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Abstract
Carbon sequestration through ecosystem restoration has emerged as a critical strategy for mitigating climate change while simultaneously enhancing biodiversity, soil health, and ecosystem resilience. Degraded forests, wetlands, grasslands, mangroves, and agricultural landscapes possess substantial potential to capture and store atmospheric carbon through biological and geochemical processes. This review examines the mechanisms of carbon sequestration in restored ecosystems, evaluates restoration opportunities across major biomes, and discusses the ecological, economic, and policy challenges associated with large-scale implementation. Forest restoration remains one of the most effective terrestrial approaches for long-term carbon storage, whereas wetlands and mangroves provide exceptionally high carbon accumulation rates due to reduced decomposition under waterlogged conditions. Grassland and agroecosystem restoration con- tribute significantly through soil organic carbon enhancement. Despite these opportunities, uncertainties in carbon accounting, land-use competition, climate variability, restoration costs, and permanence of stored carbon remain major constraints. Advances in remote sensing, ecological modeling, and carbon market mechanisms are improving monitoring and financial feasibility of restoration projects. Integrating ecosystem restoration with biodiversity conservation, sustainable land management, and community participation is essential for maximizing climate mitigation benefits while supporting socioeconomic development.
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wetlands;mangroves;soilorganiccarbon;bluecarbon 1.Introduction tunitiesacrossmajorbiomes,anddiscussesthechal- lengesandfutureprospectsofecosystemrestoration Therapidincreaseinatmosphericcarbondioxide(CO2) asalong-termclimatemitigationstrategy[1–8]. concentrationssincetheIndustrialRevolutionhasbe- comeamajordriverofglobalclimatechange,result- inginrisingtemperatures, alteredprecipitationpat- 2.MechanismsofCarbonSequestrationinRe- terns, sea-level rise, and increased frequency of ex- storedEcosystems tremeweatherevents[1]. Humanactivitiessuchas Carbonsequestrationinrestoredecosystemsoccurs fossilfuelcombustion,deforestation,industrialization, whencarbonuptakethroughphotosynthesisexceeds andland-usechangehavedisruptedtheglobalcarbon carbonlossesfromrespiration,decomposition,and cyclebyreleasinglargequantitiesofstoredcarboninto disturbance [9]. The captured carbon is distributed theatmosphere[2]. Whilereducinggreenhousegas amongseveralinterconnectedpools,includingabove- emissionsremainsacriticalpriority,achievinglong- groundbiomass,belowgroundbiomass,litter,dead termclimatestabilizationalsorequiressubstantialre- wood,andsoilorganicmatter. Therelativecontribu- moval of atmospheric carbon through both techno- tionofeachpoolvariesdependingonecosystemtype, logicalandnature-basedapproaches[3].Ecosystem climate, vegetation composition, and management restorationhasemergedasoneofthemostpromis- practices[10].

ingnature-basedsolutionsforclimatemitigationbe- causerestoredecosystemscancaptureatmospheric CO2 throughphotosynthesisandstoreitinbiomass, 2.1BiomassCarbonAccumulation deadorganicmatter,andsoils[4]. Degradedforests, Vegetationistheprimarypathwaythroughwhichat- wetlands,grasslands,mangroves,peatlands,andagri- mosphericCO2 entersecosystems.Duringphotosyn- culturallandscollectivelyrepresentavastopportunity thesis,plantsconvertCO2 intocarbohydratesthatare forenhancingglobalcarbonsequestration.Inaddition incorporatedintoleaves,stems,branches,androots. toclimatebenefits,restorationcontributestobiodiver- Inrestoredforests,biomasscarbonaccumulationcan sityconservation,waterregulation,soilprotection,and berapidduringtheearlydecadesofsuccession,partic- livelihoodimprovement,makingitamultifunctional ularlyintropicalregionswheregrowthratesarehigh strategyforsustainabledevelopment[5]. [11].Asforestsmature,carbonstoragecontinuestoin- crease,althoughsequestrationratesgraduallydecline Theimportanceofecosystemrestorationhasbeenrec- astheecosystemapproachesequilibrium.

