


Conclusions/Significance

The future projection of CL in Palestine until 2060 show a tendency of increasing incidence

in the north western parts of the West Bank, disappearance from Jericho and Tubas

throughout the Jordan Vally, and emergence of new CL endemic foci in the Gaza Strip.

These results should be considered to implement effective control and surveillance systems

to counteract spatial expansion of CL vectors.

Introduction

Leishmaniasisisaneglectedtropicaldiseasecausedbyanobligatoryintracellularprotozoan
parasitebelongingto thegenusLeishmania andtransmittedto humansby thebiteof
bloodsuckingsand-fliesof thegenusPhlebotomus in theOld World andLutzomyia in theNew
World. Thethreemainclinicalpicturesof leishmaniasisarecutaneousleishmaniasis(CL),
whichis themostcommon,mutilating mucocutaneous,andvisceralleishmaniasis,whichcan
belethalif left untreated.Thediseasehasawidedistribution andisendemicin circumscribed
areasin Asia,Africa,Europe,Middle East,andCentralandSouthAmerica[1, 2].

CutaneousLeishmaniasescontinuesto beamajorpublichealthproblemin Palestine.The
two indigenousspeciesLeishmania major andL. tropica causemostof thehumanCL cases.
However,L. infantum, whichis themaincausativespeciesof humanvisceralleishmaniasis
(VL) in Palestine[3], wasrecentlyisolatedfrom humanCL casesaswell [4]. L.major causes
zoonoticCL in rodents,mainly theªfat sandratº Psammomys obesus, servingastheanimal
reservoir.Thevectoris thefemalesandflyof thespeciesPhlebotomus papatasi. However,L.
tropica is consideredto beanthroponotic,beingtransmittedfrom personto personby female
sandflyof thespeciesPhlebotomus sergenti [5, 6]. Nevertheless,recentstudiesfrom Israelhave
suggestedthatsomeof CL casescausedbyL. tropica arezoonoticwith rock hyraxes(Procavia
capensis) servingastheanimalreservoir[7, 8]. PalestinianCL casesarereportedexclusively
from certainfoci in theWesBankwithout casesbeingreportedin theGazaStrip [9].

Clinicalpresentationof CL appearsasoneor multiple lesionscommonlyon theface,neck,
arms,andlegs.A papuleappearsat theinoculationsitewhichmayenlargeto becomeanindo-
lentulceratednoduleor plaque.Lesionpresentationvariesaccordingto thecausativespecies
of theparasite.L.major frequentlyappearsasseverelyulceratedandinflamedoneor multiple
lesionson theskin,whichusuallyhealspontaneouslywithin 2±8months.However,L. tropica
appearsasdry ulcerswhicharemoredifficult to treatandmaypersistmorethanayearand
leavingdisfiguringscars.Moreover,L. infantum typicallycausesasinglenodularlesionof the
facewithout appearanceof crustor ulcerandwithout anyvisceralinvolvement.Theoccur-
renceof thethreeLeishmania specieswasdescribedin manycountriesin theMiddle East[4,
10,11].Thisoccurrenceisclimate-sensitive.Changesin averagetemperature,humidity and
rainfall havestronginfluenceon vectorsandreservoirhostsof Leishmania by influencingtheir
survivalandalteringtheir distribution andpopulationsizes.Fluctuationsin temperatureaffect
thedevelopmentalcycleof Leishmania promastigotesin thesalivaryglandsof sandfliesallow-
ing parasitestransmissionandemergenceof newendemicfoci.Moreover,climatichazards
anddisasterscanleadto massivedisplacementandmigrationof populationto Leishmania
endemicareasthuscontributing to increaseincidenceof thedisease[12,13].

RecentWHO reportson cutaneousleishmaniasisin thePalestinianterritory highlight the
needfor morecomprehensivestudieson CL incidence,prevalenceanddistribution especially
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from GazaStripwhereno casesof humanCL werereported,thoughCL isabundantin the
nearbySinaiPeninsula[14,15].

