-Saharan Africa, where
droughts have recently occurred from 2011 to 2012 (East Africa), from 2014 to 2016 (Southern
Africa), and in 2019 (throughout sub-Saharan Africa, exposing 45 million people to drought)
[16]. Areas already affected by drought are expected to experience worse droughts [17]. In East
Africa, the number of drought events and their duration, frequency, and intensity are expected
to increase in Sudan, Tanzania, Somalia, and South Sudan [17].

Drought can lead to reduced agricultural production, which could reduce financial and
food security, thus limiting access to healthcare [13,18]. Drought is also associated with poorer
child health outcomes, such as acute malnutrition [19] and childhood illness, including fever,
diarrhea, and cough [20]. Despite the increase in droughts and the adverse effects associated
with them, there is a paucity of studies examining the relationship between droughts and vac-
cination coverage. Historically, a public health perspective identified child vaccination as one
of the highest priority emergency health requirements during the 1973-1974 droughts
throughout sub-Saharan Africa [21,22], and case reports have anecdotally reported challenges
with vaccination during specific droughts, such as low measles vaccination rates during the
1983-1985 drought in Timbuktu, Mali [23]. A recent qualitative study involving professional
stakeholders highlighted the lack of vaccinations for drought-related migrants in Somalia,
Kenya, and Ethiopia as a primary healthcare need [24]. However, to the best of our knowledge,
there has been no empirical research to date that has rigorously examined the association
between drought and vaccination rates. Research on climate change and variability as potential
barriers to vaccination coverage in children has important implications for public health
programs.

The purpose of this study was to determine the association between drought, using publicly
available historical rainfall data from the previous 29 years, and child vaccination, using
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nationally representative population-based survey data from 22 countries in sub-Saharan
Africa from 2011 to 2019. Furthermore, we investigated the magnitude of association between
drought at the time of birth and timing of vaccination based on WHO vaccination schedules
in the first year of life. We hypothesized that drought would be associated with lower child-
hood vaccination rates, and that the association between drought and lower vaccination rates
would be strongest when the drought and vaccination schedule occurred simultaneously.

Methods

This study is reported as per the REporting of studies Conducted using Observational Rou-
tinely-collected Data (RECORD) guideline (S1 RECORD Checklist).

Data source and participants

We combined data from Demographic and Health Surveys (DHS) surveys, which are cross-
sectional, nationally representative, household-based surveys that use a stratified 2-stage clus-
ter sampling design selecting enumeration areas (EAs) and households within each EA. All
women aged 15 to 49 years within the selected households were invited to complete a ques-
tionnaire, which included detailed birth histories of all children born in the previous 5 years.

We used surveys that included geolocated information on each EA and that took place dur-
ing or after 2011, using this year as a cutoff because of the availability of exposure data (see S1
Table for a full list of surveys included in this analysis). We restricted our sample to children
born during or after 2011. Full information on outcomes of interest and covariates was also
required for inclusion. Mali, Cote d’Ivoire, and Cameroon were excluded from the analysis
since drought was a rare occurrence in each of these countries during the study period.

Measures

The classifications of all variables (drought exposure, vaccination outcomes, and covariates)
were defined a priori; however, we did not have a prespecified written protocol for this
analysis.

Drought. Drought was measured using Climate Hazards Group InfraRed Precipitation
with Station (CHIRPS) data, which combine satellite imagery with weather station data to cre-
ate raster rainfall estimates in millimeters at 0.05 decimal degree resolution from 1981 onward
[25]. Annual cumulative precipitation for the 12 months preceding the exposure time point
was calculated for each unique exposure time point/EA combination. For bacillus Calmette-
Guérin (BCG), DPT, and polio vaccination, drought was assessed at the date of birth. For mea-
sles vaccination, drought was assessed at 12 months of age since the WHO vaccination sched-
ule recommends measles vaccination at 9-12 months. We then ranked this quantity of
precipitation with those of the prior 29 years and converted this ranking to a percentile; for
example, a value of 50% signifies the median level of precipitation in the 30-year period. This
use of deviations from long-term precipitation trends is standard in the literature, as it cap-
tures weather shocks representing deviations from the norm and, therefore, do not reflect
inherent differences in populations that live in dryer or wetter areas [16,26,27]. We generated
a binary categorization of drought, defined as annual precipitation in the 12 months prior to
the exposure time point that was equal to or lower than 15% of the historical record, reflecting
the level of precipitation that impacts GDP and agricultural productivity as defined previously
in the literature [26-28]. To determine whether our findings were sensitive to the definition of
drought and to identify potential nonlinear relationships between rainfall deviations and vacci-
nation status, we considered a continuous measure of rainfall deviation percentiles using
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restricted cubic splines, with values closer to 0 representing more severe drought. The number
of knots was determined using Akaike’s information criterion.

Vaccination outcomes. Vaccination status was assessed during DHS surveys based on
either the vaccination card or, when unavailable, mother’s report (21.7% of respondents). We
included 4 vaccines that were included in the World Health Organization vaccination schedule
[29]: BCG, DPT, polio, and measles (Table 1). For multi-dose vaccinations (DPT and polio),
our primary outcome was completion of all 3 doses. For each model, we included only children
who should have received the vaccination by the time of the survey. For example, all children
were included in models with BCG as an outcome because it is scheduled to be given at birth,
but only children ages 6 months and older were included in analyses with DPT as an outcome.
In addition, we assessed vaccination status by birth cohort in order to determine if and when
associations between drought at birth or 12 months dissipated. The calculation and classifica-
tions of drought were specified a priori.