ognizedinseveralinternationalinitiatives,including theParisAgreement,theBonnChallenge,andtheUN Belowground biomass is also an important carbon DecadeonEcosystemRestoration[6].Theseprograms reservoir.Rootsystemsnotonlystorecarbondirectly emphasize the need to restore millions of hectares butalsocontributeorganicinputstothesoilthrough of degraded land as a means of enhancing carbon rootturnoverandexudation.Deep-rootedspeciescan sinkswhilesupportingecosystemresilienceandhu- transport carbon into deeper soil layers where it is manwell-being. Restorationapproachesrangefrom moreresistanttodecomposition[12].

passivenaturalregenerationtoactiveinterventions suchastreeplanting,hydrologicalrehabilitation,inva- 2.2SoilOrganicCarbonFormation sivespeciesremoval,andsoilamendmentapplication Soilorganiccarbon(SOC)oftenrepresentsthelargest [7]. Despiteitssignificantpotential, carbonseques- andmoststablecarbonpoolinterrestrialecosystems. tration through ecosystem restoration is influenced RestorationenhancesSOCformationbyincreasinglit- bynumerousecological,climatic,economic,andso- terinputs,rootbiomass,andmicrobialactivitywhile cialfactors.Theamountofcarbonthatcanbestored reducingerosionandsoildisturbance[13]. Organic variesamongecosystemtypes,restorationmethods, residuesaredecomposedbysoilmicroorganismsand andenvironmentalconditions.Moreover,ensuringthe transformedintohumifiedcompoundsthatcanremain permanenceofstoredcarboninthefaceofwildfires, inthesoilfordecadesorcenturies.

droughts,pests,andfutureland-usechangesremains amajorchallenge[8].Understandingthemechanisms Conservation-orientedrestorationpracticessuchas of carbon storage and the opportunities and limita- reducedtillage,covercropping,andagroforestryare tionsassociatedwithdifferentrestorationstrategiesis particularlyeffectiveatincreasingSOCstocks.Ingrass- thereforeessentialfordesigningeffectiveclimatemit- land ecosystems, a substantial proportion of total igationpolicies. Thisreviewexaminesthebiological ecosystemcarbonisstoredbelowground,makingsoil andgeochemicalmechanismsofcarbonsequestration restorationakeyclimatemitigationstrategy[14]. inrestoredecosystems,evaluatesrestorationoppor- 2.3ReducedDecompositioninWetlandsandPeat- carboninbothbiomassandanaerobicsediments[22]. lands Restorationofdegradedmangroveforestsnotonlyen- Wetlands,peatlands,andmangrovespossessexcep- hances“bluecarbon”sequestrationbutalsoprovides tionallyhighcarbonstoragecapacitybecausewater- coastalprotection,shorelinestabilization,andnursery loggedconditionslimitoxygenavailabilityandslow habitatforfisheries.Thelong-termstoragecapacityof microbialdecomposition[15]. Organicmatteraccu- mangrovesoilsmakesthemparticularlyvaluablefor mulatesfasterthanitdecomposes,resultinginthefor- climatemitigationstrategies[23].

mationofthickcarbon-richsoillayers.Restorationof drainedpeatlandsthroughrewettingcansubstantially 3.4GrasslandRestoration reduceCO2 emissionsandgraduallyre-establishlong- Grasslandsstorealargeproportionoftheircarbonbe- termcarbonaccumulationprocesses[16].

lowgroundinrootsandsoilorganicmatter.Restoration throughcontrolledgrazing,reseedingnativespecies, 2.4MicrobialandGeochemicalStabilization andinvasivespeciesmanagementcanincreaseSOC Soilmicroorganismsplayacentralroleincarbonsta- stocksandimproveecosystemresilience[24].Because bilization.Microbialresiduescontributetopersistent grasslandcarbonisconcentratedinsoilsratherthan soilorganicmatter,whileinteractionsbetweenorganic abovegroundbiomass,theseecosystemsmaybeless compoundsandsoilmineralsprotectcarbonfromfur- vulnerabletocarbonlossfromfirethanforests. therdecomposition[17]. Clayminerals,ironoxides, andothersoilcomponentscanphysicallyandchemi- 3.5AgriculturalandAgroecosystemRestoration callystabilizeorganiccarbon,increasingitsresidence Restorationofagriculturallandscapesthroughagro- timeinthesoil.Thesemicrobialandgeochemicalpro- forestry,covercropping,conservationtillage,andor- cessesareincreasinglyrecognizedascriticaldetermi- ganicamendmentscansubstantiallyincreasecarbon nantsoflong-termcarbonsequestrationpotential[18]. storagewhilemaintainingfoodproduction[25].Agro- forestrysystemsareparticularlyeffectivebecausethey combine tree biomass accumulation with improve- 3.Ecosystem-SpecificRestorationOpportuni- ments in soil organic carbon. Such integrated sys- ties temsprovideclimatemitigationbenefitsalongsideen- 3.1ForestRestoration hancednutrientcycling,erosioncontrol,andfarmpro- Forestrestorationoffersoneofthelargestterrestrial ductivity[26].