Populationdensityof phlebotominesandfly in Palestinehasnot beenthoroughlystudied.
Sawalhaet al. [16] describedfivepotentialPhlebotomus vectorsof leishmaniasisin theWest
Bankof whichP. papatasi constitutedapproximately90%,P. syriacus 8%,P.mascitti 2%,fol-
lowedbyP. sergenti andP. tobbi whichwerelessabundant.However,theyconcludedthatP.
papatasi,P. sergenti, andP. syriacus arethemostprobableregionalvectorsfor L.major, L. tro-
pica, andL. infantum, respectively.In HebronGovernateP. syriacus andP. tobbi wereabun-
dantwith 45%and10%,respectively,comparedto 15%P. tobbi and13%P. syriacus in Jenin
and45%P. perfiliewi in thenorth of Palestine.ThesespeciesareconsideredasL. infantum vec-
tors in theMediterraneanbasin[3, 13].

Thispolymorphicandcomplexoccurrenceof CL in Palestine,whichincludesdifferent
modesof transmission,reservoirhosts,andPhlebotomus sandflyvectorsis influencedbysev-
eralfactors.Thesefactorsincludeseasonaloccurrenceof theaffectingsandflyvectors[17],
whichincreasesfrom mid-springthroughto mid-autumn[16,18],temperature,rainfall,
humidity, andsunshine[14,19,20].Moreover,CL dynamicshavechangedin responseto
environmental,agriculture,demographicandhumanbehavioralfactors.Thishasledto a
changein thegeographicdistribution of thetransmittingvectorsandanimalreservoirs.[4,9,
19,21].

Many infectiousdiseases,including leishmaniasisexhibitheterogeneityin spatialandtem-
poraldistribution [22±24].Spatialstatisticalmethods,basedon thegeographicalinformation
system(GIS),havebeenwidelyappliedin thesurveillanceandtheevaluationof theeffective-
nessof preventiveinterventions.Spatiotemporalanalysisprovidesanefficienttool to visualize
theepidemiologicaldataandhelpobservethegeographicaldistribution of diseasefrom a
moreintuitive point of view.Moreover,it canidentify spatialandtemporalclustersfrom a
deeperlevelanddeterminethehigh- andlow-risk areas.

Theaimof thisstudywasto investigateeco-epidemiologicalparametersandspatiotemporal
projectionsandclusteringof CL in Palestineovera30-yearsperiodfrom 1990through2020.
Our studyinvestigateddemographiccharacteristicsof reportedpatientsby thePalestinian
Ministry of Health(PMoH), CL prevalencein thePalestinianpopulation,geographicaland
seasonaldistribution,distribution of casesbyageandgender.Furthermore,possiblefactors
associatedwith CL transmissionanddistribution arediscussed.Moreover,weinvestigatedthe
spatiotemporaldistribution of CL in afutureprojectionto shedmorelight on theexpansion
potentialof thediseasein Palestineuntil 2060basedon scenariosof climatechangethat influ-
encetheoccurrenceanddensityof thesandfly.

Materials and methods

Study design

A long-termdescriptiveepidemiologicalstudywasconductedto investigatehumanCL cover-
ing the30-yearperiodfrom 1990to 2020in Palestine.WecollectedCL patient'sprofilesfrom
theprimary healthcareclinicsandannualreportsasrecordedby thePalestinianMinistry of
Health(PMoH). Thedataincludesage,gender,geographicalorigin, dateof infection,diagno-
sismethods,andtreatment.SinceCL isareportablediseasein Palestine,diagnosisandtreat-
mentareprovidedexclusivelyandfreeof chargeby thePMoH andits primary healthcare
clinics.Therewasno changein thereportingsystemoverthetime period.Inclusioncriteria
includedall patient'sprofilesavailablein thePMoH reportsandarchivesuntil 2020.

Diagnosiswasbasedon clinicalpicture,microscopicexaminationof giemsa-stainedsmears
of skin tissuefor amastigotes,andpatient'splaceof residenceor documentedtravelingto an
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endemicarea.Serologicalandmolecularapproachesfor diagnosisandLeishmania species
identificationhavebeenintroducedto thePMoH after2010andhaveledto increasedspecific-
ity andsensitivityof thediagnosis.

