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Abstract
Climate change poses significant challenges to global food systems and public health, necessitating innovative and sustainable approaches to agriculture. Climate-Smart Agriculture (CSA) has emerged as a holistic framework that integrates agricultural productivity, climate adaptation, and mitigation strategies while enhancing resilience. This review critically examines the role of CSA in strengthening public health resilience, particularly in vulnerable and resource-limited communities. The study highlights how CSA practices, such as conservation agriculture, agroforestry, water-efficient irrigation, and climate-resilient crop varieties, contribute to improved food security, nutritional outcomes, and environmental sustainability. Additionally, the review explores the interconnections between climate change, agricultural practices, and health risks, including malnutrition, heat stress, vector-borne diseases, and water-related illnesses. CSA approaches can mitigate these risks by promoting sustainable resource use, reducing greenhouse gas emissions, and enhancing ecosystem services. However, the adoption of CSA faces several challenges, including limited awareness, financial constraints, policy gaps, and socio-economic inequalities. The paper emphasizes the importance of integrated policies, capacity building, and community engagement in promoting CSA practices. Furthermore, it underscores the need for interdisciplinary collaboration among agricultural scientists, public health professionals, and policymakers to address climate-related health challenges effectively. CSA represents a promising pathway for achieving sustainable agriculture and resilient public health systems. Its widespread implementation can significantly contribute to global efforts aimed at combating climate change and improving population health outcomes
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1.Introduction caneitherexacerbateormitigatetheserisksdepending onhowtheyareimplemented(11).CSApromoteseffi- Climatechangeisoneofthemostpressingglobalchal- cientwateruseandpropermanagementpracticesthat lengesofthe21stcentury,withfar-reachingimpacts reducethelikelihoodofvectorbreedinganddisease onagriculture,ecosystems,andhumanhealth(2,3). transmission(11).Furthermore,climatechangecon- Risingtemperatures,erraticrainfallpatterns,andan tributestoincreasedexposuretoextremeheat,which increasedfrequencyofextremeweathereventssuch canhaveserioushealthimplications,particularlyfor asdroughts,floods,andheatwavesaredisruptingagri- agriculturalworkerswhospendlonghoursoutdoors culturalsystemsandthreateningfoodsecurityworld- (2).Heatstresscanleadtodehydration,heatexhaus- wide(3,4).Theseenvironmentalchangeshavedirect tion, andevendeathinseverecases. CSApractices, andindirectconsequencesforpublichealth,includ- suchasagroforestryandimprovedlandmanagement, ingincreasedprevalenceofmalnutrition,heat-related canhelpcreatemicroclimatesthatreduceheatexpo- illnesses,andthespreadofinfectiousdiseases(2,9). sureandimproveworkingconditionsforfarmers(8). Inthiscontext,theneedforsustainableandadaptive Environmentaldegradationassociatedwithconven- agriculturalstrategieshasbecomemorecriticalthan tionalagriculturalpractices,includingdeforestation, ever(1).Climate-SmartAgriculture(CSA)hasemerged soilerosion,andexcessiveuseofchemicalinputs,fur- asacomprehensiveapproachtoaddressthedualchal- therexacerbatesclimatechangeanditshealthimpacts lengesoffoodsecurityandclimatechange(1).Intro- (5,12).CSAencouragessustainablelandusepractices ducedbytheFoodandAgricultureOrganization(FAO), thatprotectnaturalresourcesandenhanceecosystem CSA aims to achieve three main objectives: sustain- services,suchascarbonsequestration,waterfiltration, ably increasing agricultural productivity, enhancing andbiodiversityconservation(12,16). Theseecosys- resiliencetoclimatechange,andreducinggreenhouse temservicesplayavitalroleinmaintainingenviron- gasemissionswhereverpossible(1,5).Byintegrating mentalhealthandsupportinghumanwell-being(9). theseobjectives,CSAprovidesaframeworkfortrans- Despiteitspotentialbenefits,theadoptionofCSAis formingagriculturalsystemsinawaythatsupports notwithoutchallenges.Manyfarmers,particularlyin