opportunities for carbon sequestration. Reforesta- tion,afforestation,andassistednaturalregeneration 5.Co-BenefitsofEcosystemRestoration canrapidlyincreaseabovegroundandbelowground Althoughcarbonsequestrationisoftentheprimarymo- biomasscarbonstocks[19].Tropicalforestsgenerally tivationforrestorationprojectsaimedatclimatemiti- exhibitthehighestannualsequestrationratesdueto gation,ecosystemrestorationgeneratesawiderange favorableclimaticconditions,whiletemperateandbo- ofadditionalecological,social,andeconomicbene- realforestsprovidesubstantiallong-termcarbonstor- fits.Oneofthemostimportantco-benefitsisbiodiver- age.Inadditiontocarbonaccumulation,forestrestora- sityconservation. Restoredforests,wetlands,grass- tionenhancesbiodiversityhabitat,watershedprotec- lands,andcoastalecosystemsprovidehabitatforna- tion,andsoilconservation[20].

tiveplantandanimalspecies,supportpollinators,and 3.2WetlandandPeatlandRestoration improvelandscapeconnectivity,therebyenhancing ecosystemresilienceandreducingtheriskofspecies Peatlands contain a disproportionate share of the loss[27].Inmanyregions,restorationofdegradedhabi- world’ssoilcarbondespiteoccupyingarelativelysmall tatshascontributedtotherecoveryofthreatenedand landarea.Drainageforagricultureorforestryconverts endemicspecieswhilestrengtheningecologicalinter- these ecosystems from carbon sinks into major car- actionssuchaspollination,seeddispersal,andnutri- bonsources[16].Rewettingdegradedpeatlandscan entcycling[28].

dramaticallyreduceemissionsandgraduallyrestore peat formation processes. Wetland restoration also Restorationalsoplaysacrucialroleinwaterregula- providesfloodregulation,waterpurification,andhabi- tionandwatershedprotection.Increasedvegetation tatforspecializedplantandanimalcommunities[21]. coverimprovesrainfallinfiltration,enhancesground- waterrecharge,andreducessurfacerunoffandsed- 3.3MangroveandCoastalRestoration imenttransport[29]. Wetlandrestorationisparticu- Mangroves are among the most carbon-rich ecosys- larlyeffectiveinregulatingfloods,filteringpollutants, temsonEarthbecausetheystorelargequantitiesof andmaintainingwaterquality. Similarly, mangrove Ecosystemtype Primarycarbonpool Sequestrationpotential Additionalco-benefits Forests Abovegroundbiomassandsoils Veryhigh Biodiversityconservation,watershedprotection Peatlands Organicsoils Extremelyhigh Floodregulation,waterpurification Mangroves Soilsandroots Extremelyhigh Coastalprotection,fisheriessupport Grasslands Belowgroundbiomassandsoils Moderatetohigh Soilconservation,droughtresilience Agroforestrysystems Treebiomassandsoils Moderatetohigh Enhancedfarmproductivity,nutrientcycling

Mechanism Process Maincarbonsink Long-termsignificance Photosyntheticbiomassaccumulation CO2 fixationintoplanttissues Stems,branches,leaves,roots High Soilorganiccarbonformation Decompositionoflitterandrootinputs Soilorganicmatter Veryhigh Reduceddecomposition Waterloggedanaerobicconditions Peatandwetlandsoils Extremelyhigh Microbialstabilization Formationofpersistentorganiccompounds Stablesoilcarbonfractions High Mineralassociation Bindingoforganiccarbontosoilminerals Protectedsoilcarbon Veryhigh restorationprotectscoastalareasfromstormsurges increase the frequency and intensity of such distur- andshorelineerosionwhilesupportingfisheriesand bances,potentiallyreducingthelong-termeffective- coastallivelihoods[30].

