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ABSTRACT The goal of this ar ti cle is to con sider data so lu tions to in ves ti gate the dif
fer en tial path ways that con nect cli ma te/weather var i abil ity to child health out comes. 
We ap ply sev eral mea sures cap tur ing dif fer ent as pects of cli ma te/weather var i abil ity to 
dif fer ent time pe ri ods of in utero ex po sure. The mea sures are designed to cap ture the 
complexities of cli ma tere lated risks and iso late their im pacts based on the tim ing and 
durationofexposure.Specifically,wefocusoninfantbirthweightinMaliandconsider
lo cal weather and en vi ron men tal con di tions as so ci ated with the three most fre quently 
positedpotentialdriversofadversehealthoutcomes:disease(malaria),heatstress,and
foodinsecurity.WefocusthisstudyonMali,whereseasonaltrendsfacilitatetheuseof
measuresspecificallydesignedtocapturedistinctaspectsofclimate/weatherconditions
rel e vant to the po ten tial driv ers. Results in di cate that at ten tion to the tim ing of ex po sures 
and employing mea sures designed to cap ture nu ances in each of the driv ers pro vi des 
importantinsightintoclimateandbirthweightoutcomes,especiallyinthecaseoffac
tors im pacted by pre cip i ta tion. Results also in di cate that high tem per a tures and low 
levelsofagriculturalproductionareconsistentlyassociatedwithlowerbirthweights,
and ex po sure to malarious con di tions may in crease like li hood of nonlive birth out comes.

KEYWORDS Birth weight • Climate • Environmental ex po sures • Child health 
• Remote sens ing

Introduction

Warming and dry ing rep re sent one of the most di rect im pacts of cli mate change on 
hu mans. Communities re li ant on rainfed ag ri cul ture to meet their food and nu tri tion 
needs are at high risk for neg a tive health and eco nomic out comes as so ci ated with cli
mate change (Brown et al. 2015; IPCC et al. 2013).InruralSahelianAfrica,where
inconsistentrainfallmayresultindroughtsorfloodingeventsandwheretemperatures
canspiketoextremelyhighlevels,subsistencecommunitiesfacenotableagricultural,
health, and livelihood challenges associatedwith climate change (Davenport et al.
2017; Grace et al. 2015).Inthesecontextsandforthesecommunities,seasonalrainfall
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is vi tal for pro duc ing the food needed to meet the fam i ly’s nu tri tional and ca lo ric de
mands.Inadequaterainsconstrainhouseholdfoodproduction,puttingthehealthand
se cu rity of fam i lies at risk. High tem per a tures can im pact ag ri cul tural yields (in dif fer
entways,dependingonthesettingandtheprecipitation),ortheycancauseheatwaves
that leadtoheatstressandassociatedadversehealthoutcomes(Mulleretal.2011; 
Strand et al. 2011). Warm tem per a tures and wet con di tions can also cre ate an ideal 
set ting for malaria trans mis sion (Kudamatsu et al. 2016; Tanser et al. 2003). Conse
quently,arainy,warmseasonthatmayseempositiveforagriculturalproductionmay
re sult in in creased ex po sure to dis ease or an in creased risk of ex po sure to heat stress.

Becauseofthesecomplexities,researchexploringtheeffectsofclimateonmalnu
tri tion of ten strug gles to iso late and iden tify the mech a nisms un der ly ing the re la tion
shipbetweenaclimatemeasureandahealthoutcome.Inotherwords,itisdifficultto
ex plain why the re la tion ship be tween sea sonal rain fall to tals and a mea sure of mal nu
trition,forexample,isnegativeinsomecasesandpositiveinothers(Bakhtsiyarava
et al. 2018;Davenportetal.2017; Grace et al. 2012).Similarly,hightemperaturesare
generallyassumedtohaveanegativeimpactonhealthoutcomes,butresearchinves
tigatingtemperatureconditionsandhealthoutcomeshasbeeninconsistent,showing
bothpositiveassociationsandnonsignificantassociationsusingvaryingmetrics(Xu
et al. 2012; Zhang et al. 2017).

Our goal here is to con sider ex po sure tim ing to ex am ine the dif fer en tial path ways that 
connectclimate/weathervariabilitytochildhealth.Tothisend,weuseclimateindicators
designed to cap ture the complexities of dif fer ent cli ma tere lated risks and iso late their 
impactsbasedthetiminganddurationofexposure.Specifically,wefocusonindividual
level in fant birth weight with at ten tion to lo cal sea sonal weather con di tions as so ci ated 
with the three most fre quently pos ited po ten tial driv ers of ad verse health out comes: 
disease(malaria),heatstress,andfoodinsecurity.Theapproachusedhereexploitshighly
spa tially and tem po rally de tailed data to ex am ine ex po sure con di tions and iso late dif fer
ent en vi ron men tal fac tors as so ci ated with child health. This pro ject there fore ad vances 
spa tial and en vi ron men tal de mog ra phy be cause it com bines a di verse set of cli mate and 
health data ca pa ble of cap tur ing a range of fac tors of im por tance to child health.1

WefocusonMali,wherethevastmajorityofindividualsaredependentonrainfed
ag ri cul ture and where malaria is en demic (WHO 2017).Additionally,Mali’s sea
sonal variability—a hot, dry season and a single rainy,warm, and short growing
season—facilitatesthetemporalisolationofspecifictypesofclimaterelatedexpo
sures (see Figure 1).

Toconductouranalysis,weincorporatethreemeasuresofclimateconditionsthat
aredesignedtocapturethespecificpotentialpathwaysofinterest:disease,heatstress,
andfoodinsecurity.Thesemeasuresreflectthespatialandtemporalcomplexitiesof
each of the three path ways and are de rived from re lated re search. We mod ify the mea
sures some what from their orig i nal de vel op ment to ac com mo date the avail  able data 
aswellastoaccountforthetemporalandgeographicaspectsoftheMaliancontext.
We match each in di ca tor to in di vid ual birth weights to in ves ti gate how ex po sure to 
specificconditionsduringpregnancyimpactshealthoutcomes.

1 A range of health out comes could be eval u ated us ing the ap proaches we de scribe here as long as the 
path ways and ex po sure pe ri ods were prop erly matched.
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Dataonindividuallevelbirthweightscomefrommultipleperiods(2000,2006,
and2012)ofthespatiallyreferencedMalianDemographicandHealthSurvey(DHS).
These data are merged with the spa tially and tem po rally vary ing cli mate mea sures 
based on the lo ca tion and tim ing of in di vid ual ex po sures.

Background

Climate and Weather and Children’s Health Outcomes

In this article,we focusonone childhealthoutcome:birthweight.Birthweight is
one of sev eral com monly in ves ti gated an thro po met ric mea sures of child health (other 
fre quently con sid ered mea sures are heightforage and weightforage) used to as sess 
over all health of in di vid u als and of a pop u la tion. Understanding risk fac tors as so ci
ated with birth weight var i a tion or low birth weight (when an in fant weighs less than 
2,500gramsatbirth)mayalsohelptoidentifychildrenatgreatestriskformorbidity
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Fig. 1 Maliclimatologyfrom1981–2016(averagedoverDHSclusters).Theboldedlinewithdotsrep
resents daily maximum temperature averaged over the month. Finer line with diamonds represents daily 
minimum temperature averaged over the month. Bars represent average monthly precipitation totals. Tem
peraturedataareobtainedfromtheGlobalMeteorologicalForcingdataset(Sheffieldetal.2006). Precipi
tation data are obtained from the Climate Hazards Infrared Precipitation with Stations (Funk et al. 2014b).
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and mor tal ity (Black et al. 2008;MosleyandChen1984; Victora et al. 2008). Con
ceptual frame works use ful for un der stand ing and de sign ing in ter ven tions to im prove 
child health in clude birth weight as one of many fac tors of in ter est. As with other chil
dren’shealthoutcomes,birthweightvariesbyindividualchildaccordingtobiological
var i a tions and a wide range of en vi ron men tal con di tions ex pe ri enced dur ing key pe ri
ods(inthiscase,pregnancy)(Blacketal.2008; Kramer 1987,2003).Althoughchild
healthanddevelopmentframeworksdifferinsomeways,thegeneralstructureisthat
broad factors relating topolitics, theeconomy, and (more recently) climate/weather
leadtomorelocalregion–specificfactors; theseinturnimpacthousehold/individual
factors,which then impactbiological responses andfinally thehealthoutcome (see
Grace 2017; Kramer 2003;MosleyandChen1984; UNICEF 1991,2017).Inpractice,
ap ply ing these kinds of frame works implies that broadlevel shocks will have dif fer
entialimpactsonbirthweight(orotherhealthoutcomes)dependingon,forexample,
the so cio eco nomic sta tus of a house hold or an in di vid u al’s ed u ca tional at tain ment or 
pre na tal care his to ry.