Study area and population

WeinvestigatedhumanCL casesreportedby thePMoH in all elevengovernoratesof theWest
Bank:Jenin,Tulkarem,Nablus,Tubas,Jericho,Salfit,Qalqilya,Ramallah,Jerusalem,Beithla-
hemandHebron;with no reportedcasesin theGazaStrip.Thewestbankisborderedby the
Kingdomof Jordonto thewest.It isoccupying5640km2 (including EastJerusalem)with a
totalpopulationof 2.85Mio inhabitantsasreportedby thePalestinianCentralBureauof Sta-
tistics(PCBS)in mid-2017[25]. Theinhabitantsaredistributedacross11governoratesand
rangedfrom 70,5053in Hebronto 49,568in Jericho.

Theseareasarecharacterizedbygreatvariationsin landformandaltitude(rangesfrom
-400mbelowthesealevelin theDeadSeabeachto 1020min thehighestpoint in Hebron
vicinity). TheclimateismostlyMediterranean.Theaveragetemperaturein themountains
overtheyearis7±10degreeslowerthanat thedry, hot DeadSeashoreline.Theprecipitation
andtemperaturearevariedaccordingto altitude(rangesfrom warmandto dry hot summers,
andcoolto mild winters).Terrainsaremostlyrugged,dissecteduplandin westernareas,flat
plainsdescendingto JordanValleyto theeast.

Data analysis and calculations

Wecalculatedtheaverageannualincidencerate(AAIR) per105 populationfor eachof the11
governoratesin theWestBankbetweentheyears1990±2020basedon themid-yearpopulation
sizefor eachgovernorateestimatedby the(PCBS)[25]. At first, wecalculatedtheannualinci-
dencefor eachgovernoratein eachyearfrom 1990until 2020bydividing thenumberof cases
in thegivenyearandgivengovernorate/ mid-yearpopulationsizefor thisgovernoratein that
year�105population.Thenwecalculatedtheaverageannualincidencefor eachgovernatesep-
arately.TheAAIR for theWestBankwascalculatedasanaverageof theAAIR for the11gov-
ernates.Distribution mapsandfrequencytableswereplottedfor eachgovernorate,yearand
month of infection,andtheaveragenumberof casespergovernorate.Moreover,caseswere
distributedby,age,genderandseasonof infection.

Spatiotemporal analysis and projections mapping

Weconductedacorrelativedistribution modellingwith thedatabaseof theCL casesin Pales-
tine for thetime period1990±2020asoccurrencedata.Thedistribution of climaticallysuitable
zonesfor transmissionof CL wasconcludedbasedon thesedataandon thebiologyof the
sandfly.

Wereviewedtheliteratureto identify environmentalandecologicalfactorsaffectingsandfly
distribution [23,24,26,27],eightof the19bioclimaticvariablesof Worldclim (afreeclimate
datafor ecologicalmodellingandGIS)(http://www.worldclim.org/bioclim) [28] wereselected
for thecurrentandfutureprojections.Thesevariablesare:BIO1ÐAnnual MeanTemperature,
BIO2ÐMeanDiurnal Range(meanof monthly (maxtempÐmin temp)),BIO4ÐTemperature
Seasonality(standarddeviation�100),BIO7±TemperatureAnnualRange(BIO5-BIO6),
BIO10ÐMeanTemperatureof WarmestQuarter,BIO11±MeanTemperatureof Coldest
Quarter,BIO12ÐAnnualPrecipitation,andBIO15±PrecipitationSeasonality(Coefficientof
Variation).All climatedatahavespatialresolutionof 2.5arc-minutes(approximately5 km).
Thegeographicallocationof eachendemicvillage(longitude,latitude)wasobtainedusing
GeoLocator(http://tools.freeside.sk/geolocator/)(version1.35).
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Weappliedfour modellingalgorithmsto modelthedistribution of CL in Palestine.These
algorithmsare:GLM (GeneralizedLinearModel) [29], GBM (GeneralizedBoostedModel)
[30] andRF(RandomForest)[31] includedin thebiomod2R-Packageversion3.3±7(https://
CRAN.R-project.org/package=biomod2)[32] andMAXENT (Maximum-Entropy-Modelling)
[33]. Ensemblemodelling[34,35]wasappliedusingthesefour algorithmswith eachalgorithm
havingthesameweighting(25%).TheavailableCL datafrom 1990±2020wereusedto calcu-
latethecurrentandthefutureprojections(2041±2060)for CL in Palestine.Thecalculationof
CL futureprojectionswasperformedbasedon mpi-esm-lrclimatemodelandtheRCP4.5
emissionscenario.Thelatterisanintermediatescenarioexpectingaraisein theglobalmean
surfacetemperaturebetween1.1ÊCand2.6ÊCuntil theendof thiscentury[36]. RCPis the
RepresentativeConcentrationPathways(RCPs),whichareusedfor makingprojectionsbased
on factorsdriving theAnthropogenicGreenhouseGasemissionswhichincludepopulation
size,lifestyle,economicactivity,landusepatterns,energyuse,technologyandclimatepolicy.
(RCPs)describefour different21st centurypathwaysof GreenhouseGasemissions.These
includeastringentmitigation scenario(RCP2.6),two intermediatescenarios(RCP4.5)and
(RCP6.0)andonescenariowith veryhighGreenhouseGasemissions(RCP8.5).WeusedGIS
software(QGIS2.8.4-Wien,http://www.qgis.org/de/site/)for mappingof thederivedcurrent
andfutureprojectionsof CL in Palestine.