nessofrestoration-basedcarbonsequestration. Anothermajorco-benefitissoilconservationandfertil- Measurement, reporting, and verification of carbon ityenhancement.Vegetationestablishmentstabilizes stocksremaintechnicallychallenging,particularlyfor soil,reduceserosion,andpromotestheaccumulation belowgroundbiomassandsoilorganiccarbonpools oforganicmatterandnutrients[31].Agroforestryand [35].Accuratecarbonaccountingrequireslong-term grassland restoration can improve soil structure, in- monitoring,fieldsampling,remotesensing,andmod- creasemicrobialactivity,andenhancelong-termagri- eling approaches, all of which can increase project culturalproductivity.Theseimprovementsoftentrans- costs.Uncertaintyincarbonestimatescanalsoaffect lateintogreaterfoodsecurityandresilienceoffarming participationincarbonmarketsandclimatefinance systems.

From a socioeconomic perspective, restoration Financialandinstitutionalconstraintsfurtherlimitim- projects can create employment opportunities in plementation.Restorationprojectsoftenrequiresub- nursery development, planting, monitoring, eco- stantialinitialinvestmentandongoingmanagement, tourism,andsustainableresourcemanagement[32]. whilebenefitsmayaccruegraduallyovermanyyears Community-based restoration initiatives frequently [36].Insomeregions,unclearlandtenure,limitedtech- generate income through non-timber forest prod- nicalcapacity,andweakgovernancehinderrestoration ucts, agroforestry products, and ecosystem service efforts. Ensuringequitablebenefitsharingandcom- payments. Consequently, ecosystem restoration munityparticipationisthereforeessentialforthelong- cansimultaneouslycontributetoclimatemitigation, termsuccessofrestorationprograms.

povertyreduction,andruraldevelopment. 7. Advances in Monitoring and Carbon Ac- 6. Challenges in Carbon Sequestration counting throughRestoration Recenttechnologicaldevelopmentshavesignificantly Despiteitssignificantpotential,carbonsequestration improvedthemonitoringandassessmentofcarbon throughecosystemrestorationfacesseveralimportant sequestrationinrestoredecosystems.Satelliteremote challenges.Amajorlimitationislandavailabilityand sensing provides large-scale information on vegeta- competition.Large-scalerestorationprogramsoften tioncover,land-usechange,andrestorationprogress, competewithagriculture,urbanexpansion,infrastruc- allowingresearchersandpolicymakerstotrackecosys- turedevelopment,andotherlanduses[33].Balancing temrecoveryovertime[37].High-resolutionimagery foodproductionwithrestorationobjectivesrequires frommodernsatelliteplatformsenablesmoreaccurate carefulland-useplanningandintegratedpolicyframe- estimationofforestextentandcanopydynamics. works.

LightDetectionandRanging(LiDAR)technologyhas Thepermanenceofstoredcarbonisanothercritical becomeanimportanttoolforestimatingaboveground concern. Carbon accumulated in biomass and soils biomass and forest structure. By measuring three- can be released back into the atmosphere through dimensionalvegetationcharacteristics,LiDARcanim- wildfires, droughts, pest outbreaks, storms, and fu- prove carbon stock assessments and reduce uncer- ture land-use conversion [34]. Climate change may tainty associatedwith biomass estimation[38]. Un- Challenge Impactonsequestration Possiblemitigation Land-usecompetition Limitsrestorationarea Integratedland-useplanning Wildfiresanddroughts Releasestoredcarbon Climate-resilientspeciesselection Pestoutbreaks Reducebiomasscarbonstocks Biodiversity-basedrestoration Monitoringuncertainty Inaccuratecarbonaccounting Remotesensingandfieldverification Financialconstraints Delayedprojectimplementation CarbonfinanceandPESschemes Weakgovernance Poorlong-termmanagement Communityparticipationandpolicysupport