Indemographicandsocial science research,climateandweatherareconceptu
al ized more broadly as en vi ron men tal or con tex tual fac tors (Kramer 2003;Mosley
and Chen 1984; UNICEF 2017). As in ter dis ci plin ary re search on the cli ma tehealth 
relationshiphasexpanded,thedataandtoolsusedtothisrelationshiphaveresultedin
some im por tant shifts in the ways that re search ers link cli ma te/weather data to health 
data.Inappliedandinterdisciplinaryresearch,climateandweatherfactorsareoften
moredirectlytiedtocommunity,household,orindividuallevelresponsesandare
commonlyusedtoproxyfactorsofinterestrelatedtodisease,foodsecurity,orcli
mate shocks (Eissler et al. 2019; Sellers and Gray 2019).Infact,inarecentreviewof
climateandundernutrition,Phalkeyetal.(2015) reimagined the UNICEF frame work 
to high light the role of cli ma te/weather fac tors2atindividualandhouseholdscales,
not ing “that a large pro por tion of the me di at ing fac tors are cli ma te/weather sen si tive” 
(p.E4526).Inthisanalysis,wefocusonbirthweightasanoutcomevariablewith
establishedlinkagestoprenatalexposuretodisease,heatstress,andfoodsecurity.
However,notingtheconnectionbetweenbirthweight,childhealth,andmortality,the
approachthatweuseherecaneasilybeexpandedtoinvestigateassociatedoutcomes,
suchasinfantmortality,chronicoracutemalnutrition,cognitivedevelopment,and
re lated fac tors.

Using Climate and Weather Data to Estimate Exposure to Stressors

Research in ves ti gat ing the im pacts of cli mate on early child health (in clud ing birth 
weight)insubSaharanAfricahasproducedmixedresults(e.g.,Bakhtsiyaravaetal.
2018; Kudamatsu et al. 2016; see also Phalkey et al. 2015;Xuetal.2012). Three fac
tors may ex plain the nonconvergent re sults in cli mate and health stud ies: (1) the wide 
range of climate data sources and climate variable definition; (2) the nuanced and

2 The frame work pro posed by Phalkey et al. (2015)focusedonfoodsecurity,thefoodsystem,infectious
disease,andtheimpactofthesefactorsovertimeandwithinhouseholds.
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503An Analysis of Birth Weight in Mali

complexbiologicalresponsetoclimateconditions(orextremes),includingacclimati
zation;and,likelymostimportantly,(3)anindividual’ssocioeconomicstatus,which
im pacts ac cess to re sources to al le vi ate neg a tive health out comes. Researchers have 
of ten fo cused on ag gre gate rain fall and tem per a ture trends and have the o rized that 
these cli mate mea sures im pact health out comes through var i ous path ways—pri mar ily 
dis ease (Kudamatsu et al. 2016),foodinsecurity(Davenportetal.2017),orheatstress
(Asamoah et al. 2018; Phalkey et al. 2015;Xuetal.2012).However, the linkages
betweenclimateandhealtharecomplexanddifficulttodetectusingaggregateclimate
conditions.Forexample,seasonalorannualtotalprecipitationprovideslittleinforma
tiononlocalagriculturalyields,andannualaveragemaximumtemperatureprovides
lit tle in for ma tion on heatwave fre quency and du ra tion.

Seasons when cli mate con di tions are likely to in crease the like li hood of malaria 
transmissioncanbeidentifiedbasedonhistoricalnorms,butmonthlyclimatedatacan
helptorefinethespatialandtemporaldetailallowingforvariabilityacrossyearsand
overspace.Inotherwords,aggregateclimateconditionsdonotalwaysadequately
reflectthewithinseasonvariabilitythatdrivesnegativehealthoutcomes.Applying
mea sures that have been de vel oped pre cisely to cap ture ag ri cul tural pro duc tiv ity and 
foodavailability,malariaconditions,andheatwavestoanalysesofchildhealthout
comesassociatedwithmalnutrition,malaria,andheatstresswillhelpdecipherthe
dif fer ent path ways that link cli mate to ad verse health out comes. Our an a ly ses fo cus 
onthethreepathways:malaria(disease),foodinsecurity,andheatstress.

Malaria

Malaria likely increases the risk of stillbirth and spontaneous abortion, but it
also is linked to lowbirthweight, especially in thecaseoffirstbirths inmalaria 
endemicareas(Desaietal.2007; Kramer 2003; Kudamatsu et al. 2016;McFallsand
McFalls1984).Largescale,3spatiallyreferenced,individualleveldiseasehistories
arevirtuallynonexistent for subSaharanAfrican countries,making it impossible
to investigateanindividual’sspecifichealthbackgroundandtheir laterlifehealth.
Aggregate mea sures of dis ease pres ence cap tur ing a coun try’s dis ease ex pe ri ence 
are alsononexistentor insufficientbecausehighlydetailedcommunityleveldata
onmalariacasesoroutbreaksaredifficulttocomeby.Ultimately,thislackofdata
leads re search ers to de velop al ter na tive strat e gies for mea sur ing the po ten tial for 
malariapresenceinagivenareaduringagiventimeframe.Insomecases—normally,
smallerscale stud ies—re search ers will iden tify the typ i cal rainy sea son months as 
thosewithhighmalariatransmission(e.g.,Berryetal.2018).Atsmallscales,this
approachmaybeusedtocapturesomeshiftsinyearlyconditions,butitwouldbe

3 ExtensivesurveillancedataexistformanysitesacrossAfricaandworldwide.Surveillancesystems(see,
e.g.,InDepthDataRepository;http:  /  /www  .indepth  network  .org  /) are designed to fol low in di vid u als and 
regularlytrackdifferentkeyevents,includingdisease,births,anddeaths.Unfortunately,dataofthissort
aregeographicallylimitedtospecificcommunitiesandcanbechallengingtocombinewithother,similar
surveysindifferentplacesbecausequestionnairescanvarygreatly.Furthermore,accesstotheindividual
re cords dra mat i cally varies across sites and over time.
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chal leng ing to ap ply to a large sam ple of com mu ni ties to com pare out comes over 
timeandspace.Someanalysts,especiallyinstudieswithdataspanningmanycoun
triesandyears,usedifferentmeasuresof rainfallormoresophisticatedcomposite
in di ca tors that con sider tem per a ture trends and rain fall trends to geth er.

Inthecaseofthecombinedtemperatureandrainfallindex,highfrequencyclimate
dataareusedtoderiveamalariaindexcapableofidentifying,overspaceandtime,
cli mate con di tions that sup port the ex is tence of the par a site and the vec tor needed to 
transmitmalaria(fordetailsontheconstructionandvalidationofthemalariaindex,
see Kudamatsu et al. 2016; Tanser et al. 2003). This more com plex and phys i cally 
based in di ca tor is ca pa ble of cap tur ing var i a tion over time and space that coarser 
mea sures are not  able to cap ture. This mea sure has been used to in ves ti gate pat terns 
of in fant mor tal ity across subSaharan Africa (Kudamatsu et al. 2016). We use this 
com pos ite cli ma tebased mea sure to iden tify months and lo ca tions (with a spa tial 
res o lu tion of ∼5 ki lo me ters) in which the par a site and vec tor are likely to be pres ent 
and trans mis sion rates are expected to be higher.

Table 1presentsthecriteriausedtodefinethebinarymalariaindex.Allcriteria
mustbesatisfiedforalocation(gridcell)tobeconsideredpotentiallymalarious.