Covariates. We included several sociodemographic variables a priori that have theoretical
and empirical associations with vaccination status without being induced by droughts [30-32].
These include child-level variables (sex, birth month, and birth order), mother-level variables
(age at time of survey [15-19, 20-29, 30-39, or 40-49 years], a binary indicator of respondent
literacy [literate versus not literate, measured by whether the respondent could read a sentence
presented to them during the survey], education [none, primary, secondary, or higher), and
marital status [never married, currently married/living with partner, divorced/separated, or
widowed]), and household-level variables (wealth index as defined by DHS using a principal
components analysis [33], urban residence [binary indicator according to the definition of
urban and rural in the survey country], and household size [1-3, 4-5, 6-7, or 8+ individuals]

[34]).

Statistical analysis

To assess the association between drought and vaccination status, a series of multivariable
logistic regression models were specified for each outcome. We then derived marginal risk dif-
ferences (RDs) using Stata’s margins command, which estimates effects by first deriving pre-
dictions for each observation in the sample as if it was present in each level of the exposure (no
drought and drought). For each level of exposure, each individual’s marginal effect is then esti-
mated by subtracting the predicted probability of the outcome under the reference group (no
drought) from the predicted probability under drought. The effect estimate is then averaged

Table 1. Description of outcomes included in analyses assessing the association between drought and vaccination.

Vaccine Recommended timing Ages included in analyses
Bacillus Calmette-Guérin At birth All ages
Diphtheria—pertussis—tetanus
Dose 1 6 weeks 2 months and older
Dose 2 10 weeks 4 months and older
Dose 3 14 weeks 6 months and older
All 3 doses 6 months and older
Polio
Dose 1 6 weeks 2 months and older
Dose 2 10 weeks 4 months and older
Dose 3 14 weeks 6 months and older
All 3 doses 6 months and older
Measles 9 or 12 months 12 months and older

https://doi.org/10.1371/journal.pmed.1003678.t001
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across all observations. In all models, we included survey fixed effects to control for time-fixed
country-level differences that are measured or not, such as cultural norms and health behav-
iors, sociodemographic characteristics, and economies, and we included robust standard
errors clustered at the EA level. We first ran the models with only survey-level fixed effects and
the drought indicator variable, and subsequently added in the covariates. All analyses were car-
ried out in Stata version 14 and R version 3.4.

Ethical approval

DHS obtains informed and voluntary consent from survey participants, and permission to use
DHS data was obtained from the DHS program. Specific approval for this de-identified sec-
ondary data analysis was not required.

Results

In sum, 137,379 children were included in the analysis (Table 2; see S1 Fig for how the sample
was determined). Approximately half (50.4%) of the children were male, and most (87.6%)
were first-born. Over half (52.0%) of the mothers were age 20-29 years at the time of survey,
over two-thirds (83.8%) were married, less than half (44.8%) were literate, and 69.6% had at
least some formal schooling. All household wealth categories were represented, with the small-
est proportion being in the richest category (15.1%). Most (70.0%) households were in rural
areas. The most prevalent household size was 4-5 individuals (31.7%). The proportion of chil-
dren vaccinated was highest for BCG (86.1%) and lowest for polio (70.7%). The distributions
of vaccinations by vaccine and country are presented in S2 Table.

Fig 1 shows the percentage of observations in drought around birth and at age 12 months
by country. Drought at birth was most common in South Africa (32.1% of births) and least
common in Guinea (0.7% of births).

Table 3 shows the odds ratios for the relationship between drought and receipt of vaccina-
tion for BCG, DPT (3 doses), polio (3 doses), and measles. In models adjusting for child sex,
birth month, and birth order; mother’s age, literacy, education, and marital status; and house-
hold wealth index, household size, and urban residence, drought at date of birth was associated
with a 1.5 percentage point risk reduction for BCG vaccination (marginal RD = —1.5; 95% CI
—-2.2,-0.9), a 1.4 percentage point risk reduction for DPT vaccination (marginal RD = —1.4;
95% CI -2.3, -0.5), and a 1.3 percentage point risk reduction for polio vaccination (marginal
RD =-1.3;95% CI -2.3, —0.3), compared to children born at dates when drought was not
present. Drought at 12 months was associated with a 1.9 percentage point risk reduction for
measles vaccination (marginal RD = —1.9; 95% CI -2.8, —0.9) compared to non-drought. In
sensitivity analyses, we removed the literacy covariate to assess the potential for multicollinear-
ity with education, but findings were qualitatively similar (S3 Table). Models that included
rainfall deviation percentiles modeled nonlinearly as cubic splines revealed nonlinear relation-
ships between deviations and vaccination (S2 Fig). For each vaccine, the probability of vaccina-
tion remained flat below approximately the 35th percentile of historical precipitation, above
which the probability of vaccination increased. The nonlinear associations shown in S2 Fig
demonstrate that associations between more severe drought (rainfall percentile deviation val-
ues closer to 0) and vaccination were similar to associations between moderate drought (rain-
fall percentile deviation values closer to the 35th percentile) and vaccination.

Fig 2 shows the associations between drought and full vaccination for BCG, DPT, polio,
and measles by country. Seven countries (Togo, Rwanda, Chad, Democratic Republic of the
Congo, Malawi, Uganda, and Angola) demonstrated negative associations between drought at
birth and BCG vaccination, three countries (Democratic Republic of the Congo, Chad, and
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Table 2. Descriptive statistics of children born between 2011 and 2019 included in the analysis (n = 137,379).