Technology Application Advantage Satelliteremotesensing Vegetationandland-covermonitoring Large-scaleassessment LiDAR Biomassestimation Highstructuralaccuracy Unmannedaerialvehicles(UAVs) Localrestorationmapping High-resolutiondata Machinelearningmodels Carbonstockprediction Improvedanalyticalefficiency Soilspectroscopy RapidSOCassessment Reducedsamplingcost mannedaerialvehicles(UAVs)areincreasinglyusedto Throughvoluntaryandcompliance-basedcarbontrad- collectdetailedlocal-scaledataforrestorationmonitor- ingsystems,landownersandrestorationorganizations ing,especiallyininaccessibleorheterogeneousland- cangeneratecarboncreditsbydemonstratingmeasur- scapes.

ableincreasesincarbonstocks[43].Forestrestoration, peatlandrewetting,mangroverehabilitation,andagro- Advancesinmachinelearningandecologicalmodeling forestryprojectsareincreasinglyparticipatinginthese havefurtherenhancedcarbonaccountingbyintegrat- markets,creatingnewrevenuestreamsthatcanhelp ingremotesensingdata,fieldmeasurements,climate offsetrestorationcosts.

variables,andsoilinformationtopredictcarbonstocks andsequestrationrates[39].Theseapproachesallow Anotherimportantmechanismispaymentforecosys- moreefficientassessmentoflargerestorationareas temservices(PES),inwhichbeneficiariesofecosystem andsupportscenarioanalysisforfutureclimateand servicescompensatelandmanagersformaintainingor managementconditions.

restoringecologicalfunctions[44].PESschemescan Forsoilcarbonassessment,spectroscopictechniques rewardcommunitiesforcarbonsequestration,water- andimprovedlaboratorymethodsareenablingfaster shedprotection,biodiversityconservation,andcoastal andmorecost-effectivemeasurementofsoilorganic protection.Whendesignedeffectively,theseprograms carbon [40]. Together, these technological innova- canimproverurallivelihoodswhileencouraginglong- tionsareincreasingthetransparency,reliability,and termstewardshipofrestoredecosystems.

scalabilityofrestorationmonitoringsystems,thereby strengtheningtheroleofecosystemrestorationinna- Publicinvestmentandgreenfinancearealsoexpand- tionalgreenhousegasinventoriesandinternational ing.Governments,developmentbanks,andprivatein- carbonfinanceprograms.

vestorsareincreasinglysupportingrestorationthrough climatefunds,greenbonds,andsustainability-linked 8.PolicyandEconomicOpportunities financinginstruments[45].Suchfinancialmechanisms Policysupportandeconomicincentivesareincreas- areparticularlyimportantforprojectsthatrequiresub- ingly recognized as essential drivers of large-scale stantialupfrontinvestmentbutgenerateclimateand ecosystemrestorationandcarbonsequestrationinitia- ecosystembenefitsoverextendedtimeperiods. tives.Internationalclimateagreementshavecreated afavorablepolicyenvironmentforrestorationbyen- Successfulpolicyframeworksgenerallyshareseveral couragingcountriestoenhancecarbonsinksthrough characteristics,includingclearlandtenurerights,long- land-basedmitigationstrategies[41]. NationallyDe- termrestorationcommitments,transparentmonitor- terminedContributions(NDCs)undertheParisAgree- ingsystems,andactiveparticipationoflocalcommuni- mentnowincluderestorationtargetsinmanycoun- ties[46].Integratingrestorationintonationalland-use tries,linkingecosystemrecoverydirectlywithclimate planning,agriculturalpolicies,andclimateadaptation mitigationcommitments[42].

strategiescanfurtherenhancetheeffectivenessand durabilityofcarbonsequestrationinitiatives. Carbon markets provide one of the most signifi- canteconomicopportunitiesforrestorationprojects. Ecosystemtype Primarycarbonpool Relativesequestrationpotential Forests Abovegroundbiomassandsoils Veryhigh Peatlands Organicsoils Extremelyhigh Mangroves Soilsandroots Extremelyhigh Grasslands Belowgroundbiomassandsoils Moderatetohigh Agroforestrysystems Treebiomassandsoils Moderatetohigh 9.FutureResearchDirections modelswillplayakeyroleinaddressingtheseknowl- edgegapsandsupportingevidence-basedrestoration Future research on carbon sequestration through policies.