Food Insecurity

Food in se cu rity is as so ci ated with ad verse health out comes for preg nant and breast
feeding women and their chil dren. Food in se cu rity can lead to low birth weight 
when women are ex posed dur ing prepregnancy or early or later stages of preg nancy 
(Bloomfieldetal.2013; Kramer 2003). Other out comes of food in se cu rity in clude 
lowheightforage(stunting)andlowweightforage(wasting),amongawiderange
of other ad verse health out comes that can last into adult hood (many of which are 
as so ci ated with in utero ex po sures). A wide range of fac tors drive com mu ni ty or 
householdlevelfoodinsecurity,withfoodavailabilityfeaturingprominentlyinstud
ies fo cused on subSaharan Africa and smallscale farm ing house holds (Butt et al. 
2005; Grace et al. 2016; Smith and Haddad 2001). Ideal mea sures of house hold food 
availabilitywouldincludeinformationonfarmyield,agriculturalstorage,presence
oflocallyavailablefoodforpurchase,diversityandqualityofavailablefood,percep
tionsoffoodsecurity,migration,andremittances(Barrett2010;Myersetal.2017; 

Table 1 Criteria used to cal cu late months suit able for P falciparum malaria trans mis sion in Africa

Simulated Effect Variable Threshold

ParasiteDevelopmentandVector
Survival

Threemonth mov ing av er age 
tem per a ture

≥(19.5°C+yearlySDofmean
monthly tem per a ture)

Frost Minimumyearlytemperature ≥5°C
Availability of Vector Breeding 

Sites
Threemonth mov ing av er age 

rain fall
≥60millimeters

CatalystMonth Threemonth mov ing av er age 
rain fall

Atleastonemonth≥80
mil li me ters

Note:ModifiedfromTanseretal.(2003).
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Timmer 2012),andwouldbeavailableonamonthly(orfiner)scaleoraseasonal
timescaleforeachhousehold.Asexpected,dataofthistypearerarelyavailablefor
subSaharan Af ri can house holds and are never avail  able with the tem po ral and spa tial 
de tail suit able for a study of in di vid u allevel child health out comes.

Asasolution,researchersanddevelopmentagencies(e.g.,USAIDFamineEarly
WarningSystemsNetwork[FEWSNET])haveestimatedfoodavailabilityand,con
sequentially,foodinsecuritythroughtheuseofremotelysenseddataofvegetation
(Brown et al. 2012; Brown et al. 2015; Funk and Brown 2006; Funk and Budde 2009; 
Husak and Grace 2016).Inthisresearch,weusetheNormalizedDifferenceVegeta
tion Index4(NDVI)asaproxyforcommunitylevelfoodavailability.Specifically,we
useNDVIdatafromadataseriesprovidedbytheIntegratedClimateDataCenterat
Universität Hamburg (Pinzon and Tucker 2014). These data are a qual itycon trolled 
versionoftheNDVIdataprovidedbytheNationalAeronauticsandSpaceAdministra
tion’sGlobalInventoryMonitoringandModelingSystem(NASAGIMMS;Tucker
et al. 2005).NDVIservesasameasureofgreennessandisavailableatarelatively
finespatial(1/12degreegridcell,orroughly8kilometers)andtemporal(bimonthly)
resolution.Thus,NDVIallowsforaproxymeasureofvegetationthatvariesthrough
outtheyearandatascalethatisfineenoughtoreflectvillageorcommunitylevel
var i a tion over space and time. Although food se cu rity is more com plex than food 
availabilityalone,NDVIinsemiaridzonessuchasinMalicapturestheinterannual
variabilityofyieldacrossallcrops.NDVIisparticularlyrelevantinMalibecausethe
vastmajorityofMalianfarmersrelyonrainfallastheirprimarysourceofmoisture,
par tic u larly in com mu ni ties far from sur face wa ter (Husak and Grace 2016; FEWS 
NETlivelihoodreportsforMali,https:  /  /fews  .net  /west  africa  /mali).

For estimates of a village’s food security, an analyst identifies the areawhere
agricultureislikelytobeproducedandspatiallyaggregatesthemaximumNDVIof
pix els within that area to es ti mate the an nual grow ing sea son’s crop pro duc tion. Rel
ativechangesinthisaggregateNDVIvalueenabletheanalysttoidentifyyearswhen
thatcommunitylikelyproducedmoreorlessfood,withaconsequentialincreaseor
de crease in food se cu rity (Bakhtsiyarava et al. 2018).Althoughnotoptimal,NDVI
as a proxy for food se cu rity al lows re search ers to (1) pro duce more pol i cyrel e vant 
findingsthroughtheuseofanapproachcommonacrossdevelopmentagencies,and
(2) ad dress food se cu rity re search ques tions in da tapoor re gions with out any time
vary ing in for ma tion about small holder farm ing prac tices.

Linking regionalaggregateNDVIwith food insecurity requires theassumption
thattherelativechangesinNDVIbetweenyearsareduepredominantlytocrophealth
andsubsequentlyagriculturalyield.However,itispossiblethatcertaincommunities
transitionedtoadroughttolerantcrop,whichmayleadtoafalseflagifthatdrought
tolerantcropislessgreenthanthepreviousselection.AlowNDVIvalueforarobust
harvestofalessgreendroughttolerantcropwouldappeartoindicatefoodinsecurity,
when in fact this de cline is due en tirely to ag ro nomic strat e gy.

4 Undersomecircumstances,theModerateResolutionImagingSpectroradiometer(MODIS)Enhanced
VegetationIndex(EVI)mightbepreferredoverNDVI.TheEVIhasbeenoptimizedtohaveamoresensi
tiveresponsetodenselyvegetatedregionsandtominimizecanopysoilvariations.Inourdata,andinWest
Africagenerally,theEVIandNDVIarehighlycorrelated(Zoungranaetal.2015) and show neg li gi ble 
dif fer ences when used in ter change ably in the food in se cu rity path way mod els.
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AnotherpotentiallyconfoundingfactorwhenconsideringNDVIasaproxyforfood
insecurityconcernscommunities’copingstrategieswhenyieldsaresuboptimal,and
the high pri or i ti za tion of max i miz ing the health of preg nant women and in fants. One 
suchstrategyiscircularmigration,inwhichoneormorefamilyorcommunitymem
bersleavetoseekwageearningopportunitieselsewhere,thusreducingthenumberof
mouthstofeedandincreasingthepercapitafoodstores.InsomeMaliancommuni
ties,circularmigrationiswidespreadandrepresentsanormalpartofthetransitionto
adult hood (Hertrich and Lesclingand 2012,2013),butitmaybelesscommonunder
certainconditions, includingduringperiodsofdrought (Findley1994; Grace et al. 
2018).TheimpactsofmigrationonfoodsecurityintheorigincommunitiesinMali
isnotwellunderstood.Theverylimitedmigrationdataincludedinstandard,country 
representativepopulation/healthsurveys,especiallyincountriesreliantonshortterm
migration,constrainanalysesandpreventusfromtakingcircularmigrationintoaccount.

Heat Stress

Heat stress is hy poth e sized to have neg a tive im pacts on the pla centa and the de vel
opingfetusandisthereforerelatedtoadversepregnancyoutcomes,suchaslowbirth
weight and pre term birth (Rylander et al. 2013). The im pact of ex po sures dur ing 
differentstagesofpregnancyisnotwellunderstood,butitistheorizedthatexposure
to high tem per a tures dur ing con cep tion and early stages of preg nancy may de lay 
conceptionsorincreasethelikelihoodofmiscarriage,possiblyresultinginheavier
babies at birth given that only the health i est fetuses re sult in live births (Barreca 
et al. 2018; Wilde et al. 2017). Exposure dur ing later stages of preg nancy has in con
sistentoutcomesbutistypicallyassociatedwithincreasedriskofpretermbirth,thus
resulting in lower birth weights (Basu et al. 2016; Schifano et al. 2016).However,in
somesubsistencebasedfarmingsettings,mainlythoseinthetropics,increasedtem
peraturesmaycorrespondtoincreasedagriculturalyields,whichmaybeassociated
withhigherbirthweights(Davenportetal.2017; Ray et al. 2019).

Temperature mea sures used in cli ma tehealth an a ly ses in lowin come countries 
relyonarelativelycoarsespatialscale(usually25–50kilometers)andeitherafine
(dailymaximumvalues,forexample)orcoarse(monthlyoryearlyaverages)tempo
ral scale. There are sev eral ap proaches used to ag gre gate tem per a ture data with health 
orotherpopulationdata.Amongthecommonapproachesarecalculatingannual,sea
sonal,ormonthlymeansofdailymaximumvalues,orderivingheatwaveindicators,
which of ten iden tify se quences of days when the daily max i mum ex ceeds a spe
cificthresholdorpercentileofthetemperaturedistributionforagivenlocation(see
Phalkey et al. 2015; Zhang et al. 2017).Whereavailable,hourlymeasuresoftemper
a ture data can pro vide ad di tional con text (Jiao et al. 2019),forexample,byexamin
ing the im pact of ex ces sive night time or morn ing tem per a ture on health out comes.