Ethics statement

Thestudyusedde±identifieddataandall information regardingindividualswasmadeanony-
mousto investigatorsfrom thesource(PMoH) prior to analysis.Informedconsentwasnot
necessarybecausethedatawereanonymized.Thisprocesswasapprovedby theResearchEth-
icsCommitteeatAl-QudsUniversity.All dataareavailablefrom PMoH archivesandreports
(http://site.moh.ps/index/index/Language/ar).

Results

WecollectedandinvestigatedthePalestinianministry of healthreportsandtheavailableCL
patient'sprofilesfor theperiodbetween1990±2020.Thenumberof CL patientsreporteddur-
ing thisperiodwas5855cases,andtheaverageannualincidenceratewas18.5cases/105 popu-
lation.All CL patientscameexclusivelyfrom theWestBankwith no casesreportedin the
GazaStrip.Themaleto femaleratio was1.25:1.

Distribution of patients-ageatonsetof illnessrangedfrom 2 monthsto 89years
(mean= 22.5,std18.67years,andthemedianwas18years).57%of thepatientswereyounger
than20years,16%agedbetween21±30yearsold,9%were31±40,and18%were41yearsor
older.

More than65%of thecasescamefrom threegovernates;Jenin29%(1617cases),Jericho
25%(1403),andTubas12%(658).TheAAIR/105 populationandtheaveragenumberof
patients/yearin thesegovernateswere22.9(50.5),106.9(43.8),and40(21.2),respectively.
(Table1) and(Fig1) showall endemicgovernatesin theWestBankwith respectivedistribu-
tion of patientsrepresentedby totalandaveragenumbersperyearandtheAAIR/105 popula-
tion. No caseswerereportedthroughoutGazaStripduring thisstudy.

Annualandmonthly distribution of CL caseswereinvestigatedoverthestudiedperiod.A
peakof diseaseincidenceoccurredin 1995followedbyseveralpeaksin 2004,2009,2011and
thehighestwasin 2015.Thediseasepeakedagainin 2017andfollowedbyadramaticdecrease
during theyearsafter(Fig2A).Trendof seasonalityoverthe30-yearsperiodwasexplored
accordingto themonthly distribution of CL cases.Numberof casesstartsto increaseon
Decemberandcontinuesto peakduring MarchandApril of thefollowingyear.Gradual
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decreaseof diseaseincidencestartson Mayandcontinuesdecreasingduring summerseason
(June-August)to reachits minimum during autumn(September-November) (Fig2B).

For1649patients,theexpectedinfectiondatewasprovidedtogetherwith therecording
date.Theaveragenumberof daysbetweeninfectionandrecordingdatesfor thiscohortwas79
daysandthemedianwas60days.