bothenvironmentalsustainabilityandhumanhealth developingcountries,facebarrierssuchaslimitedac- (6). Therelationshipbetweenagricultureandpublic cesstoinformation,financialresources,andtechnical healthisdeeplyinterconnected.Agriculturalpractices support(11,19).Additionally,policyframeworksand influencetheavailability,accessibility,andqualityof institutionalsupportsystemsareofteninadequateto food,whicharekeydeterminantsofnutritionalhealth promotewidespreadadoptionofCSApractices(19). (4,6).Atthesametime,agriculturalactivitiescanim- Addressingthesechallengesrequirescoordinatedef- pactenvironmentalconditions,includingairandwater fortsatlocal,national,andgloballevels(19).CSArep- quality,whichdirectlyaffecthumanhealth(9).Climate resentsapromisingapproachtoaddressingtheinter- changefurthercomplicatesthisrelationshipbyalter- connectedchallengesofclimatechange,agriculture, ingdiseasepatterns,increasingtheriskoffoodborne andpublichealth(1). Bypromotingsustainableand andwaterborneillnesses,andexacerbatingexisting resilientagriculturalpractices,CSAcancontributeto healthinequalities(2,17).Oneofthecriticalpathways improvedhealthoutcomesandenhancedresilienceof through which climate change affects public health communitiesinthefaceofclimatechange(2). is food insecurity. Changes in crop yields and food productioncanleadtoreducedfoodavailabilityand increasedprices,makingitdifficultforvulnerablepop- 1.1 FoodSecurityandNutritionalHealth ulationstoaccessadequatenutrition(4,10).Thiscan Climate-Smart Agriculture (CSA) plays a fundamen- resultinmalnutrition,particularlyamongchildrenand talroleinstrengtheningfoodsecurityandimproving pregnantwomen, andincreasesusceptibilitytodis- nutritionalhealthbyaddressingtheinterconnected eases(2). CSApractices,suchastheuseofdrought- challengesofclimatechange,agriculturalproductivity, tolerantcropvarietiesandimprovedsoilmanagement andhumanwell-being. Foodsecurityencompasses techniques,canhelpstabilizefoodproductionanden- notonlytheavailabilityoffoodbutalsoaccess, uti- hancenutritionaloutcomes(15),climatechangealso lization, and stability over time. CSA contributes to influencesthespreadofvector-bornediseasessuchas allthesedimensionsbypromotingagriculturalprac- malaria,denguefever,andZikavirus(17).Changesin ticesthatenhanceproductivitywhilemaintainingen- temperatureandprecipitationpatternscanexpandthe vironmentalsustainability.Inthecontextofachang- habitatsofdiseasevectors,increasingtheriskofout- ing climate, where extreme weather events such as breaksinnewregions(2,17).Agriculturalpracticesthat droughts,floods,andtemperaturefluctuationsarebe- involvewatermanagement,suchasirrigationsystems, comingmorefrequent,CSAprovidesadaptivestrate- CSAPractice Description PublicHealthBenefits Improvessoilhealth, Minimumsoildisturbance, Conservation enhancesfoodquality, croprotation,and Agriculture reducesexposureto residueretention harmfulchemicals Reducesheatstress, Integrationoftrees improvesairquality, Agroforestry withcropsand enhancesnutrition livestock throughdiversefood Useofdrought,flood, Climate-Resilient Ensuresfoodsecurity, andpest-resistant Crops reducesriskofmalnutrition cropvarieties EfficientIrrigation Dripandsprinkler Reduceswaterbornediseases, Systems irrigationtechniques preventswatercontamination Useofbiologicaland IntegratedPest Minimizespesticideexposure, culturalmethodsto Management reduceshealthrisks controlpests Avoidanceof Producessaferfood, OrganicFarming syntheticfertilizersand reduceschemical-related pesticides healthhazards Growingmultiplecrops Improvesdietarydiversity CropDiversification inasystem andnutritionalintake Enhancesnutrient-rich SoilHealth Useoforganicmanure, foodproduction, Management compost,andbiofertilizers reducessoilcontamination ClimateChange ImpactonAgriculture CSAResponseStrategy Factor