Pathways in Application

Althoughtheconceptsofdisease,foodinsecurity,andheatstressaregeneral,how
eachstressorismeasurediscontextdependent.Therefore,toappropriatelyinves
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507An Analysis of Birth Weight in Mali

tigate these pathways in application,wemust consider the particular context of
Maliasitrelatestoeachpathway.Figure 1 high lights gen eral rain fall and tem per
aturetrendsoveragivenyearinMali.Notably,thehotseasonoccursfromMarch
toMay,withtemperaturesdecreasingastherainsbegininMay.Therainyseason
istheprimaryagriculturalgrowingseasonforMalians.Plantingtypicallyoccurs
sometimeinJune,andharvestfollowsinSeptember.Malihasaclearnorthsouth
rainfallgradient,withmuchlowerlevelsofrainfallinthenorthandhigherlevels
inthesouth.Inaddition,withincountryrainfallvariabilityisfairlyhigh:villages
as close as 10–20 kilometers apart may experience different rainfall conditions
thatmodifythestart,length,andoverallqualityoftheseason.Asinothermalaria
endemiccontexts, theprimarymalariaseasonoccursduringthegrowingseason,
withmost cases occurring in June–September.However, similar to the situation
forfoodsecurityandagriculturalproduction,withincountryvariabilityinrainfall
dur ing a given year re sults in spa tial var i abil ity in malaria trans mis sion as well. 
Thus,inresearchinvestigatingclimateandhealth,spatialandtemporalvariability
in en vi ron men tal con di tions and ex po sures re quires a con sid er ation of the con di
tions where each per son lives.

Identifying the specificmechanism using crosssectional, observational data is
challenging,especiallybecausesomeoftheseconditionsareinterrelatedandbecause
the cli mate mea sures used to cap ture rain fall and tem per a ture var i abil ity are nec es
sarilyproxymeasures,whichmayreflectfactorsthatarenotexplicitlyaccountedfor
in the theoreticaldesign.As thefieldof climatehealth scholarship rapidlygrows,
re search ers in creas ingly note the po ten tial for cli mate and weather con di tions to 
im pact health out comes through many po ten tial path ways (Phalkey et al. 2015). To 
bet ter iso late the con tri bu tions to ad verse health out comes as so ci ated with each of 
thesepotentialdrivers,weusedifferentmeasuresderived fromdifferent remotely
sensed and phys i cally based data sets. Each mea sure has been val i dated in other re
searchandismodifiedhereforourstudyonbirthweightoutcomesinMali.

Birthweightisusedbecauseitprovidesaneasilyidentifiableperiodofrisk:the
pregnancy (approximately9monthsbeforeachild’sbirthdate) andprepregnancy
periods(approximately9–12monthsbeforeachild’sbirthdate).Exposuretodisease
(malaria),heatstress,andfoodinsecurityduringpregnancymayaffectinfantbirth
weight. Timing of ex po sure is im por tant: ex po sures dur ing prepregnancy and early 
preg nancy may con trib ute to failed con cep tions or spon ta ne ous abor tions and re sult 
inaselectionbias,resultinginheavierbabiesatbirth(seeCatalanoetal.2016; Wilde 
et al. 2017; Zhang et al. 2017).Usingtrimesterspecificmeasuresofexposureallows
us to con sider the dif fer en tial risks as so ci ated with each tri mes ter on birth weight 
out comes.

To sep a rate tem per a ture ef fects as so ci ated with ag ri cul ture from those as so ci ated 
withheatstress,weexploitMali’suniqueagriculturalcalendar.Specifically,thehot
season(March–May),whentemperaturescanexceed45°C,doesnotoverlapwiththe
rainygrowingseason(June–September).Focusingondifferentcategoriesoftemper
a tures con di tions al lows us to ex am ine the im pact of heat waves on preg nancy out
comesseparatelyfromthefoodproductionpathway.Similarly,consideringrainfall
alone com bines con di tions that are ideal for malaria and for ag ri cul tural pro duc tion. 
However,NDVIisanestablishedmeasureofagriculturalproductioninMali,where
vegetationisalmostalwaysindicativeofasourceoffood(orcash,inthecaseofcash
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crops).UsingNDVItomeasureseasonalqualityofthepriorgrowingseasonwillhelp
accountforthecomplicatedrelationshipsamongrainfall,malaria,andfoodinsecu
ri ty. Table 2summarizesthepathways,themeasuresanddata,andtimingconsider
ationsforuseinthisanalysis.Detailsonthespecificconstructionofeachpathwayare
presentedintheMeasuressection.

Data

Population Data

Thepopulationdatausedinthisresearchcomefromthe2000,2006,and2012cross
sectionalDemographicandHealthSurveys(DHS).Becauseofeaseofuseandcon
sistencyacrossperiods,weuseDHSdata fromIPUMSDHS(Boyleet al.2018). 
DHSdatacontainhighlydetailedinformationonwomen’sandchildren’shealthfor
the poorest countries in the world. These data are widely used for re search and pol
icy in ves ti ga tions re lated to health and de vel op ment. The data con tain in for ma tion 
onindividualandhouseholdlevelcharacteristics,includingeducationalattainment,
health,andhouseholdassets.Thedataalsocontainretrospectiveinformationonchild
and in fant health out comes as reported by the moth er. The data are georeferenced at 
theleveloftheDHScommunitycluster.Clustersarespatiallyshifted(offset)upto
10kilometerstomaintainconfidentialityofrespondentsbutcanbemergedwithother
spa tially ref er enced data as long as an ap pro pri ate spa tial buff er5 is in cor po rated into 
anaggregationstrategy(seeDavenportetal.2017; Grace et al. 2019).

5 The spa tial scale of the en vi ron men tal data (de scribed lat er) varies. In the cases where the spa tial scale 
isfinerthantheDHS,weaveragethevalueswithinthebuffer.Inthecaseoftemperature,forwhichthe
spatialscaleiscoarser,multipleDHSclustersfallwithinthesametemperaturepixel.

Table 2 Primary mech a nisms linking cli mate and in fant health

Pathway Data/Measure Hypotheses and Associated Timings

Food Insecurity NormalizedDifference
Vegetation Index

High veg e ta tion dur ing grow ing sea son pro duces bet
ter/morecrops,whichallowsforgreaterfoodstorage.A
pos i tive re la tion ship dur ing the fol low ing year’s hun ger 
sea son is pos si ble be cause more ag ri cul tural pro duc tion 
implies im proved house hold food avail abil i ty. The re sults 
of im proved stor age/food avail abil ity would likely be 
experienced9–12monthsaf terthegrowingseason,when
higher birth weights may be ob served.

Disease(Malaria) Rainfall and 
Temperature

Increased risk of dis ease oc curs dur ing the key malarious 
months. Exposure to more months with malaria con di tions 
will po ten tially have a neg a tive im pact on birth weight.

Heat Stress CountofDaysofHigh
Temperatures

High tem per a tures dur ing hot part of year could in di cate 
ex po sure to heat stress. Negative im pacts on birth weight 
are pos si ble if a preg nant woman is ex posed to heat stress 
dur ing early preg nancy (im pacts on pla centa and uter us) 
and dur ing late preg nancy (as so ci ated with pre term birth).

D
ow

nloaded from
 http://dup.silverchair.com

/dem
ography/article-pdf/58/2/499/909832/499grace.pdf by guest on 13 M

arch 2024



509An Analysis of Birth Weight in Mali

Environmental Data

Rainfall Data

Fortherainfalldata,weusetheClimateHazardsCenterInfraRedPrecipitationwith
Station (CHIRPS) data set (Funk et al. 2014b).TheCHIRPSdataset,developedby
the U.S. Geological Survey sci en tists in col lab o ra tion with the Climate Hazards Cen
terattheUniversityofCaliforniaSantaBarbara,combinesahighresolution(0.05
de gree) cli ma tol ogy (Funk et al. 2015) with timevary ing sta tion data and ob ser va
tionsfromgeostationaryweathersatellites.TheCHIRPSperiodofrecord,1981to
present, compares reasonablywellwith insitu rain gauge observations inAfrica.
ResearchprojectssupportedbytheU.S.AgencyforInternationalDevelopmentuse
CHIRPS for mon i tor ing and fore cast ing rain fall across Africa (Funk et al. 2014a). We 
use these rain fall data in com bined with tem per a ture to quan tify malaria risk.

Temperature Data

We use tem per a ture data pro vided by Princeton University’s Terrestrial Hydrology 
ResearchGroup(Sheffieldetal.2006). These tem per a ture data were extracted from 
a data set (ver sion 3)6 of completemeteorological forcings, includingprecipitation,
airtemperatures(minimum,maximum,andaverage),downwardshortandlongwave
radiation,surfacepressure,specifichumidity,andwindspeed.Sinceitsdevelopment,
the PrincetonUniversity data set has been used extensively in the literature.Most
recently,ithasbeenusedtostudyhealthoutcomesinsubSaharanAfrica(Davenport
et al. 2017),characterizeheatwaves inWestAfrica(Odoulamietal.2017), inform
pro jec tions of cli mate and land use change in West Africa (Wang et al. 2017),quan
tifycropyielduncertaintyinsubSaharanAfrica(Daleetal.2017; Srivastava et al. 
2017),anddrivetheGlobalLandDataAssimilationSystem(Rodelletal.2004). These 
temperaturedataareprovidedat0.25degrees,whichisthefinestresolutioncurrently
avail  able for daily global tem per a ture da ta. Although the spa tial res o lu tion is coarser 
thanthatoftheprecipitationdata,temperaturesgenerallyexhibitlessspatialvariability
thanprecipitationandthusdonotrequiresuchfineresolution.Weusethesetempera
turedatatoidentifyandcomputeheatwaveevents(i.e.,theheatstresspathway),and
we com bine these tem per a ture data with pre cip i ta tion to tals to quan tify malaria risk.