Variable Percent (n)
Infant-level variables
Male 50.4 (69,264)
Birth order
1 87.6 (120,312)
2 11.9 (16,396)
3 0.5 (647)
4 0.02 (21)
5 0.00 (3)
Mother-level variables
Age (years)
15-19 8.9 (12,286)
20-24 25.4 (34,889)
25-29 26.6 (36,469)
30-34 19.6 (26,855)
35-39 12.8 (17,581)
40-44 5.4 (77,473)
45-49 1.3 (1,826)
Marital status
Never married 8.9 (12,254)
Currently married/living with partner 83.8 (115,102)
Divorced/separated 5.9 (8,159)
Widowed 1.4 (1,864)
Literate 44.8 (61,514)
Education
None 30.4 (41,789)
Primary 42.0 (57,706)
Secondary 24.7 (33,919)
Higher 2.9 (3,965)
Household-level variables
Household wealth
Poorest 25.6 (35,100)
Poorer 21.8 (29,923)
Middle 19.9 (27,286)
Richer 17.8 (24,386)
Richest 15.1 (20,684)
Urban (versus rural) 30.0 (41,594)
Household size
1-3 12.6 (17,274)
4-5 31.7 (43,485)
6-7 26.8 (36,829)
8+ 29.0 (39,791)
Vaccination outcomes
BCG 86.1(118,290)
DPT (3 doses) 73.5(83,734)

Polio (3 doses)

70.7 (80,544)

Measles

77.4 (69,768)

BCG, bacillus Calmette-Guérin; DPT, diphtheria—pertussis—tetanus.

https://doi.org/10.1371/journal.pmed.1003678.t002
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Distribution of drought at birth

Distribution of drought at 12 months

Fig 1. Distribution of drought at birth and 12 months age. The proportions of observations in drought are represented by orange bars. DRC,
Democratic Republic of the Congo.

https://doi.org/10.1371/journal.pmed.1003678.g001

Lesotho) demonstrated negative associations between drought at birth and 3 doses of DPT
vaccination, 4 countries (Chad, Uganda, Lesotho, and Benin) demonstrated negative associa-
tions between drought at birth and 3 doses of polio vaccination, and 4 countries (Rwanda,
Democratic Republic of the Congo, Ghana, and Malawi) demonstrated negative associations
between drought at 12 months and measles vaccination. These country-level analyses also
yielded instances when drought was positively associated with vaccination. In Zambia and
Kenya, drought was positively associated with BCG vaccination. In Gabon and Burundi,
drought was positively associated with DPT vaccination. In Malawi and Ghana, drought was
positively associated with polio vaccination. Finally, in Kenya, drought was positively associ-
ated with measles vaccination. Due to this heterogeneity, we also specified models using mixed
effects regression (with random intercepts at the survey and EA levels). Findings were qualita-
tively consistent (in magnitude and direction) across specifications (S4 Table).
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Table 3. Associations between drought and vaccination among children born in 2011-2019 (n = 137,379).

Exposure Outcome—marginal risk difference (95% CI)
BCG (among all children), DPT (3 doses, among children 6 Polio (3 doses, among children 6 | Measles (among children 12
n=137,379 months and up), months and up), months and up),
n=113,987 n=113,987 n=90,201
Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted
DroughtJr -1.9 -1.5 -1.6 -14 -1.6 -1.3 -2.1 -1.9
(-2.6,-1.2) (=22, -0.9) (-2.6,-0.7) (-22,-0.5) (-2.6,-0.6) (-2.3,-0.3) (-3.1,-1.1) (-2.8,-0.9)

Coefficients are presented as marginal risk differences in percentage points derived from logistic regression models, with 95% confidence intervals in parentheses. The
unadjusted model includes country-level fixed effects. The adjusted model includes child sex, birth month, and birth order; mother’s age (15-19, 20-29, 30-39, or 40-49
years), mother’s literacy (literate versus not literate), mother’s education, and mother’s marital status; and household wealth index (quintiles), household size, and urban

residence. Standard errors are clustered at the enumeration area level.

"For BCG, DPT, and polio vaccination, the exposure period for drought was the 12 months prior to the date of birth. For measles, the exposure period was the 12
months prior to the child’s first birthday.
BCG, Bacillus Calmette-Guérin; DPT, diphtheria—pertussis—tetanus.

https://doi.org/10.1371/journal.pmed.1003678.t003

Table 4 shows the association between drought at date of birth and vaccination for each
dose of DPT and polio vaccination. These results show similar patterns; the negative associa-
tion between drought at birth and vaccination status is strongest for the first dose and is atten-
uated at subsequent doses. These findings were echoed in analyses assessing the relationship
between drought at birth or 12 months and vaccination by birth cohort (S3 Fig). Drought at
birth was negatively associated with receipt of DPT and polio vaccination among children
under 24 months, after which the associations attenuated. Drought at 12 months was nega-
tively associated with measles vaccination among children aged 12 months to less than 24
months, but not among birth cohorts 24 months or older. Finally, drought at birth was nega-
tively associated with BCG vaccination among children aged 12 months to less than 24
months, but not among children aged less than 12 months and those aged 24 months or older.

Discussion

In this nationally representative cross-sectional study of 22 countries in sub-Saharan Africa,
drought was associated with lower odds of completion of childhood BCG, DPT, and polio vac-
cination. The association between drought at the date of birth and DPT and polio vaccination
was strongest for the first dose (closest to timing of drought) and attenuated, but was still sub-
stantial for subsequent doses. This study contributes to the limited but growing literature doc-
umenting an association between drought and poor health outcomes. These findings have
important implications as childhood vaccination is one of the most widespread and successful
public health interventions available to prevent infections.