ecosystemrestorationshouldfocusonimprovingthe accuracyofcarbonaccountingandunderstandingthe long-termstabilityofstoredcarbonunderchangingcli- 10.Conclusion maticconditions.Onecriticalareaistheassessmentof Ecosystemrestorationrepresentsapowerfulnature- carbonpermanence,particularlyinecosystemsvulner- basedsolutionforclimatechangemitigation, biodi- abletowildfire,drought,pests,andextremeweather versity conservation, and sustainable development. events[47]. Developingmodelsthatincorporatedis- Forests,wetlands,mangroves,grasslands,andagroe- turbanceriskwillimprovepredictionsoflong-termcli- cosystemsalloffersignificantopportunitiesforcarbon matemitigationbenefits.

sequestrationthroughbiomassaccumulationandsoil organiccarbonenhancement. Amongtheseecosys- Anotherimportantresearchpriorityistheoptimization tems,peatlandsandmangrovesprovideexceptionally ofmixed-speciesrestorationsystems. Diverseplant high long-term carbon storage, while forest restora- communities may enhance productivity, resilience, tionremainsoneofthemostscalableterrestrialmiti- andcarbonstoragecomparedwithmonocultureplan- gationstrategies.However,thesuccessofrestoration- tations,butthemechanismsunderlyingthesebene- basedcarbonsequestrationdependsonaddressing fitsremainincompletelyunderstood[48].Researchis challengesrelatedtolandcompetition,carbonperma- neededtoidentifyspeciescombinationsthatmaximize nence,monitoringaccuracy,climatevariability,and bothcarbonsequestrationandbiodiversityoutcomes. financialinvestment.Advancesinremotesensing,eco- Theroleofsoilmicroorganismsincarbonstabilization logicalmodeling,andcarbonaccountingareimprov- alsowarrantsgreaterattention.Advancesinmetage- ingthefeasibilityoflarge-scalerestorationinitiatives. nomicsandmicrobialecologyarerevealingthatmi- Integratingecosystemrestorationwithcommunitypar- crobialprocessesstronglyinfluencetheformationand ticipation,sustainablelandmanagement,andsupport- persistenceofsoilorganiccarbon[49].Understanding ivepolicyframeworkswillbeessentialformaximizing howrestorationpracticesaffectmicrobialcommuni- bothclimatemitigationandbroaderecosystemben- tiescouldleadtomanagementstrategiesthatenhance efits. As global efforts intensify to achieve net-zero long-termsoilcarbonstorage.

emissions,ecosystemrestorationislikelytobecome Inagriculturallandscapes,futurestudiesshouldevalu- anincreasinglyimportantcomponentofcomprehen- atetheintegrationofrestorationwithsustainablefood siveclimateandenvironmentalstrategies. productionsystems.Agroforestry,regenerativeagricul- ture,andconservation-basedfarmingpracticesoffer
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manned aerial vehicles (UAVs) are increasingly used to
collect detailed local-scale data for restoration monitor-
ing, especially in inaccessible or heterogeneous land-
scapes.

Advances in machine learning and ecological modeling
have further enhanced carbon accounting by integrat-
ing remote sensing data, field measurements, climate
variables, and soil information to predict carbon stocks
and sequestration rates [39]. These approaches allow
more efficient assessment of large restoration areas
and support scenario analysis for future climate and
management conditions.

For soil carbon assessment, spectroscopic techniques
and improved laboratory methods are enabling faster
and more cost-effective measurement of soil organic
carbon [40]. Together, these technological innova-
tions are increasing the transparency, reliability, and
scalability of restoration monitoring systems, thereby
strengthening the role of ecosystem restoration in na-
tional greenhouse gas inventories and international
carbon finance programs.

Policy and Economic Opportunities

Policy support and economic incentives are increas-
ingly recognized as essential drivers of large-scale
ecosystem restoration and carbon sequestration initia-
tives. International climate agreements have created
afavorable policy environment for restoration by en-
couraging countries to enhance carbon sinks through
land-based mitigation strategies [41]. Nationally De-
termined Contributions (NDCs) under the Paris Agree-
ment now include restoration targets in many coun-
tries, linking ecosystem recovery directly with climate
mitigation commitments [42].

Carbon markets provide one of the most signifi-
cant economic opportunities for restoration projects.

Through voluntary and compliance-based carbon trad-
ing systems, landowners and restoration organizations
can generate carbon credits by demonstrating measur-
able increases in carbon stocks [43]. Forest restoration,
peatland rewetting, mangrove rehabilitation, and agro-
forestry projects are increasingly participating in these
markets, creating new revenue streams that can help
offset restoration costs.