Vegetation Data

TheNormalized DifferenceVegetation Index (NDVI) is ameasure of vegetation
healthandthusameasureofcropproductioninacommunity.NDVIisameasureof
greenness,whichhasbeenshowntoberelatedtoprimaryproductivityandleafarea
of plants (Sellers 1985; Townshend and Justice 1986),andprovidesawaytodirectly
mea sure the im pact of mois ture and tem per a ture con di tions on veg e ta tion health. In 
application,NDVIhasbeenlinkedtolocalagriculturalproductionandcanbeused

6 http:  /  /hydrology  .princeton  .edu  /data  .pgf  .php
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to proxy var i a tions in lo cally pro duced food (Grace et al. 2016; Husak et al. 2008). 
HereweuseNDVIdatafromtheIntegratedClimateDataCenteratUniversitätHam
burg;thisdatasetisaqualitycontrolledversionoftheNASAGIMMSNDVIprod
ucts (Tucker et al. 2005).TheNDVIdataareavailableatbimonthly(∼15day) time 
steps and 1/12degree spatial resolution from 1981 to 2015.7 In this research,we
considerseasonalmaximumNDVItobeaproxyforcropproductionandultimately
foodsecurityandavailability(i.e.,thefoodinsecuritypathway).

Measures

Outcome Variable

The outcome variable is birth weight, which reflects a clearly defined period of
exposure:approximatelyninemonthsofgestation.Thisdefinedperiodallowsusto
carefully consider specific exposures.Given thatDHSdata generally do not con
tain informationnecessary to calculate exact conceptiondate (or gestational age),
we ap prox i mate the date of con cep tion as the nine months prior to the birth date. 
Consistentwith the literatureon fetalgrowthandprenatalexposures,weconsider
each tri mes ter of a preg nancy sep a rately and in clude the im por tant 0th tri mes ter (the 
prepregnancyorconceptionperiod)(Bloomfieldetal.2013; Kramer 2003; Rylander 
et al. 2013). Birth weight is recorded based ei ther on a re spon dent’s re call of her 
child’s birth or on a health card. Recall may be im pacted by other fac tors and may not 
be com pletely ac cu rate. We there fore in clude a dummy var i able in the mod els in di
cat ing whether the birth weight in for ma tion was from re call or from the med i cal card.

Among the 25.5% of re spon dents who did not re port a birth weight for their child—
ei ther be cause they could not re mem ber the child’s birth weight or be cause the child’s 
weightwasnotmeasuredatbirth—57%liveinurbanareas,and66%areclassifiedas
havingnoeducationalattainment.However,87%ofruraland86%ofwomenliving
in pas to ral ar eas reported birth weights. When con sid er ing birth weight reporting by 
monthofbirth,wefindsomevariation,withmostmonthshavingaround25%to26%
ofmissingdataonbirthweight.Inthefall(August–November),informationonbirth
weightissomewhatmorelikelytobemissingthaninothermonths,withabout27%
to28%ofbirthshavingnobirthweightrecorded.ComparativefiguresforDecember
andFebruaryare23%and24%,respectively.Apartfromthelowerreportingofbirth
weightamongurbanwomen,itdoesnotappearthatcertaintimesorplacesarerou
tinely ex cluded from the anal y sis. We there fore do not be lieve that there is a pat tern 
tothismissingnessthatcorrelateswithanyofthepathwaysinvestigatedhere,andwe
donotconsiderthislimitationtoinflatetherelationshipsobservedhere.

AfinalandvitallyimportantaspectofDHSdataistheinclusionofinformationon
lengthoftimeatcurrentresidence.AsinglequestionintheMaliDHSquestionnaire
asks,“Howlonghaveyoubeenlivingcontinuouslyinthistown/village?”8 Responses 

7 ThisNDVIdataseriesisnotupdatedregularlyandcurrentlyendsinDecember2015.Foranalysesthat
requiremorerecentNDVIdata,theMODISsatelliteimageryhasbeenusedtodevelopNDVIbeginning
in Feb ru ary 2000.
8 ThequestionaboutlengthoftimeatthecurrentresidenceisincludedinDHSsurveysinothercountries
aswell,butthequestionmaybewordedslightlydifferently.
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511An Analysis of Birth Weight in Mali

are recorded us ing an an nual time scale. Although not op ti mal for mea sur ing in di
vidualmigrationsorexposurestodifferentenvironmentalrisks,thisquestionallows
ustolinkindividualstoenvironmentalexposures.Intermsofpregnancyoutcomes,
re spon dents who have lived in the cur rent com mu nity at least 12 months pre ced ing 
child birth are in cluded in the anal y sis be cause the con di tions that they were ex posed 
to dur ing preg nancy can be in ferred.

Forthe2000and2006surveys,around7%oftherespondentswereeithernotin
the cur rent com mu nity dur ing the preg nancy pe riod or did not pro vide a re sponse 
to thequestion.Thisquestionwasexcluded in the2012 survey, andwe therefore
conducted the an a ly ses sep a rately for those with and with out this res i dency in for
mation.Nosignificantdifferenceinresultswasdetectedwhenwecomparedresults
across groups with and with out res i dency in for ma tion and with and with out aligned 
exposures(resultsavailableuponrequest).Thefinalmodelspresentedhereuseall
availabledata,regardlessofresidencyinformation.

Independent Variables: Food Insecurity

We use growing seasonmaximumNDVI values as our food insecuritymeasure.
NDVIisbestusedasacomparativemeasuretoindicatewhetheroneareahasmore
veg e ta tion than a neigh bor ing area or for com par ing one pe riod with an oth er. The sea
sonalmaximumNDVIiscalculatedfora10kilometerbuffercenteredoneachDHS
clus ter. The grow ing sea son typ i cally be gins in midJune and lasts through har vest in 
September.Toinvestigatebirthweightoutcomes,weconsiderthemaximumNDVI
of the grow ing sea son that oc curred just be fore the preg nan cy. This is the grow ing 
sea son that would im pact the se ver ity of food in se cu rity dur ing the hun ger sea son9 
oc cur ring dur ing the preg nan cy. For a preg nancy that resulted in a birth in Oc to ber of 
year t,weconsidertheNDVIfromthegrowingseasonofyeart. For a birth oc cur ring 
inMarchofyeart,weconsiderthegrowingseasonofyeart–1.Inthisway,wecon
sider a buff er ing time be tween when the food was ac tu ally harvested and when the 
harvestmaybegintobedepleted.AlowerNDVIvaluewouldindicatethatthehun
gerseasonwouldstartearlierforagivencommunity,whereasahigherNDVIvalue
would in di cate that ag ri cul tural pro duc tion was rel a tively im proved (com pared with 
othercommunities)andthatmorefoodwouldbestored,thusdelayingandshortening
the hun ger sea son.

Independent Variables: Disease (Malaria)

MalariaismeasuredusingthebinarymalariaindexfromTanseretal.(2003),which
is based on phys i cally de rived crit i cal weather thresh olds de ter mined to sus tain trans
missionofthevector.Foreachbirthinourdataset,wecomputethenumberofmalar
iousmonthsforeachoffourtrimesterperiods(i.e.,withthethreemonthsleadingup
toconceptionconsideredthe0thtrimester,andthe1st–3rdtrimestersfollowingthe

9 The hun ger sea son is the pe riod when food stores from the pre vi ous year are de pleted but har vests from the 
currentyeararenotyetavailable.Inasettingwithasinglegrowingseason,likeMali,thehungerseasontends
tooverlapwiththegrowingseason.Forthisproject,weusethehungerseasoncalendarsfromFEWSNET.
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standarddefinitions).This index ranges from0 to3,with lowervalues indicating
lower risk of ex po sure to malaria dur ing a given tri mes ter and higher val ues in di cat
ing an in creased risk.