ClimateChangeFactor ImpactonAgriculture CSAResponseStrategy PublicHealthOutcome Reducedcropyields, Reducedheat-related Agroforestry, RisingTemperatures heatstresson illnesses, heat-tolerantcrops livestock improvedproductivity Cropfailure, Rainwaterharvesting, Improvedfoodsecurity, ErraticRainfall waterscarcity drought-resistantcrops reducedmalnutrition Soilerosion, Improveddrainage, Reducedwaterborne Flooding cropdamage flood-resistantcrops diseases Preventionoffood Reducedagricultural Efficientirrigation Drought shortagesand productivity systems undernutrition Reducedchemical Increased Croplosses, Integratedpest exposure Pests/Diseases increasedpesticideuse management andrelatedhealthissues Sustainable Pollutionfrom Reducedgastrointestinal WaterContamination fertilizeruse, agriculturalrunoff andchronicdiseases watermanagement Reducedecosystem Agroecologyand Improvednutrition LossofBiodiversity resilience diversification andecosystemstability Enhancedcommunity ExtremeWeather Disruptionof Climateadaptation resilienceand Events farmingsystems planning reducedvulnerability giesthatensureconsistentcropproductionandreduce againstclimate-relatedrisksandensuresamorebal- thevulnerabilityoffarmingsystems. Oneofthekey ancedanddiversefoodsupply.Differentcropsrespond approacheswithinCSAiscropdiversification,whichin- differently to environmental stresses, so diversifica- volvescultivatingavarietyofcropsratherthanrelying tionreducesthelikelihoodoftotalcropfailure.Addi- onasinglespecies.Thispracticeenhancesresilience tionally,itcontributestoimproveddietarydiversity, whichisessentialforaddressingmicronutrientdefi- sion, and prevalence of various infectious and non- cienciesandpromotingoverallhealth.Theinclusionof communicablediseases.Changesintemperature,pre- nutrient-richcropssuchaslegumes,fruits,andvegeta- cipitationpatterns,andextremeweathereventscreate blesinfarmingsystemsensuresthatpopulationshave favorableconditionsfortheproliferationofpathogens accesstoessentialvitamins, minerals, andproteins. andvectors,therebyincreasingtheriskofdiseaseout- Improvedseedvarietiesareanotherimportantcompo- breaks.Climate-SmartAgriculture(CSA)playsacritical nentofCSA.Thesevarietiesareoftendevelopedtobe roleinmitigatingtheserisksbypromotingsustainable drought-tolerant,heat-resistant,orpest-resistant,en- landandwatermanagementpracticesthatenhance ablingthemtoperformbetterunderadverseclimatic ecosystemstabilityandreduceenvironmentalfactors conditions.Theuseofsuchseedsenhancescropyields contributingtodiseasetransmission.Oneofthemost andensuresstablefoodproductioneveninchalleng- significantimpactsofclimatechangeonhealthisthe ingenvironments.Thisstabilityiscriticalformaintain- increased prevalence of vector-borne diseases such ing food availability and preventing food shortages, asmalaria,dengue,andchikungunya. Warmertem- particularlyinregionsthatarehighlyvulnerabletocli- peraturesandincreasedhumiditycreateidealcondi- matechange.Soilfertilitymanagementisalsocentral tionsforthebreedingandsurvivalofdisease-carrying toCSApractices.Techniquessuchasorganicfertiliza- vectorssuchasmosquitoes. Changesinrainfallpat- tion,composting,andconservationtillageimprovesoil ternscanalsoleadtotheformationofstagnantwater healthbyincreasingorganicmattercontentanden- bodies, which serve as breeding sites for these vec- hancingnutrientavailability.Healthysoilsnotonlysup- tors.CSApractices,particularlythoserelatedtowater porthighercropyieldsbutalsoimprovethenutritional management,canhelpaddressthisissue. Forexam- qualityoffood. Forexample,nutrient-richsoilscon- ple,efficientirrigationsystemsandproperdrainage tributetohigherconcentrationsofessentialelements mechanismspreventwaterstagnation,therebyreduc- incrops,whichdirectlybenefithumanhealth.CSAalso ingthebreedinggroundsformosquitoesandlowering promotessustainablefoodsystemsbyreducingpost- theincidenceofvector-bornediseases.Inadditionto harvestlossesandimprovingfooddistribution.Post- vector-bornediseases,climatechangealsoinfluences harvestlosses,whichoccurduetoinadequatestorage, thespreadofwaterbornediseases. Increasedflood- transportation,andprocessingfacilities,significantly ingandextremerainfalleventscancontaminatewater reducetheamountoffoodavailableforconsumption. sourceswithpathogens,leadingtooutbreaksofdis- Byintroducingimprovedstoragetechnologiesandef- easessuchascholeraanddiarrhea.CSAapproaches ficientsupplychainmanagement, CSAensuresthat that emphasize water conservation, sanitation, and morefoodreachesconsumersingoodcondition.This sustainablelandmanagementhelpprotectwaterqual- isparticularlyimportantindevelopingregionswhere ityandreducetheriskofcontamination.Bymaintain- post-harvestlossesarehigh. Furthermore,CSAinte- ing clean water sources, these practices contribute gratesnutrition-sensitiveagriculture,whichexplicitly