Treatmentof CL in Palestineisavailableexclusivelyandfreeof chargeby thePMoH.This
includeintramuscularpentavalentantimonialsodiumstibogluconate(Pentostam)(10±20mg/
kgbodyweight)daily for 10±20days.No resistantCL caseswerereportedandcompleteheal-
ing wasobservedaftertherapy.Spatiotemporalanalysisbasedon climaticsettingsin Palestine
showsdifferentclimaticsuitabilityfor thesandfliestransmittingCL in differentpartsof the
WestBankandtheGazaStrip.Thisspatiotemporalanalysisincludedall confirmedCLpatients
asreportedby thePalestinianMinistry of Healthovera30-yearsperiodfrom 1990through
2020.

Thepresentandfutureclimaticsuitabilitiesfor occurrenceof CL for thisperiodisshownin
Fig3.Correspondingnumberof CL casesin eachendemicareawasaddedasdifferentsymbols
in thepresenceprojectionmap(Fig3).Moreover,wecalculatedthefutureprojectionfor the
years2041±2060basedon expectedclimaticsettingsandtheir adaptabilityto thesandflypopu-
lation. It showshigherincidencesfor thewesternWestBank.Furthermore,first caseshaveto
beexpectedin thesouthernGazastrip.

Discussion

Theepidemiologyandspatiotemporaldistribution of CL in Palestineover30-yearsperiod
wereinvestigated.Thetotalnumberof reportedcasesby thePMoH was5855andthecalcu-
latedAAIR was18.5casesper100.000population.This figuredid not indicatecasesbycausa-
tiveLeishmania speciesandgroupedall CL patientstogether.Routingdiagnosisby thePMoH
doesnot includeparasitespeciationandgenotyping.Accordingto previousstudies[9], L. tro-
pica andL.major arethecausativeleishmania speciesof CL in Palestine.However,L. infantum
wasisolatedfrom fewcasesin theJeningovernorate[9]. CL caseswasconfinedto theWest
Bankandno caseswerereportedfrom Gazastrip.Although,cutaneousleishmaniasisisabun-
dant in North Sinai[14] andIsrael[37], borderingtheGazaStrip,thereisno information

Table 1. Distribution of cutaneous leishmaniasis cases in the West Bank between 1990 and 2020.

Governorate Number of patients a Percentage AAIR/105 population b Average number of patients/year

Jenin 1617 29% 22.9 50.5

Jericho 1403 25% 106.9 43.8

Tubas 658 12% 40 21.2

Nablus 521 9% 5.6 16.3

Hebron 386 7% 2.0 12.1

Beithlahem 325 6% 5.8 10.2

Qalqilya 202 4% 6.2 6.3

Salfit 176 3% 8.8 5.5

Tulkarem 148 3% 2.8 4.8

Ramallah 138 2% 1.5 4.3

Jerusalem 81 1% 0.7 3.0

Total 5655 100% 18.5 176.7

a Thetotal numberof patientsrecordedby thePMoH between1990and2020in eachendemicgovernorate
b TheAverageAnnual IncidenceRate(AAIR) per100.000population.

https://doi.org/10.1371/journal.pone.0268264.t001
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aboutLeishmaniasis in generalfrom therewith no autochthonousinfectionsreported[3, 9,
23].Likemanyareasin thecoastalplain in Israel,thediseaseincidenceisverylow andreached
to zeroin manyareas[37]. Themostlikely scenarioto justify this trendof CL distribution is
theecological,climaticconditions,farmingactivities,cultivation,andovercrowdingin Gaza
Stripwhichareprobablynot preferredby thesandflyvectorsnor by thereservoirhost.How-
ever,misdiagnosis,self-healing,andseekingmedicaltreatmentin privateclinicswhichdo not