Independent Variables: Heat Stress

Heat stress is mea sured us ing daily max i mum tem per a tures from a data set on me te
o ro log i cal forc ings de vel oped by the Terrestrial Hydrology Research Group at 
PrincetonUniversity(Sheffieldetal.,2006). Quadratic and cu bic ap proaches have 
been used in other an a ly ses in ad di tion to a binned ap proach and a thresh old ap proach 
(i.e., days aboveanarbitrary cutoffvalue).Basedon this research, a thresholdor
binnedapproachbestcapturesexposuretoheatstressinhotanddryenvironments,
with the fo cus on the hot ter end of the dis tri bu tions. Use of binned tem per a tures pro
duces highly cor re lated in de pen dent tem per a ture var i ables that were ul ti mately not 
useful.Forthisanalysis,afterexploringseveraltemperaturethresholdsandbinned
approaches,weuseasimplecountofthenumberofhotdaysabove100°F,whichis
consistentwithotherapproaches(seeDavenportetal.2017;Deschenesetal.2009; 
Grace et al. 2015).Exploratoryanalysisontheuseofwetbulbtemperature,which
considershumiditytocapturethe“feelslike”temperature,doesnotdramaticallyvary
fromtheanalysesusingthetemperaturedatasetreportedhere.Inaddition,thehottest
timeofyearinMaliisalsothedriesttimeofyear,indicatingthatwetbulbtempera
ture would not pro vide a bet ter mea sure of the lived con di tions.

Table 3 pro vi des sum mary in for ma tion on the data used in the anal y sis.

Analytic Approach

To in ves ti gate the dif fer en tial im pact of these dif fer ent path ways linking cli mate and 
healthoutcomes,weestimateasuiteofregressionmodelsusingreportedbirthweight
as the con tin u ous out come var i able. We use or di nary least squares (OLS) re gres sion 
and ad just for clus ter ing at the level of the mother (due to mul ti ple chil dren birthed 
to the same moth er).10 Because in di vid ual fac tors re lated to health and de vel op ment 
areofknownsignificance,weincludethesevariablesinthemodelstoaccountfor
the var i abil ity in the out come as so ci ated with them. Control var i ables are ma ter nal 
educationandageatbirth,infantsex,infant’sbirthorder,andflooringtype.Thelatter
can be used as a mea sure of house hold wealth and de vel op ment. Rather than in clude 
theDHSwealthindicator,whichisdesignedforusewhenconsideringasinglesurvey
periodandwhichmaycapturebroadurbanruraldifferencesindevelopment,weuse
flooringtypealongwitheducationlevelascoarseindicatorstodistinguishthepoor
estrespondents(thosewithunfinishedflooringandnoeducationalattainment)from
otherrespondents(thosewithfinishedflooringandprimaryorsecondaryeducation).

10 We also use mul ti level re gres sion mod els and con duct two sep a rate mod els. We nest in di vid u als within 
clustersinonemodel,andwenestindividualswithinmothers.Inotherwords,wetreattheclusterorthe
motherasarandomeffect.Nosignificantdifferenceinourfindingsresultsfromthesedifferentanalytic
ap proaches.
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513An Analysis of Birth Weight in Mali

Wealsoadjustformonthandyearofbirth,lengthoftimeatcurrentresidence,survey
year,andthelivelihoodzonewherethehouseholdislocated.11Thefirstsetofregres
sionmodels(Models1–3)includesthesecontrolvariablesandtheclimateindicators
for the three path ways de scribed in Table 2.

Finally, we consider the results using theOLSmodels but where the relevant
ex po sure pe riod as so ci ated with the par tic u lar char ac ter is tics of the lo ca tion is not 
consideredin theways thatwehavedescribed.Inotherwords, insteadof looking
specificallyathotseasontemperatureconditionsduringthepregnancy,welookat
av er age monthly max i mum tem per a ture dur ing each tri mes ter of preg nan cy. We con
sider rain fall sim i larly and look at av er age monthly rain fall dur ing each tri mes ter of 

11 DataonlivelihoodzonescomefromFEWSNETandareusedtocapturebroadtrendsinthewaysthat
peo ple pro duce food or earn mon ey.

Table 3 Variables used in the an a ly ses

Mean SD %

DependentVariable
 Birth weight (grams) 3,217 864
 Low birth weight (<2,500grams) 1,930 411
Key Independent Variables
 SeasonalmaximumNDVI 0.56 0.17
 Count of malarious months 0.59 0.91
 Count of hot days 22.7 24.6
Control Variables
 Child’s birth or der 3.7 2.4
 Child’s sex (%)
  Male 52
  Female 48
 Mother’sage(years) 28.4 6.9
 Mother’seducationalattainment(%)
  Never attended 66
  Completed pri mary or be yond 34
 Birth weight source (%)
  Card 31
  Memory 69
 Floor ma te rial (%)
  Dirt 52
  Finished 48
 Livelihood zone (%)
  Agriculturalists 34
  Urban 33
  Agropastoralists 27
  Pastoralists 2
  Irrigated 4
 Survey year (%)
  2001 26
  2006 40
  2012 34

Notes: The sam ple used for each anal y sis varies based on ex po sure tim ing. We cal cu late de scrip tive in for
ma tion us ing the sam ple for the anal y sis of hot days.
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preg nan cy. We in ves ti gate the re sults from this more gen eral ap proach that does not 
addressspecificpathwaysassociatedwiththeenvironmentalmeasurestodetermine
whetheranysignificantdifferencesinmodelperformanceemergewhenweusethe
ex po surebased ap proach fo cused on the dif fer ent path ways.

Results

We pres ent the re sults from the four mod els cor re spond ing to the three path ways 
of potential impact: malaria, heat stress, and food insecurity.We present partial
de pen dence plots for the key path way var i ables; re gres sion ta bles can be found in 
theappendix.Beginningwiththefoodinsecuritypathway,wemeasureagricultural
productionbyNDVIandfocusontrimesterspecificexposurestothehungerseason.
Figure 2presentstheNDVIresultsfourseparatemodelscorrespondingtotheperiod
of preg nancy when the ex po sure oc curred.

Our as sump tion is that a child born in year t is likely to weigh more when the t–1
seasonalmaximumNDVIvalueishigher.Whentheconceptionperiod(whatwecall
the0thtrimester,occurringduringyeart)occursduringthehungerseason,weseea
pos i tive as so ci a tion be tween birth weight (for the birth oc cur ring around 12 months 
later)andtheseasonalmaximumNDVIvalue(fromyeart–1)(  p = .14). For the cases 
whenthefirsttrimesteroccursduringthehungerseason,weseeasimilarlypositive
relationship(  p =.10)betweenNDVI(fromt–1)andbirthweight.Wesimilarlysee
positiveassociationsforboththesecondandthirdtrimestersaswell(  p < .05 for both 
cases).Fetalweightgainoccursduringthelaterstagesofpregnancy,andtheresults
in di cate that a stron ger prior ag ri cul tural sea son is as so ci ated with a heavier in fant 
(Bloomfieldetal.2013).

To investigate the relationshipbetweenmalariaandbirthweightoutcomes,we
use an in di ca tor var i able that com bines rain fall and tem per a ture char ac ter is tics as a 
measureofconditionsthatwouldsupportthepresenceofmalaria.Inthiscase,each
birth that resulted in a live birth (with a birth weight) is in cluded in a sin gle re gres
sionmodel,andthenumberofmonthsduringeachtrimester(again,includinga0th
tri mes ter) is con sid ered. Figure 3 shows these re sults and high lights a pos i tive as so
ci a tion be tween birth weight and ex po sure to malarious months in the third tri mes ter. 
Inotherwords,whenarespondentwasexposedtomoremalariousmonthsduringthe
laststageofpregnancy,herchild’sbirthweightwaslarger(  p < .01).

This re sult is in con sis tent with our ini tial ex pec ta tion that ex po sure to malaria would 
re duce birth weight. We be lieve that this coun ter in tu i tive re sult is explained by the 
as so ci a tion be tween greater ex po sure to malaria and an in creased risk of spon ta ne ous 
abortionduringlatertrimesters.Inotherwords,wespeculatethattheprocessbywhich
malarious con di tions im pact preg nancy is through re duc ing the like li hood that less 
healthy preg nan cies are car ried to term and ul ti mately pro duc ing a group of health ier 
infants.Althoughtheresultinitiallyseemscounterintuitive,infact,thisideaisnotnew.