To the best of our knowledge, this is the first study to systematically assess the association
between drought and vaccination. Prior case studies have reported low vaccination rates dur-
ing historical drought periods. For instance, a 47% measles vaccination coverage rate was
reported during the 1983-1985 drought in Timbuktu, Mali [23]. Measles vaccination was
identified as a top public health priority during droughts in 1973-1974 throughout sub-Saha-
ran Africa and in 2011 in Somalia [21,22]. It is also noteworthy that we found a dose-response
relationship between drought and vaccination, with the strongest association closest to the
timing of drought. One exception was the lack of association between drought and BCG vacci-
nation among children less than 12 months; this may be due to the fact that these children
received their BCG vaccination right at the time of birth (as per WHO recommendations). If
drought impacts vaccination through barriers to clinic access, it may play a smaller role in
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Fig 2. Country-specific adjusted associations between drought and vaccination. (A) BCG vaccination; (B) 3 doses of DPT vaccination; (C) 3 doses of
polio vaccination; (D) measles vaccination. Models are adjusted for child sex, birth month, and birth order; mother’s age (15-19, 20-29, 30-39, or 40-49
years), mother’s literacy (literate versus not literate), mother’s education, and mother’s marital status; and household wealth index (quintiles), household
size, and urban residence. Standard errors are clustered at the enumeration area level. Associations are presented as marginal risk differences in
percentage points and 95% confidence intervals. Results are not shown for countries with insufficient variation in exposure/outcome data. BCG, Bacillus
Calmette-Guérin; DPT, diphtheria—pertussis—tetanus; DRC, Democratic Republic of the Congo.

https://doi.org/10.1371/journal.pmed.1003678.g002

hindering vaccination among infants already at the hospital immediately after birth. Prior
studies have found an association between drought and childhood illness, including fever,
diarrhea, and cough, in sub-Saharan Africa [20]. Parents may avoid vaccination when their
children are ill due to perceptions that the vaccination could exacerbate illness, exacerbate
symptoms, or produce pain [35]. Alternatively, lower vaccination rates lead to higher suscepti-
bility to infectious diseases such as tuberculosis, diphtheria, pertussis, tetanus, and polio,
which in turn could lead to illness symptoms such as fever, cough, and diarrhea [1].

The association between drought and lower vaccination rates may be explained by several
mechanisms, including increased food insecurity, intimate partner violence, poorer mental
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Table 4. Adjusted associations between drought at date of birth and each dose of DPT and polio vaccination.

Dose Marginal risk difference (95% CI)

DPT Polio

Unadjusted Adjusted Unadjusted Adjusted
Dose 1 -2.6 (-3.3,-1.9) -2.3(-3.0,-1.7) -1.9(-2.5,-1.2) -1.6 (-2.2,-1.0)
Dose 2 -2.1(-2.9,-1.3) 1.9 (2.6, -1.1) ~1.6 (-2.4,-0.9) -1.4(-2.1,-0.7)
Dose 3 ~1.5(-2.5,-0.7) —13(-22,-0.4) -1.7 (-2.6,-0.7) —1.4(-2.3,-0.4)

Coefficients are presented as marginal risk differences in percentage points derived from logistic regression models, with 95% confidence intervals in parentheses. The
unadjusted model includes country-level fixed effects. The adjusted model includes child sex, birth month, and birth order; mother’s age (15-19, 20-29, 30-39, or 40-49
years), mother’s literacy (literate versus not literate), mother’s education, and mother’s marital status; and household wealth index (quintiles), household size, and urban
residence. Standard errors are clustered at the enumeration area level.

DPT, diphtheria—pertussis—tetanus.

https://doi.org/10.1371/journal.pmed.1003678.t004

health, increased human migration, avoidance of vaccination due to illness, and erosion of the
public health infrastructure [13]. First, drought can detrimentally affect agricultural and crop
production, thus leading to food insecurity and financial instability [14,18]. With fewer finan-
cial and food resources, parents may be less able to afford healthcare [36-38] or pay for trans-
portation to travel to clinics for vaccinations [39]. Second, drought and subsequent financial
and food insecurity can worsen mental health through emotional stress, depression, anxiety,
and increased alcohol consumption [40-42]. Drought is also associated with increases in inti-
mate partner violence, which may impact parental mental health [16]. Parents with poorer
mental health may be less likely to take their children to healthcare visits. Third, drought may
lead to human migration as a last resort for households [13,43]. In the context of migration,
families may be less able to access healthcare in new geographical settings, a possibility that
was highlighted in a recently published study [24]. Finally, extreme weather events, including
droughts, can detrimentally impact the healthcare system and infrastructure. For instance,
drought and heat waves can increase risk for wildfires [13,44]. Drought can also affect the pro-
duction of electricity and disrupt power supplies by interfering with heating and cooling sys-
tems at power plants, which could affect the ability to store vaccines at recommended
temperatures using refrigeration [13]. Future research could investigate potential mechanisms
by which drought may negatively impact vaccination rates.

Limitations of this study should be noted. There was heterogeneity in findings across coun-
tries. However, some of the countries where drought was associated with higher vaccination
may be in regions that typically experience heavy rains, so drought (based on our definition)
in this context may have been less disruptive than heavy rains. There may be inconsistencies in
data collection across countries and across years even though DHS does make attempts to
achieve standardization in data collection procedures across locations and time points. The
distribution of satellite data and ground stations used by the CHIRPS precipitation dataset
may not be consistent, and some countries may have less accurate precipitation data than oth-
ers, thus leading to the potential for misclassification of drought in some settings. However, by
classifying drought as a percentile of annual precipitation over 30 years, rather than using
absolute rainfall estimates, we reduced the potential for misclassification. In addition, CHIRPS
incorporates a number of data checks and quality control measures to ensure that station
anomalies and inconsistencies are corrected [25]. There is potential for reporting and recall
bias given the self-reported nature of some of the DHS variables; however, a majority (78.3%)
of the vaccination data were derived from vaccination cards.