Fig 1. Distribution map of human cutaneous leishmaniasis in Palestine 1990–2020. Thelocationof GazaStripandWest
Bank,Palestine(top left).Geographicaldistribution of humancutaneousleishmaniasisbetween1990and2020in each
endemicgovernoratein theWestBank.No caseswerereportedfrom GazaStrip.CLcasesarerepresentedby theaverage
numberof patients/year,andin parenthesis theaverageannualincidencerate/100.000populationcalculated for each
governoratefrom 1990until 2020.Table1showsthemid-yearpopulation asestimatedby thePalestinianCentralBureauof
StatisticsPCBSin 2017.Mapswerecreated,adaptedandeditedfrom thefreelyavailablesources(http://eol.jsc.nasa.gov/
sseop/clickmap/) byAdobePhotoshopCC2021.

https://doi.org/10.1371/journal.pone.0268264.g001
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reportcasesto thePMoH shouldnot beexcluded.Theinfluenceof thesefactorshasto bethor-
oughlyinvestigatedandcomparedwith therestof theregion.

Genderdistribution of CL in Palestinedid not showsubstantialdifferencesbetween
infectedmalesandfemales.Thetrendof equalgenderdistribution wasdescribedfor visceral
leishmaniasisaswell [3, 23].This indicatesanequalexposureof bothgendersto sandflybites
andequalinfectionwith differentLeishmania species.Agedistribution of patientsshowedthat
themajority of caseswareyoungerthan20years.Trendsof agedistribution of CL casesin Pal-
estineremainsthesameoverthepastyearsasdescribedin otherstudies[19].

Thecurrentgeographicaldistribution of CL in Palestineis focusedin threegovernorates
extendingfrom JerichothroughTubasto Jenin.However,Fig1 showsthemapof CL distribu-
tion in all governoratesof theWestBankwith no casesreportedin GazaStrip.Previousstudies
showedthatL.major wassignificantlyrestrictedto theJerichodistrict whileL. tropica were
from Jericho,Tubas,Nablus,Bethlehemandin all othergovernates[19,37].Thisuniquegeo-
graphicaldistribution of causativeLeishmania speciesthroughouttheWestBankisdeter-
minedby thesandflypopulationsandtheparasitehostdistribution whicharehighly
dependenton climaticandenvironmentalfactors.Thelattershowedhighvariabilityranging
from desert-like,hot,anddry environmentin JerichoandTubasin theJordanVally with a
uniquetopographyandelevationdownto 300m belowtheseaslevel,to hilly andmountain-
ousdistrictsin themiddleandwesternpartsof theWestBank.

Annualdistribution of CL casesoverthe30-yearsstudiedperiodshowedmultiple peaks.
Thefirst peakoccurredin 1995andmostcasescamefrom theJerichogovernorate.A previous
studyfrom thisareaidentifiedL.major asthecausativespeciesandattributedthispeakto the
socio-politicalchangesaftertheOsloagreementwhenthousandsof Palestinianreturneesfrom
abroadandthePalestinianPoliceForcewereresettledin Jerichogovernorate[19]. Thesecond

Fig 2. Annual and seasonal distribution of human cutaneous leishmaniasis in Palestine between 1990–2020. (A): Annualdistribution of cutaneous
leishmaniasispatients1990±2020. Datalabelsshowannualincidencerateper100.000populationcalculatedfor eachyear(B): Seasonaldistribution of patients
permonth representedby thedateof reportingasobtainedfrom PMoH profiles.Datalabelsshowpercentageof casespermonth overthestudiedperiod.

https://doi.org/10.1371/journal.pone.0268264.g002
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peakwasin 2004andfollowedbyseveralpeaksasshownin Fig2A.Previousstudiesidentified
L.major andL. tropica ascausativeagentscoexistingin theWestBankandcontributing to the-
sesgeographicalandseasonalpeaksof thedisease[9, 19,37].Thereareseveralfactorscontrib-
uting to theincreasingCL incidencein Palestine.Theseincludehumanimmigration to
endemicareas,urbanizationandagriculturalactivities,landuse,andclimaticandenviron-
mentalconditions.However,migrationof CL casesin Palestineisnot easyto predictandwas
not quantified.

Monthly distribution of theCL casesshowedaseasonalpatternthat trails thesandflyseason
andabundance,which increasesfrom mid-springto mid-autumn[16,18].Theaveragenum-
berof daysbetweeninfectionandrecordingdatewas79days.This incubationperiod(~2±3
months)justifiesthepeakof casesfrom MarchthroughApril following thesandflyseason.
However,seasonaldistribution of CL casesin Jerichogovernatewasdescribedfor L.major
andL. tropica whichpeaksin January-FebruaryandMarch-April respectively[19].