The po ten tial that ad verse en vi ron men tal con di tions con trib ute to mis car riages 
andstillbirths,orevenpreventconceptions,andthereforeresultininfantswhoare
health ier has been ex plored and documented in nu mer ous stud ies fo cused on wealthy 
countries (Catalano and Bruckner 2006; Catalano et al. 2016; Wilde et al. 2017). 
Although not the cen tral fo cus of our re search (con se quently de tailed re sults are not 
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515An Analysis of Birth Weight in Mali

presentedbutareavailablefromthefirstauthor),weinvestigate thispossibility in
sim ple ways by con sid er ing how changes in malarious con di tions dur ing preg nancy 
re late to the sex of an in fant: more malarious months as so ci ated with in creased like
li hood of fe male in fants may in di cate some pre na tal se lec tion. We also use data from 
theDHSonnonlivebirthoutcomesforMaliandinvestigatewhethertheriskofnon
live birth out comes is as so ci ated with malarious con di tions.

In termsofmalariousconditions impacting thesexofan infant, results indicate
thatwhenthethirdtrimesterofapregnancyhasagreatershareofmalariousmonths,
the like li hood of a fe male in fant birth in creases. No sim i lar im pact is ob served in ear
lier stages of preg nan cy. In terms of eval u at ing the im pact of malarious ex po sure on 
pregnancyoutcomesthatdonotresultinlivebirths,ouranalysisindicatesthatwomen
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Fig. 2 TherelationshipbetweenNDVIvalues(yeart–1)andbirthweightaccordingtotrimesterspecific
exposure to the hunger season (year t)
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whowereexposed tomoremalariousconditionsafterMonth2ofpregnancywere
more likely to ex pe ri ence a nonlive birth. Both sets of re sults sup port the no tion that 
malarious ex po sure has a pos i tive im pact on birth weight through a se lec tion pro cess.

Inthethirdmodel,presentedinFigure 4,weinvestigatetherelationshipbetween
heatstressduringeachtrimesterandbirthweightoutcomes.Tomeasureheatstress,
we count the num ber of hot days that each re spon dent was ex posed to dur ing her preg
nan cy. Here we look at all  births and con sider the count of hot days dur ing each of the 
fourtrimesters.Asdiscussedearlier,thehotseasoninMalidoesnotoccurduringthe
grow ing sea son but rather be fore the grow ing sea son. This set ting then al lows us to 
in ves ti gate high tem per a tures as an as pect of heat stress sep a rately from con sid er ing 
how tem per a ture con di tions re late to ag ri cul tural pro duc tion. Although the ex act mag
nitudeof theeffectofheatstressonbirthoutcomes ishighlyuncertain, thegeneral
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Fig. 3 The relationship between malarious conditions during each trimester of pregnancy and birth weight 
for all children in the sample
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Fig. 4 Therelationshipbetweenexposure todaysabove100°Fduringeachtrimesterofpregnancyand
birth weight

trendisanegativeslopeforexposures,indicatingthataninfantislikelytohavelower
birthweightwhenexposedtomoredaysover100°Fduringthethirdtrimester(  p < .01) 
andfirsttrimester(p = .06). Heat stress ex pe ri enced by a preg nant woman dur ing these 
twotrimesterscouldpotentiallyleadtopretermbirthorintrauterinegrowthrestriction,
thereby in creas ing the risk of low birth weight (Rylander et al. 2013).

Finally,toimproveourunderstandingoftheseresults,weexploreonefinalmodel
ing ap proach: we cal cu late gen eral av er age rain fall and tem per a ture con di tions dur ing 
eachtrimesterofthebirthsinoursample.Thisapproach,whichmirrorscommonly
usedapproachesthathaveproducedarangeofdifferentoutcomes,isasimpleand
straight for ward strat egy that makes no as sump tions about the path ways linking en vi
ron men tal con di tions to health out comes. The aim of this ap proach is to de ter mine 
whether var i abil ity in weather con di tions dur ing preg nancy is as so ci ated with var i
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abil ity in birth weight out comes. Figure 5 dis plays the re la tion ship be tween av er age 
monthlyrainfallaveragedovereachtrimester,andFigure 6 dis plays the re la tion ship 
be tween av er age max i mum tem per a ture over each tri mes ter.

The tem per a ture re sults are con sis tent across the two mod els and sug gest that 
ei ther count of hot days or av er age tem per a ture con di tions ex pe ri enced dur ing a preg
nancycouldbeusedinrelatedanalyses.ThisfindingmakessensegiventhatMali
is a rel a tively warm place and that av er age tem per a ture con di tions are cor re lated 
withcountsofhotdayswhenhotdaysaredefinedas>100ºF (cor re la tion =.94for
alltrimesters).Thus,highercountsofhotdayswilloccurduringthetimewhenthe
av er age tem per a ture is great er. In a place with more sea sonal var i abil ity in tem per a
turesoragrowingseasonthatcorrespondswiththehottesttimeofyear,weanticipate
that these dif fer ent mea sures would pro duce more dis tinct re sults. The pre cip i ta tion 
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Fig. 5 The relationship between exposure to average monthly precipitation averaged over each trimester 
of pregnancy and birth weight

D
ow

nloaded from
 http://dup.silverchair.com

/dem
ography/article-pdf/58/2/499/909832/499grace.pdf by guest on 13 M

arch 2024



519An Analysis of Birth Weight in Mali

model,however,producesresultsthatdonotalignwitheitherthemalariapathwayor
thefoodsecuritypathway.(ThecorrelationbetweenNDVIandprecipitationisless
than +/–.08foralltrimesters,whichisnotentirelysurprisingconsideringthedispa
rate tem po ral scales be tween the var i ables.) Relative to this com monly used av er
agingapproach,thepathwayapproachseemstorevealdistinctlydifferentpatterns
in thedata.Infact, thedirectionandmagnitudeofresultsvarybytrimesterwhen
the av er age pre cip i ta tion ap proach is used. Because the path way ap proach relies on 
measuresthataremorecloselyalignedwiththewaysthatindividualslivinginMali
interactwiththelandscape,thepathwayspecificresultsarelikelytoprovidegreater
in sight into the ef fect of pre cip i ta tion and weather on chil dren’s health. The path ways 
ap proach pro vi des a way of di rectly quan ti fy ing the non lin ear and of ten in di rect re la
tionshipbetweenprecipitationandagriculturalyield,andtherebychildren’shealth.
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Fig. 6 The relationship between exposure to average temperature conditions during each trimester of 
pregnancy and birth weight
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Finally,weconsidertheoutcomevariableasacategoricalvariable,comparinglow
birthweight(LBW)infantswithhealthybirthweightinfants.Toconstructthisvariable,
we use the World Health Organization’s thresh old by which any child with a weight 
below2,500gramsisconsideredLBW.Withrespecttothepathwayvariables,there
sults are gen er ally con sis tent in terms of the di rec tion of the re la tion ship and the level of 
significancewhenthecategoricalvariableratherthanthecontinuousvariableisused.A
notableexceptioniswhenevaluatingtheimpactofhotdays.Duringthe0thtrimester,if
awomanisexposedtomorehotdayswhilepregnant,theriskofaLBWbirthincreases
(arelationshipthatisnotsignificantinthecaseofthecontinuousvariable,althoughthe
directionoftherelationshipisthesame).Anothernoteworthyfindingisthesignificance
ofthebirthweightrecallvariable.Usingthecontinuousvariable,wedonotfindany
significantdifferencesinbirthweightdependingonwhetherarespondentrecallsthe
birthweightorhasitdocumentedonahealthcard.Alternatively,individualswhorecall
the birth weight of their in fant are more likely to re call a LBW com pared with those 
women who had the birth weight in for ma tion documented on a health card.

Discussion

Demographicandpublichealthresearchexaminingthenegativeimpactsofclimate
change con tin ues to re veal vulnerabilities and high light groups at great risk for ad verse 
healthimpacts.Pregnantwomenandchildrenarefrequentlyidentifiedasthosefacing
some of the greatest risks as so ci ated with cli mate change through fac tors as so ci ated 
withfoodsecurity,disease,andheatstress(Phalkeyetal.2015; Rylander et al. 2013). 
InsubSaharanAfrica,childrenbornwithdecreasedbirthweightorlowbirthweight
po ten tially face a life time of ill health and re duced earn ings—fac tors that may be felt 
by sub se quent gen er a tions (Rylander et al. 2013).InsubSaharanAfrica,healthrisks
associatedwithclimatechange,suchas reducedbirthweight,arecompoundedbe
causeinadditiontodirecteffectsassociatedwithheatstress,manyfamiliesandindi
vidualsrelyonrainfedagriculturetomeettheirnutritionneeds.Furthermore,insome
countries,malariaisaconstantcauseofmajorillness,sometimesresultingindeath.