Despite these limitations, important strengths of the study include the inclusion of 22 coun-
tries with nationally representative data of over 137,000 children, representing varying
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agricultural systems, environments, and sociodemographic characteristics. Furthermore, we
aggregated data collection over 9 years, which represented a wide range of drought conditions.
There was low potential for confounding as drought was defined as precipitation relative to
the previous 29 years. Therefore, the drought exposure should be independent from potential
confounding variables. Finally, vaccination was primarily defined based on vaccine records
rather than self-report.

This study contributes to the growing literature on climate change and health, identifying
an association between drought and lower child vaccination rates. Vaccinations are one of the
most impactful interventions to prevent childhood illness; thus, identifying drought as a bar-
rier to vaccination has important public health and clinical implications. Given the anticipated
acceleration of droughts due to climate change, understanding the barriers to vaccination dur-
ing drought periods and developing interventions to address these barriers are an important
area of future research. National and regional medical and public health systems will need
funding and planning to address the healthcare needs of communities impacted by climate
change. Global, national, and local stakeholders should be prepared to focus their attention to
increase vaccination efforts in the face of the adverse weather events of a changing climate.

Supporting information

S1 RECORD Checklist. RECORD checKklist.
(DOCX)

S1 Fig. Flowchart depicting how the final analytic sample was selected.
(PDF)

S2 Fig. Nonlinear relationships between rainfall deviations and vaccination outcomes.
(PDF)

S$3 Fig. Associations between drought at birth (for BCG, DPT, and polio vaccination) and
12 months (for measles vaccination) and vaccination status by birth cohort.
(PDF)

S1 Table. Sample size of each survey included in the analysis.
(PDF)

S2 Table. Vaccine coverage in the sample by survey.
(PDF)

§3 Table. Associations between drought and vaccination among children born in 2011-
2019 (n = 137,379) with the covariate mother’s literacy removed to assess for multicolli-
nearity with mother’s education.

(PDF)

$4 Table. Associations between drought and vaccination among children born in 2011-
2019 (n = 137,379) with random intercepts at the survey and enumeration area level.
(PDF)

Acknowledgments
The authors thank Samuel Benabou for assistance with the manuscript.

Author Contributions
Conceptualization: Jason M. Nagata, Adrienne Epstein, Sheri D. Weiser.

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1003678 September 28, 2021 12/15


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003678.s001
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003678.s002
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003678.s003
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003678.s004
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003678.s005
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003678.s006
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003678.s007
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003678.s008
https://doi.org/10.1371/journal.pmed.1003678

PLOS MEDICINE

Drought and child vaccination in sub-Saharan Africa

Formal analysis: Adrienne Epstein.

Funding acquisition: Jason M. Nagata, Adrienne Epstein, Sheri D. Weiser.

Methodology: Jason M. Nagata, Adrienne Epstein, Tarik Benmarhnia, Sheri D. Weiser.

Supervision: Sheri D. Weiser.

Visualization: Adrienne Epstein.

Writing - original draft: Jason M. Nagata, Adrienne Epstein, Kyle T. Ganson.

Writing - review & editing: Jason M. Nagata, Adrienne Epstein, Kyle T. Ganson, Tarik Ben-

marhnia, Sheri D. Weiser.

References

1.

10.

1.

12

13.

14.

15.

16.

World Health Organization. Global vaccine action plan 2011-2020. Geneva: World Health Organiza-
tion; 2013.

Dowdle WR, Birmingham ME. The biologic principles of poliovirus eradication. J Infect Dis. 1997; 175:
S$286-92. https://doi.org/10.1093/infdis/175.supplement_1.s286 PMID: 9203732

Khan F, Datta SD, Quddus A, Vertefeuille JF, Burns CC, Jorba J, et al. Progress toward polio eradica-
tion—worldwide, January 2016—March 2018. MMWR Morb Mortal Wkly Rep. 2018; 67:524-8. https://
doi.org/10.15585/mmwr.mm6718a4 PMID: 29746452

Higgins JPT, Soares-Weiser K, Lopez-Lopez JA, Kakourou A, Chaplin K, Christensen H, et al. Associa-
tion of BCG, DTP, and measles containing vaccines with childhood mortality: systematic review. BMJ.
2016; 355. https://doi.org/10.1136/bm|.i5170 PMID: 27737834

Guiso N, Meade BD, Wirsing von Kénig CH. Pertussis vaccines: the first hundred years. Vaccine. 2020;
38:1271-6. https://doi.org/10.1016/j.vaccine.2019.11.022 PMID: 31780181

Bester JC. Measles and measles vaccination a review. JAMA Pediatr. 2016; 170:1209-15. https://doi.
org/10.1001/jamapediatrics.2016.1787 PMID: 27695849

Wombwell E, Fangman MT, Yoder AK, Spero DL. Religious barriers to measles vaccination. J Commu-
nity Health. 2015; 40:597-604. https://doi.org/10.1007/s10900-014-9956-1 PMID: 25315714

Storr C, Sanftenberg L, Schelling J, Heininger U, Schneider A. Masernstatus—Impfbarrieren und Stra-
tegien zu deren Uberwindung. Dtsch Arztebl Int. 2018; 115:723-30. https://doi.org/10.3238/arztebl.
2018.0723 PMID: 30518471