Currentandfutureprojectionsof CL in Palestinewereexploredbasedon eightbioclimatic
variablesaffectingclimaticsuitabilitiesof thesandfly vectors.Currantdistribution basedon
patient'sinformation collectedfrom 1990through2020showsthatJericho,Tubas,Jeninand
Nablushavethemostsuitableclimaticsettingsfor thesandflyvectorsin theWestBank,while
GazaStripwasnot likely thefavourable.TheselectedbioclimaticvariablesincludingAnnual
MeanTemperature,MeanDiurnal Range,TemperatureSeasonality,TemperatureAnnual
Range,MeanTemperatureof WarmestQuarter,MeanTemperatureof ColdestQuarter,
AnnualPrecipitation,andPrecipitationSeasonalityhaveshownhighclimaticsuitabilityand

Fig 3. Spatiotemporal analysis of cutaneous leishmaniasis in Palestine. Spatiotemporalanalysisof cutaneousleishmaniasisin Palestinefor thetime period
1990±2020. Designedcurrentandfutureclimaticsuitabilitiesfor cutaneousleishmaniasisin Palestineareshownon themaps.Currentprojections(right map)
andthefutureprojections(left map)areshown.Futureprojection of cutaneousleishmaniasis in Palestinewascalculated for thecomingyears2041±2060using
thempi-esm-lr climatemodelandtheRCP4.5scenario.Numberof (CL) casesin eachendemicareawereaddedto thepresenceprojectionsandindicatedas
differentshapesin themap(left map),showingthenumberandtheoccurrenceof CL casesin differentendemicareasthroughout of thecountry.Thisfigureis
licensedunderCCBY4.0.

https://doi.org/10.1371/journal.pone.0268264.g003
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favouredclimaticconditionsfor thesandfly in thesepartsof theWestBank.Theseresultsare
in agreementwith previousstudyfrom Jerichogovernorateandits vicinity whichfoundsignif-
icantcorrelationbetweenthemonthly numberof caseswith meanaveragetemperature,rela-
tivehumidity, meanaverageevaporation,wind speed,meanaveragerainfall andsunshine
whicharefavourablefor theparasitevectorsandhosts[19].

Thefutureprojectionsof CL in theWestBankuntil 2060indicateastabilizationof Jenin
andNablusgovernoratesashighlysuitableregionsandanincreaseof thesuitabilityin the
westernpartsof thesegovernorates.Moreover,increasingsuitabilityisshownin Tulkarem,
Qalqilya,Salfit,andRamallahgovernoratesandhenceahigh risk of CL will expandstarting
from northwestof Jenindownto thesouthwestof Ramallah.Thefoci in JerichoandTubas
throughouttheJordanVally arepredictedto disappearin thefutureaccordingto theprojected
climatechangesof thebioclimaticvariablesincludedin our analysis.Thesechangesincludean
increasein theannualtemperaturerangeandadecreaseof thehumidity to alevelthatcannot
betoleratedbysandflyvectors.Moreover,spatiotemporalprojectionsshowedthatendemic
foci aroundHebroncity areprojectedto offer lessfavourableconditionsfor CL vectorsand
thereforeareat lowerlevelof risk.However,thewesternpartsof BeithlahemandHebronare
projectedto beathigherlevelof risk comparedto thecurrentsituation.Interestingly,the
futureprojectionof CL until 2060indicatesanincreasingsuitabilityof climaticconditionsfor
CL vectorsin GazaStrip,andapossibleemergenceof newendemicsespeciallyin thecitiesof
KhanYunesandRafahto thesouth.