Ongoinganddramaticimprovementsinthequantityandqualityofhighfrequency,
re motely sensed data have fa cil i tated dra matic im prove ments in cli mate data for use 
in pop u la tionen vi ron ment and cli ma tehealth re search cen tered in subSaharan 
Africa. These data have been used in many dis ci plines to help ad dress some of the 
majorlimitationsintheavailabilityoffinescale,temporallyvaryingquantitativedata
used to proxy food in se cu rity and dis ease ex po sure not in cluded in the stan dard sur
veydataset.Mergingspatiallyreferencedsurveydatawiththesehighfrequencydata
sets has pro duced a grow ing body of re search that gen er ally in di cates that cli mate and 
weatherinfluencehealthoutcomes,withmanylingeringquestionsaboutthedirec
tions of the re la tion ships and mech a nisms linking cli mate and health.

Inthisproject,weselectedacountrywithaverydefinedgrowingandhungersea
son(distinctfromthehotseason),hightemperaturesduringthehotseason,andhigh
dis ease prev a lence (with malaria be ing en dem ic) to ex am ine an ap proach for iso lat
ingsomeof themost frequentlycitedmechanisms linkingpopulation,health,and
theenvironment.Wealsofocusedspecificallyoninfantbirthweight.Theapproach
we used here fo cused on mea sur ing the path ways of in ter est us ing dif fer ent data or 
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521An Analysis of Birth Weight in Mali

indicatorsthataremorecloselyalignedwiththespecificpathwayofinterest.Because
theclimate,topography,anddevelopmentlevelofMaliisrelativelyconsistentwith
otherlandlockedWestAfricancountries,theseresultscanpotentiallybegeneralized
toneighboringcountries.Central,Eastern,andSouthernAfricafacedifferentcon
ditions (multiple growing seasons, highly variable topographywithin the country,
presenceofirrigatedagriculture,andsoforth),whichmaymaketheresultslessappli
cable.Nonetheless,theapproachthatwehaveoutlinedintermsofspecifyingthetim
ing of ex po sure to bet ter eval u ate mech a nisms connecting in di vid ual health out comes 
documented in sur veys and their cli ma te/en vi ron men tal con texts may be use ful for 
struc tur ing re lated ques tions in other con texts. Other out comes be yond birth weight 
canbeusedaswell,includingchronicoracutehealthoutcomes.Theonlyrequire
ments are that place of res i dence and ex po sure con di tions be con sid ered and that spe
cifictimingofexposuresbeappropriatelylinkedtothepathwaysofinterest.

Overall,ourresearchdemonstratesthecomplexityinvolvedinquantitativestudies
of cli ma tehealth that rely on merg ing sur vey data and di verse sources of en vi ron men
tal da ta. Our re sults dem on strate the use ful ness of de riv ing dif fer ent con tex tu ally rel e
vant mea sures cap tur ing path ways linking pre cip i ta tion var i a tion and health. Based on 
ouruseofdifferentenvironmentalmeasures,theresultsofthisresearchdemonstrate
the im por tance of lo cal food pro duc tion on the health out comes of preg nant wom en. 
Ingeneral,our results indicate thatmorevegetation (asmeasuredbyNDVI)hasa
positiveimpactonbirthweightoutcomes.Notably,weconstructedthisasalagged
var i able with the idea of mea sur ing food in the com mu nity dur ing the hun ger pe ri od; 
therefore,theresultsindicatethatwomenwhoexperiencepregnanciesfollowingarel
a tively (over time or over space) bet ter sea son have babies with a higher birth weight. 
Malariaexposure,whichisrelatedtorainfall,producedresultsthatseemtosupport
a se lec tion (or “culling”) hy poth e sis. When more months within a tri mes ter (es pe
ciallythethirdtrimester)werecharacterizedasmalarious,weobservedanincreasein
birthweight.Theseresultswereconsistentacrossallmodelspecificationsandafterwe
accountedforindividualeducationorlivelihoodzones.Ouranalyticapproach,which
reliesondifferentmeasurestocapturedifferentbutrelatedenvironmentalconditions,
highlights theways that environmental conditions impact human health outcomes,
es pe cially with regard to con di tions re lated to rain fall. These re sults can be use ful for 
policydevelopmentbecausetheyhighlightspecificperiodsofgreaterrisk:womenin
later stages of preg nancy seem to be at greater risk for ad verse out comes re lated to heat 
waves,whereasthesecondtrimesterofpregnancymaybewhenexposurestoinade
quate nu tri tion and malaria have the greatest im pacts on birth out comes.

Thisresearchprovidesinsightsintoclimatehealthmodeling,butthestudy’slim
i ta tions must also be con sid ered. Birth weight data were reported in 75% of cases in 
thedataweused,withthemajorityofthemissingbirthweightinformationconcen
tratedamongurban respondents.We includedurban residenceas afixedeffect in
themodels,andtheconcentrationofmissingbirthweightamongurbanrespondents
likelyresultedinbiasingtheresultstowardthenullratherthaninoverinflatingsignif
icance.Still,itrepresentsareallimitationoftheDHSdataonbirthweight.

Further,themalariaindexisnotideal(Tanseretal.2003),likelymismeasuring
somemonths.Themalaria index considers temperature and rainfall, andmost of
the months that are assigned a value of 1 are grow ing sea son months. Our strat egy 
ofseparatingNDVIfrommalariaandusingcompletelydifferent timingsanddata
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should help to dis tin guish the ef fects of food avail abil ity from those of malaria ex po
sure,butonlytoanextent.Themalariaindicatorislikelybestsuitedforidentifying
malaria risks in places where malaria is ep i demic or where there are his tor i cally few 
outbreaks.Therefore, thepositiveassociationobservedbetweenthethirdtrimester
and malaria ex po sure may cap ture some as pect of grow ing sea son con di tions or some 
other ar ti fact of the cli ma to log i cal con di tions that make up the in dex.

Finally,atthebeginningofthisarticle,wediscussedthemethodologicalopportu
ni ties as so ci ated with us ing highfre quency spa tial data of dif fer ent spa tial and tem
poral scales to better capture local contexts. In fact, this research largely focuses
on the importanceofconsidering localcontexts—specifically, thegeophysicaland
land scape con texts—to ad vance cli ma tehealth re search. And al though con cep tual 
frameworks thathighlight social,behavioral, andcultural factorsunderpinour re
search,thespecificwaysthatindividualsinteractandrespondtodifferentenviron
men tal or health con di tions and events is not cap tured here. We ac knowl edge that it is 
of fun da men tal im por tance to con sider the so cial and cul tural as pects of health with 
attention tohowthosefactorsvaryoverspaceand time.InMali, forexample, re
search has shown that child health is re lated to the mar i tal and house hold sta tus of the 
child’s mother and to fac tors re lated to the moth er’s house hold sta tus when she was 
achildherself(specifically,whetherthemotherwasafosteredyouth)(Castle1995; 
Dettwyler1993).Researchalsoshowsthatpoorwaterquality,timerequiredtocol
lectfuelwoodforcooking,andinadequatefinancialresourcestoaffordmedicalcare
duringpregnancy,birth,andlateronhavesignificantimpactsonchildren’shealthand
de vel op ment (Ad ams et al. 2002; Bove et al. 2014;Dettwyler1993).Furthermore,
farmersandhouseholdsmayresponddifferentlytosimilarenvironmentalconditions,
resulting in dif fer ing health and eco nomic out comes.

Thus,withintheseareasofresearch,notallindividualsfacethesameoutcomes
de spite shar ing sim i lar en vi ron men tal ex po sures. It is clear from the re search that 
adversehealthoutcomes,suchaslowbirthweight,resultfrommultipleinteracting
factors.Dettwyler(1993:36) noted that there is a cul tur ally and con tex tu ally im por
tant “safety net of overlapping sup port sys tems” cre ated by a fam ily and com mu nity 
to guard the health of chil dren. In the case of ad verse health out comes such as low 
birthweight, thesechildrenhaveslipped through thecomplexsafetynet.Among
researchers,verylittleisknownaboutlocallyrelevantsafetynetsorhowpregnant
womenmanageextremeheat,exposuretomalaria,orfoodinsecurity.Itisachal
lenge for quan ti ta tive data and an a ly ses to cap ture and mea sure the range of safety 
nets,anditisoneoftheimportantlimitationsofthisresearchandthegrowingfield
of cli ma tehealth re search. None of the data sets used in this anal y sis pro vide in sight 
into man age ment or cop ing strat e gies as so ci ated with health de ci sions used in the 
face of cli mate change. In ad di tion to worth while and on go ing ef forts by quan ti
tativeresearcherstouseexistingdatatobettercaptureimportantclimatefeatures,
qual i ta tive re search that in ves ti gates re source man age ment and cli mate ad ap ta tion 
strat e gies at the house hold and in di vid ual lev els is greatly needed to fur ther ad vance 
researchinthisarea.■
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