to improved public health outcomes. Zoonotic dis- linksagriculturalpracticeswithnutritionaloutcomes. eases,whicharetransmittedfromanimalstohumans, Thisapproachemphasizestheproductionofdiverse areanotherareaofconcerninthecontextofclimate andnutrient-densefoodswhileconsideringthenutri- change. Environmental degradation, deforestation, tionalneedsofdifferentpopulationgroups.Byalign- andhabitatfragmentationincreasehuman-wildlifein- ingagriculturalproductionwithnutritionalgoals,CSA teractions,creatingopportunitiesforthetransmission contributestothereductionofmalnutrition,including ofpathogens.CSApromotessustainablelanduseprac- bothundernutritionandovernutrition.CSAprovidesa ticessuchasagroforestryandbiodiversityconserva- comprehensiveframeworkforimprovingfoodsecurity tion,whichhelpmaintainecologicalbalanceandre- andnutritionalhealth.Throughpracticessuchascrop ducethelikelihoodofsuchinteractions.Bypreserving diversification,improvedseeduse,soilmanagement, naturalhabitatsandsupportingbiodiversity,CSAre- andefficientfoodsystems,itensurestheavailabilityof ducestheriskofzoonoticdiseaseemergence.Further- nutritiousfoodwhileenhancingresiliencetoclimate more,climatechangecanweakenagriculturalsystems, change.Thesecontributionsareessentialforachieving leadingtofoodinsecurityandmalnutrition,whichin sustainabledevelopmentandimprovingpublichealth turnincreasesusceptibilitytodiseases.CSAenhances outcomes.

theresilienceofagriculturalsystems,ensuringstable foodproductionandimprovingnutritionalstatus.Well- nourishedpopulationsarebetterequippedtoresist 1.2 ClimateChangeandDiseaseDynamics infectionsandrecoverfromillnesses,highlightingthe Climate change has profound implications for dis- indirecthealthbenefitsofCSA.CSAalsocontributesto easedynamics,influencingthedistribution,transmis- reducingthespreadofplantdiseases,whichcanhave canleadtosoildegradation,watercontamination,and cascadingeffectsonfoodsecurityandhumanhealth. healthrisksforfarmersandconsumers.Bypromoting Healthycropsarelesssusceptibletodiseases,andsus- theuseoforganicinputsandnaturalpestcontrolmeth- tainablefarmingpracticesreducetheneedforchemi- ods,CSAreduceschemicalexposureandsupportssafer calinputsthatcanhaveadversehealtheffects.Bypro- foodproductionsystems. Thisisparticularlyimpor- motingintegratedpestanddiseasemanagement,CSA tantforprotectingvulnerablepopulations,including ensuressaferandmoresustainableagriculturalsys- children and agricultural workers. CSA also plays a tems.CSAprovidesaholisticapproachtoaddressing significant role in mitigating climate change, which thecomplexrelationshipbetweenclimatechangeand hasdirectandindirecteffectsonhealth.Byreducing diseasedynamics.Throughimprovedwatermanage- greenhousegasemissionsandenhancingcarbonse- ment,sustainablelanduse,andenhancedagricultural questration, CSA helps limit global warming and its resilience,ithelpsreducetheenvironmentaldrivers associatedhealthrisks.Climatechangeislinkedtoa ofdiseasetransmissionwhilepromotingbetterhealth rangeofhealthissues,includingheatstress,respira- outcomes.

torydiseases,andthespreadofinfectiousdiseases.By addressingtherootcausesofclimatechange,CSAcon- tributestothepreventionofthesehealthchallenges. 1.3 EnvironmentalSustainabilityandHealthOut- Moreover,CSAenhancesecosystemservicessuchas comes pollination, water purification, and nutrient cycling. Environmental sustainability is a central pillar of Theseservicesareessentialformaintainingenviron- Climate-SmartAgriculture,withfar-reachingimplica- mentalbalanceandsupportingagriculturalproduc- tionsforhumanhealthandwell-being.Thedegrada- tivity. Healthyecosystemsprovidecleanairandwa- tionofnaturalresources,includingsoil,water,andair, ter,whicharefundamentaltohumanhealth,environ- posessignificantthreatstobothenvironmentaland mental sustainability within CSA is closely linked to publichealth.CSAaddressesthesechallengesbypro- improvedhealthoutcomes.Byconservingnaturalre- motingagriculturalpracticesthatconservenaturalre- sources, reducing pollution, and mitigating climate sources,reducepollution,andenhanceecosystemser- change,CSAcreatesahealthierenvironmentthatsup- vices,therebycreatingahealthierenvironmentforhu- portsbothagriculturalproductivityandhumanwell- manpopulations.OneofthekeystrategieswithinCSA being.