Sincesandflyvectordistribution dependson climaticandenvironmentalconditions,tem-
peraturewasfoundto beoneof themostimportant parametersin their survival,development,
behaviour,andactivity[20]. Daily minimum temperaturethatnormallyrecordedin theeven-
ing andatnight ismorevital thanthedailymaximumtemperaturesincemostsandflyspecies
exhibitpredominantactivityperiodsduring thenight [38±41].Theseactivitiesincludeblood
andsugarfeeding,hostseeking,mating,andoviposition[42,43],However,species-specificdif-
ferencesin thepeakactivity,whichcaninfluencethevectorialcapacityof differentspecieswere
observed[44±46].Thiscanjustify thedifferencesin currentoccurrenceandfutureprojections
betweenCLandVL in Palestine.Previousstudieson VL indicatedthat theendemicfoci in
mostgovernoratesof theWestBankareprojectedto disappearin thefuture[23] comparedto
CLwhichisprojectedto continuein theWestBankandpossiblyemergein GazaStrip.

Anotherfactorfor thesandflyeggandlarvaegrowthishumidity whichoriginatesasrain-
fallsandcondensation.It haslessimportant role in adulthoodbut isverysignificantin the
pre-adultstagesto reachthestageof amaturationof thesandfly.However,humidity in general
is lessimportant thantemperatureparameters[41]. Climatechangeassociatedwith tempera-
tureandhumidity hasthepotentialto expandthegeographicrangeof leishmaniasisin many
countries[24,47].Thisexpansionis relatedto alikely increasein annualmaximumandmini-
mum temperature,thelatter isassumedto experienceagreaterincrease.Moreover,precipita-
tion in Palestinehasexperiencedasignificantdecreaseespeciallyin winter andearlyspring.
Futureprojectionsof climatechangesin Palestineexpectareductionin rainfall andprecipita-
tion levelswith seasonalwarminganddrying.On theotherhand,humanactivitiesincluding
urbanisation,agricultureandlandusecancontributeto changesin vegetationwith subsequent
changesin vectorandhostdensityandcomposition.Furtherinvestigationsof thesefactors
andtheir potentiallycontrastingeffectsarestill needed.

Theresultsof thisstudymayhavethefollowinglimitations;somecasesof leishmaniasismay
havebeenunderreportedbecauseof their sub-clinicalsymptoms.Thespatialdistribution pattern
andepidemiologicalcharacteristicsof thediseasewerecarriedout between1995and2020,data
before1995wasnot available,andtheenvironmentalfactors,meteorologicaldata,urbanization,
andsociologicalfactorsthatmaydrivetheleishmaniasisepidemichaveyetto beexamined.
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In conclusion,theepidemiologyandspatiotemporaldistribution of CL in Palestineover
30-yearsperiodshowedaclimaticsuitabilityof CL in theWestBankbut not theGazaStrip.
Futureprojectionof CL until 2060indicatesincreasingincidenceof CL startingfrom north-
westof Jenindownto thesouthwestof RamallahincludingNablus,Tulkarem,Qalqilya,and
Salfit.CL in JerichoandTubasthroughouttheJordanVally isprojectedto disappearin the
futureandthemodellingfor Hebroncity suggestslessfavourableconditionsfor CL vectors.In
GazaStrip,thereisanincreasingclimaticsuitabilityfor CL vectorsandapossibleemergence
of newendemicsespeciallyin KhanYunesandRafahgovernates.Theseresultsshouldbecon-
sideredto implementeffectivecontrol andsurveillancesystemsin specificregionsatanearly
stageof risk exposure.This includesperiodiccheckof thesandflyoccurrencein theareas
underrisk andsprayliving andsleepingareasof thesandflywith insecticides.Hence,the
threatof theclimatic-drivenspatialexpansionof CL vectorscanbecounteracted.Moreover,
control of animalreservoirhostsof CL shouldbeimplementedaspartof thesurveillancesys-
temin thePMoH.Theresultsof thisstudycouldimprovetheunderstandingof theepidemic
characteristicsandspatiotemporalpatternsof leishmaniasisdiseasein thecountry.It canalso
aid in shapingapproachesfor interventionandprovideabasisfor policydecisionsin caseof
healthresourcemanagementandallocationsin thetargetedareas.On theotherhand,spatio-
temporalclusteringanalysisisapredictionstrategyfor asustainableapproachto monitor the
spreadof CL in Palestine.
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