Another important mechanism is payment for ecosys-
tem services (PES), in which beneficiaries of ecosystem
services compensate land managers for maintaining or
restoring ecological functions [44]. PES schemes can
reward communities for carbon sequestration, water-
shed protection, biodiversity conservation, and coastal
protection. When designed effectively, these programs
can improve rural livelihoods while encouraging long-
term stewardship of restored ecosystems.

Public investment and green finance are also expand-
ing. Governments, development banks, and private in-
vestors are increasingly supporting restoration through
climate funds, green bonds, and sustainability-linked
financing instruments [45]. Such financial mechanisms
are particularly important for projects that require sub-
stantial upfront investment but generate climate and
ecosystem benefits over extended time periods.

Successful policy frameworks generally share several
characteristics, including clear land tenure rights, long-
term restoration commitments, transparent monitor-
ing systems, and active participation of local communi-
ties [46). Integrating restoration into national land-use
planning, agricultural policies, and climate adaptation
strategies can further enhance the effectiveness and
durability of carbon sequestration initiatives.
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restoration protects coastal areas from storm surges
and shoreline erosion while supporting fisheries and
coastal livelihoods [30].

Another major co-benefit is soil conservation and fertil-
ity enhancement. Vegetation establishment stabilizes
soil, reduces erosion, and promotes the accumulation
of organic matter and nutrients [31]. Agroforestry and
grassland restoration can improve soil structure, in-
crease microbial activity, and enhance long-term agri-
cultural productivity. These improvements often trans-
late into greater food security and resilience of farming
systems.

From a socioeconomic perspective, restoration
projects can create employment opportunities in
nursery development, planting, monitoring, eco-
tourism, and sustainable resource management [32].
Community-based restoration initiatives frequently
generate income through non-timber forest prod-
ucts, agroforestry products, and ecosystem service
payments. Consequently, ecosystem restoration
can simultaneously contribute to climate mitigation,
poverty reduction, and rural development.

6. Challenges in Carbon Sequestration
through Restoration

Despite its significant potential, carbon sequestration
through ecosystem restoration faces several important
challenges. A major limitation is land availability and
competition. Large-scale restoration programs often
compete with agriculture, urban expansion, infrastruc-
ture development, and other land uses [33]. Balancing
food production with restoration objectives requires
careful land-use planning and integrated policy frame-
works.

The permanence of stored carbon is another critical
concern. Carbon accumulated in biomass and soils
can be released back into the atmosphere through
wildfires, droughts, pest outbreaks, storms, and fu-
ture land-use conversion [34]. Climate change may

increase the frequency and intensity of such distur-
bances, potentially reducing the long-term effective-
ness of restoration-based carbon sequestration.

Measurement, reporting, and verification of carbon
stocks remain technically challenging, particularly for
belowground biomass and soil organic carbon pools
[35]. Accurate carbon accounting requires long-term
monitoring, field sampling, remote sensing, and mod-
eling approaches, all of which can increase project
costs. Uncertainty in carbon estimates can also affect
participation in carbon markets and climate finance
mechanisms.

Financial and institutional constraints further limit im-
plementation. Restoration projects often require sub-
stantial initial investment and ongoing management,
while benefits may accrue gradually over many years
[36]. In some regions, unclear land tenure, limited tech-
nical capacity, and weak governance hinder restoration
efforts. Ensuring equitable benefit sharing and com-
munity participation is therefore essential for the long-
term success of restoration programs.

7. Advances in Monitoring and Carbon Ac-
counting

Recent technological developments have significantly
improved the monitoring and assessment of carbon
sequestration in restored ecosystems. Satellite remote
sensing provides large-scale information on vegeta-
tion cover, land-use change, and restoration progress,
allowing researchers and policymakers to track ecosys-
tem recovery over time [37]. High-resolution imagery
from modern satellite platforms enables more accurate
estimation of forest extent and canopy dynamics.

Light Detection and Ranging (LiDAR) technology has
become an important tool for estimating aboveground
biomass and forest structure. By measuring three-
dimensional vegetation characteristics, LiDAR can im-
prove carbon stock assessments and reduce uncer-
tainty associated with biomass estimation [38]. Un-