Esposito S, Principi N, Cornaglia G. Barriers to the vaccination of children and adolescents and possible
solutions. Clin Microbiol Infect. 2014; 20:25-31. https://doi.org/10.1111/1469-0691.12447 PMID:
24354949

Torbosh A, Al Amad MA, Al Serouri A, Khader Y. The impact of war in Yemen on immunization cover-
age of children under one year of age: descriptive study. JMIR Public Heal Surveill. 2019; 5:e14461.
https://doi.org/10.2196/14461 PMID: 31647465

de Lima Pereira A, Southgate R, Ahmed H, O’Connor P, Cramond V, Lenglet A. Infectious disease risk
and vaccination in northern Syria after 5 years of civil war: the MSF experience. PLoS Curr. 2018 Feb 2.
https://doi.org/10.1371/currents.dis.bb5f22928e631dff9a80377309381feb PMID: 29511602

Cetorelli V. The impact of the Irag War on neonatal polio immunisation coverage: a quasi-experimental
study. J Epidemiol Community Health. 2015; 69:226-31. https://doi.org/10.1136/jech-2013-203174
PMID: 24276951

Stanke C, Kerac M, Prudhomme C, Medlock J, Murray V. Health effects of drought: a systematic review
of the evidence. PLoS Curr. 2013 Jun 5. https://doi.org/10.1371/currents.dis.
7a2cee9e980f91ad7697b570bcc4b004 PMID: 23787891

Costello A, Abbas M, Allen A, Ball S, Bell S, Bellamy R, et al. Managing the health effects of climate
change. Lancet and University College London Institute for Global Health Commission. Lancet. 2009;
373:1693-733. https://doi.org/10.1016/S0140-6736(09)60935-1 PMID: 19447250

Watts N, Adger WN, Agnolucci P, Blackstock J, Byass P, Cai W, et al. Health and climate change: policy
responses to protect public health. Lancet. 2015; 386:1861-914. https://doi.org/10.1016/S0140-6736
(15)60854-6 PMID: 26111439

Epstein A, Bendavid E, Nash D, Charlebois ED, Weiser SD. Drought and intimate partner violence
towards women in 19 countries in sub-saharan Africa during 2011-2018: a population-based study.
PLoS Med. 2020; 17:€1003064. https://doi.org/10.1371/journal.pmed.1003064 PMID: 32191701

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1003678 September 28, 2021 13/15


https://doi.org/10.1093/infdis/175.supplement%5F1.s286
http://www.ncbi.nlm.nih.gov/pubmed/9203732
https://doi.org/10.15585/mmwr.mm6718a4
https://doi.org/10.15585/mmwr.mm6718a4
http://www.ncbi.nlm.nih.gov/pubmed/29746452
https://doi.org/10.1136/bmj.i5170
http://www.ncbi.nlm.nih.gov/pubmed/27737834
https://doi.org/10.1016/j.vaccine.2019.11.022
http://www.ncbi.nlm.nih.gov/pubmed/31780181
https://doi.org/10.1001/jamapediatrics.2016.1787
https://doi.org/10.1001/jamapediatrics.2016.1787
http://www.ncbi.nlm.nih.gov/pubmed/27695849
https://doi.org/10.1007/s10900-014-9956-1
http://www.ncbi.nlm.nih.gov/pubmed/25315714
https://doi.org/10.3238/arztebl.2018.0723
https://doi.org/10.3238/arztebl.2018.0723
http://www.ncbi.nlm.nih.gov/pubmed/30518471
https://doi.org/10.1111/1469-0691.12447
http://www.ncbi.nlm.nih.gov/pubmed/24354949
https://doi.org/10.2196/14461
http://www.ncbi.nlm.nih.gov/pubmed/31647465
https://doi.org/10.1371/currents.dis.bb5f22928e631dff9a80377309381feb
http://www.ncbi.nlm.nih.gov/pubmed/29511602
https://doi.org/10.1136/jech-2013-203174
http://www.ncbi.nlm.nih.gov/pubmed/24276951
https://doi.org/10.1371/currents.dis.7a2cee9e980f91ad7697b570bcc4b004
https://doi.org/10.1371/currents.dis.7a2cee9e980f91ad7697b570bcc4b004
http://www.ncbi.nlm.nih.gov/pubmed/23787891
https://doi.org/10.1016/S0140-6736%2809%2960935-1
http://www.ncbi.nlm.nih.gov/pubmed/19447250
https://doi.org/10.1016/S0140-6736%2815%2960854-6
https://doi.org/10.1016/S0140-6736%2815%2960854-6
http://www.ncbi.nlm.nih.gov/pubmed/26111439
https://doi.org/10.1371/journal.pmed.1003064
http://www.ncbi.nlm.nih.gov/pubmed/32191701
https://doi.org/10.1371/journal.pmed.1003678

PLOS MEDICINE

Drought and child vaccination in sub-Saharan Africa

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Haile GG, Tang Q, Hosseini-Moghari S, Liu X, Gebremicael TG, Leng G, et al. Projected impacts of cli-
mate change on drought patterns over East Africa. Earths Future. 2020; 8:e2020EF001502. https://doi.
org/10.1029/2020EF001502

Wheeler T, Von Braun J. Climate change impacts on global food security. Science. 2013; 341:508—13.
https://doi.org/10.1126/science.1239402 PMID: 23908229

Epstein A, Torres JM, Glymour MM, Lépez-Carr D, Weiser SD. Do deviations from historical precipita-
tion trends influence child nutrition? An analysis from Uganda. Am J Epidemiol. 2019; 188:1953-60.
https://doi.org/10.1093/aje/kwz179 PMID: 31497852