isagroforestry,whichinvolvestheintegrationoftrees andshrubsintoagriculturallandscapes.Agroforestry systemsprovidemultipleenvironmentalbenefits,in- 1.4 Socio-Economic Resilience and Community cludingimprovedsoilfertility,enhancedbiodiversity, Health andincreasedcarbonsequestration.Treesactasnatu- Socio-economic resilience is a critical dimension of ralfilters,improvingairqualitybyabsorbingpollutants Climate-SmartAgriculture,asitdirectlyinfluencesthe andreleasingoxygen.Theyalsohelpregulatemicro- capacityofindividualsandcommunitiestoadaptto climates, reducingtemperatureextremesandcreat- climate-relatedchallengesandmaintaintheirhealth ingmorefavorableconditionsforcropgrowth.These andwell-being.CSAenhancesresiliencebyimproving environmentalimprovementshavedirecthealthben- agriculturalproductivity,stabilizingincomes,andpro- efits, such as reduced respiratory problems and im- motingsustainablelivelihoods,therebyreducingvul- provedoverallwell-being.Conservationagricultureis nerabilitytoenvironmentalandeconomicshocks.One anotherimportantcomponentofCSAthatcontributes oftheprimarywaysinwhichCSAcontributestosocio- toenvironmentalsustainability.Practicessuchasmin- economicresilienceisbyincreasingfarmers’income imalsoildisturbance,croprotation,andpermanent stability.Climatevariabilityoftenleadstofluctuations soilcoverhelpmaintainsoilhealthandpreventero- incropyields,whichcanresultinfinancialinstability sion. Healthysoilsareessentialforsustainablefood forfarmers.CSApractices,suchastheuseofclimate- production,astheyprovidethenutrientsnecessary resilientcropvarietiesandefficientresourcemanage- forcropgrowth.Additionally,improvedsoilstructure ment,helpensureconsistentproductionandreduce enhances water infiltration and reduces runoff, pre- theriskofcropfailure.Stableincomeallowsfarmers ventingsoilandwaterpollution. Thiscontributesto toinvestinessentialservicessuchashealthcare,ed- cleanerwatersources,whicharecrucialforprevent- ucation,andnutrition,whicharekeydeterminantsof ingwaterbornediseases. Organicfarmingpractices overallwell-being.CSAalsopromotesdiversification withinCSAfurthersupportenvironmentalandhealth ofincomesources,whichisanimportantstrategyfor outcomesbyreducingtheuseofsyntheticchemicals. reducingeconomicrisk.Inadditiontocropproduction, Theexcessiveuseofchemicalfertilizersandpesticides farmerscanengageinactivitiessuchaslivestockrear- ing, agroforestry, andvalue-addedprocessing. This munities(5).However,thesuccessfulimplementation diversificationprovidesmultiplestreamsofincome, ofCSArequiresovercomingvariousbarriers, includ- makinghouseholdsmoreresilienttomarketfluctua- inglimitedawareness,financialconstraints,andpolicy tionsandenvironmentalshocks.Increasedfinancialse- gaps(19).Strengtheninginstitutionalsupport,enhanc- curityenablesfamiliestoaccessbetterhealthcareand ingfarmereducation,andpromotinginclusivepolicies maintain a balanced diet, contributing to improved arecriticalstepstowardscalingupCSApractices(11). healthoutcomes.Community-basedapproachesare CSAhasthepotentialtosignificantlyenhancepublic anotherimportantaspectofCSA.Theseapproaches healthresilienceinthefaceofclimatechange(2).Its emphasizecollectiveaction,knowledgesharing,and widespreadadoptioncancontributetosustainablede- capacitybuildingamongfarmersandlocalcommuni- velopmentgoalsbyensuringfoodsecurity,protecting ties. Throughtrainingprograms,extensionservices, environmentalresources,andimprovinghealthout- andfarmercooperatives,CSApromotesthedissemi- comesglobally(3,10).

nationofbestpracticesandinnovativetechnologies. Thiscollectivelearningprocessenhancestheability
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