Epstein A, Benmarhnia T, Weiser SD. Drought and illness among young children in Uganda, 2009—
2012. Am J Trop Med Hyg. 2020; 102:644-8. https://doi.org/10.4269/ajtmh.19-0412 PMID: 31933457

Dondero TJ. Nutrition and health needs in drought-stricken Africa. Public Health Rep. 1985; 100:634-8.
PMID: 3934699

Cabrol JC. War, drought, malnutrition, measles—a report from Somalia. N Engl J Med. 2011;
365:1856-8. https://doi.org/10.1056/NEJMp1111238 PMID: 22087678

Carnell MA, Guyon AB. Nutritional status, migration, mortality, and measles vaccine coverage during
the 1983—-1985 drought period: Timbuktu, Mali. J Trop Pediatr. 1990; 36:109-13. https://doi.org/10.
1093/tropej/36.3.109 PMID: 2362310

Lindvall K, Kinsman J, Abraha A, Dalmar A, Abdullahi MF, Godefay H, et al. Health status and health
care needs of drought-related migrants in the Horn of Africa—a qualitative investigation. Int J Environ
Res Public Health. 2020; 17:5917. https://doi.org/10.3390/ijerph17165917 PMID: 32824046

Funk C, Peterson P, Landsfeld M, Pedreros D, Verdin J, Shukla S, et al. The climate hazards infrared
precipitation with stations—a new environmental record for monitoring extremes. Sci Data. 2015;
2:150066. https://doi.org/10.1038/sdata.2015.66 PMID: 26646728

Low AJ, Frederix K, McCracken S, Manyau S, Gummerson E, Radin E, et al. Association between
severe drought and HIV prevention and care behaviors in Lesotho: a population-based survey 2016—
2017. PLoS Med. 2019; 16:€1002727. https://doi.org/10.1371/journal.pmed.1002727 PMID: 30640916

Burke M, Gong E, Jones K. Income shocks and HIV in Africa. Econ J. 2015; 125:1157-89. https://doi.
org/10.1111/ecoj.12149

Lobell DB, Burke MB, Tebaldi C, Mastrandrea MD, Falcon WP, Naylor RL. Prioritizing climate change
adaptation needs for food security in 2030. Science. 2008; 319:607—10. https://doi.org/10.1126/
science.1152339 PMID: 18239122

World Health Organization. WHO recommendations for routine immunization—summary tables.
Geneva: World Health Organization; 2020.

Arsenault C, Harper S, Nandi A, Mendoza Rodriguez JM, Hansen PM, Johri M. Monitoring equity in vac-
cination coverage: a systematic analysis of demographic and health surveys from 45 Gavi-supported
countries. Vaccine. 2017; 35:951-9. https://doi.org/10.1016/j.vaccine.2016.12.041 PMID: 28069359

de Figueiredo A, Johnston IG, Smith DMD, Agarwal S, Larson HJ, Jones NS. Forecasted trends in vac-
cination coverage and correlations with socioeconomic factors: a global time-series analysis over 30
years. Lancet Glob Health. 2016; 4:€726-35. https://doi.org/10.1016/S2214-109X(16)30167-X PMID:
27569362

Budu E, Darteh EKM, Ahinkorah BO, Seidu A-A, Dickson KS. Trend and determinants of complete vac-
cination coverage among children aged 12—-23 months in Ghana: analysis of data from the 1998 to 2014
Ghana Demographic and Health Surveys. PLoS ONE. 2020; 15:€0239754. https://doi.org/10.1371/
journal.pone.0239754 PMID: 33002092

Rutstein SO, Johnson K. The DHS wealth index. DHS Comparative Reports 6. Calverton (MD): ORC
Macro; 2004 [cited 2021 May 25]. Available from: http://dhsprogram.com/pubs/pdf/CR6/CR6.pdf.

Croft TN, Marshall AM, Allen CK, et al. Guide to DHS statistics: DHS-7. Rockville (MD): Demographic
and Health Surveys Program; 2018 [cited 2021 May 25]. Available from: https://www.dhsprogram.com/
pubs/pdf/DHSG1/Guide_to_DHS_ Statistics_ DHS-7.pdf.

Nagata JM, Hernandez-Ramos |, Kurup AS, Albrecht D, Vivas-Torrealba C, Franco-Paredes C. Social
determinants of health and seasonal influenza vaccination in adults >65 years: a systematic review of
qualitative and quantitative data. BMC Public Health. 2013; 13:388. https://doi.org/10.1186/1471-2458-
13-388 PMID: 23617788

Peltz A, Garg A. Food insecurity and health care use. Pediatrics. 2019; 144:620190347. https://doi.org/
10.1542/peds.2019-0347 PMID: 31501238

Melo A, Matias MA, Dias SS, Gregério MJ, Rodrigues AM, De Sousa RD, et al. Is food insecurity related
to health-care use, access and absenteeism? Public Health Nutr. 2019; 22:3211-9. https://doi.org/10.
1017/S1368980019001885 PMID: 31385563

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1003678 September 28, 2021 14/15


https://doi.org/10.1029/2020EF001502
https://doi.org/10.1029/2020EF001502
https://doi.org/10.1126/science.1239402
http://www.ncbi.nlm.nih.gov/pubmed/23908229
https://doi.org/10.1093/aje/kwz179
http://www.ncbi.nlm.nih.gov/pubmed/31497852
https://doi.org/10.4269/ajtmh.19-0412
http://www.ncbi.nlm.nih.gov/pubmed/31933457
http://www.ncbi.nlm.nih.gov/pubmed/3934699
https://doi.org/10.1056/NEJMp1111238
http://www.ncbi.nlm.nih.gov/pubmed/22087678
https://doi.org/10.1093/tropej/36.3.109
https://doi.org/10.1093/tropej/36.3.109
http://www.ncbi.nlm.nih.gov/pubmed/2362310
https://doi.org/10.3390/ijerph17165917
http://www.ncbi.nlm.nih.gov/pubmed/32824046
https://doi.org/10.1038/sdata.2015.66
http://www.ncbi.nlm.nih.gov/pubmed/26646728
https://doi.org/10.1371/journal.pmed.1002727
http://www.ncbi.nlm.nih.gov/pubmed/30640916
https://doi.org/10.1111/ecoj.12149
https://doi.org/10.1111/ecoj.12149
https://doi.org/10.1126/science.1152339
https://doi.org/10.1126/science.1152339
http://www.ncbi.nlm.nih.gov/pubmed/18239122
https://doi.org/10.1016/j.vaccine.2016.12.041
http://www.ncbi.nlm.nih.gov/pubmed/28069359
https://doi.org/10.1016/S2214-109X%2816%2930167-X
http://www.ncbi.nlm.nih.gov/pubmed/27569362
https://doi.org/10.1371/journal.pone.0239754
https://doi.org/10.1371/journal.pone.0239754
http://www.ncbi.nlm.nih.gov/pubmed/33002092
http://dhsprogram.com/pubs/pdf/CR6/CR6.pdf
https://www.dhsprogram.com/pubs/pdf/DHSG1/Guide_to_DHS_Statistics_DHS-7.pdf
https://www.dhsprogram.com/pubs/pdf/DHSG1/Guide_to_DHS_Statistics_DHS-7.pdf
https://doi.org/10.1186/1471-2458-13-388
https://doi.org/10.1186/1471-2458-13-388
http://www.ncbi.nlm.nih.gov/pubmed/23617788
https://doi.org/10.1542/peds.2019-0347
https://doi.org/10.1542/peds.2019-0347
http://www.ncbi.nlm.nih.gov/pubmed/31501238
https://doi.org/10.1017/S1368980019001885
https://doi.org/10.1017/S1368980019001885
http://www.ncbi.nlm.nih.gov/pubmed/31385563
https://doi.org/10.1371/journal.pmed.1003678

PLOS MEDICINE

Drought and child vaccination in sub-Saharan Africa

38.

39.

40.

41.

42,

43.

44.

Thomas MMC, Miller DP, Morrissey TW. Food insecurity and child health. Pediatrics. 2019; 144:
€20190397. https://doi.org/10.1542/peds.2019-0397 PMID: 31501236

Mahmood A, Kim H, Kabir U, Kedia S, Ray M. Food insecurity and influenza and pneumonia vaccines
uptake among community-dwelling older adults in the United States. J Community Health. 2020;
45:943-53. https://doi.org/10.1007/s10900-020-00812-0 PMID: 32219711

Stain HJ, Kelly B, Lewin TJ, Higginbotham N, Beard JR, Hourihan F. Social networks and mental health
among a farming population. Soc Psychiatry Psychiatr Epidemiol. 2008; 43:843-9. https://doi.org/10.
1007/s00127-008-0374-5 PMID: 18500480

Staniford AK, Dollard MF, Guerin B. Stress and help-seeking for drought-stricken citrus growers in the
Riverland of South Australia. Aust J Rural Health. 2009; 17:147-54. https://doi.org/10.1111/j.1440-
1584.2009.01059.x PMID: 19469779

Carnie TL, Berry HL, Blinkhorn SA, Hart CR. In their own words: young people’s mental health in
drought-affected rural and remote NSW. Aust J Rural Health. 2011; 19:244-8. https://doi.org/10.1111/j.
1440-1584.2011.01224.x PMID: 21933366

Kloos H. Health aspects of resettlement in Ethiopia. Soc Sci Med. 1990; 30:643-56. https://doi.org/10.
1016/0277-9536(88)90250-x PMID: 2180082

Finlay SE, Moffat A, Gazzard R, Baker D, Murray V. Health impacts of wildfires. PLoS Curr. 2012 Nov
2. https://doi.org/10.1371/4f959951cce2c PMID: 23145351

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1003678 September 28, 2021 15/15


https://doi.org/10.1542/peds.2019-0397
http://www.ncbi.nlm.nih.gov/pubmed/31501236
https://doi.org/10.1007/s10900-020-00812-0
http://www.ncbi.nlm.nih.gov/pubmed/32219711
https://doi.org/10.1007/s00127-008-0374-5
https://doi.org/10.1007/s00127-008-0374-5
http://www.ncbi.nlm.nih.gov/pubmed/18500480
https://doi.org/10.1111/j.1440-1584.2009.01059.x
https://doi.org/10.1111/j.1440-1584.2009.01059.x
http://www.ncbi.nlm.nih.gov/pubmed/19469779
https://doi.org/10.1111/j.1440-1584.2011.01224.x
https://doi.org/10.1111/j.1440-1584.2011.01224.x
http://www.ncbi.nlm.nih.gov/pubmed/21933366
https://doi.org/10.1016/0277-9536%2888%2990250-x
https://doi.org/10.1016/0277-9536%2888%2990250-x
http://www.ncbi.nlm.nih.gov/pubmed/2180082
https://doi.org/10.1371/4f959951cce2c
http://www.ncbi.nlm.nih.gov/pubmed/23145351
https://doi.org/10.1371/journal.pmed.1003678

