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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.
Keywords: carbon sequestration; ecosystem restoration; climate change mitigation; forest restoration;
wetlands; mangroves; soil organic carbon; blue carbon
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1. Introduction
The rapid increase in atmospheric carbon dioxide (CO2)
concentrations since the Industrial Revolution has be-
come a major driver of global climate change, result-
ing in rising temperatures, altered precipitation pat-
terns, sea-level rise, and increased frequency of ex-
treme weather events [1]. Human activities such as
fossil fuel combustion, deforestation, industrialization,
and land-use change have disrupted the global carbon
cycle by releasing large quantities of stored carbon into
the atmosphere [2]. While reducing greenhouse gas
emissions remains a critical priority, achieving long-
term climate stabilization also requires substantial re-
moval of atmospheric carbon through both techno-
logical and nature-based approaches [3]. Ecosystem
restoration has emerged as one of the most promis-
ing nature-based solutions for climate mitigation be-
cause restored ecosystems can capture atmospheric
CO2 through photosynthesis and store it in biomass,
dead organic matter, and soils [4]. Degraded forests,
wetlands, grasslands, mangroves, peatlands, and agri-
cultural lands collectively represent a vast opportunity
for enhancing global carbon sequestration. In addition
to climate benefits, restoration contributes to biodiver-
sity conservation, water regulation, soil protection, and
livelihood improvement, making it a multifunctional
strategy for sustainable development [5].

The importance of ecosystem restoration has been rec-
ognized in several international initiatives, including
the Paris Agreement, the Bonn Challenge, and the UN
Decade on Ecosystem Restoration [6]. These programs
emphasize the need to restore millions of hectares
of degraded land as a means of enhancing carbon
sinks while supporting ecosystem resilience and hu-
man well-being. Restoration approaches range from
passive natural regeneration to active interventions
such as tree planting, hydrological rehabilitation, inva-
sive species removal, and soil amendment application
[7]. Despite its significant potential, carbon seques-
tration through ecosystem restoration is influenced
by numerous ecological, climatic, economic, and so-
cial factors. The amount of carbon that can be stored
varies among ecosystem types, restoration methods,
and environmental conditions. Moreover, ensuring the
permanence of stored carbon in the face of wildfires,
droughts, pests, and future land-use changes remains
a major challenge [8]. Understanding the mechanisms
of carbon storage and the opportunities and limita-
tions associated with different restoration strategies is
therefore essential for designing effective climate mit-
igation policies. This review examines the biological
and geochemical mechanisms of carbon sequestration
in restored ecosystems, evaluates restoration oppor-

tunities across major biomes, and discusses the chal-
lenges and future prospects of ecosystem restoration
as a long-term climate mitigation strategy [1–8].

2. Mechanisms of Carbon Sequestration in Re-
stored Ecosystems

Carbon sequestration in restored ecosystems occurs
when carbon uptake through photosynthesis exceeds
carbon losses from respiration, decomposition, and
disturbance [9]. The captured carbon is distributed
among several interconnected pools, including above-
ground biomass, belowground biomass, litter, dead
wood, and soil organic matter. The relative contribu-
tion of each pool varies depending on ecosystem type,
climate, vegetation composition, and management
practices [10].

2.1 Biomass Carbon Accumulation
Vegetation is the primary pathway through which at-
mospheric CO2 enters ecosystems. During photosyn-
thesis, plants convert CO2 into carbohydrates that are
incorporated into leaves, stems, branches, and roots.
In restored forests, biomass carbon accumulation can
be rapid during the early decades of succession, partic-
ularly in tropical regions where growth rates are high
[11]. As forests mature, carbon storage continues to in-
crease, although sequestration rates gradually decline
as the ecosystem approaches equilibrium.

Belowground biomass is also an important carbon
reservoir. Root systems not only store carbon directly
but also contribute organic inputs to the soil through
root turnover and exudation. Deep-rooted species can
transport carbon into deeper soil layers where it is
more resistant to decomposition [12].

2.2 Soil Organic Carbon Formation
Soil organic carbon (SOC) often represents the largest
and most stable carbon pool in terrestrial ecosystems.
Restoration enhances SOC formation by increasing lit-
ter inputs, root biomass, and microbial activity while
reducing erosion and soil disturbance [13]. Organic
residues are decomposed by soil microorganisms and
transformed into humified compounds that can remain
in the soil for decades or centuries.

Conservation-oriented restoration practices such as
reduced tillage, cover cropping, and agroforestry are
particularly effective at increasing SOC stocks. In grass-
land ecosystems, a substantial proportion of total
ecosystem carbon is stored belowground, making soil
restoration a key climate mitigation strategy [14].
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2.3 Reduced Decomposition in Wetlands and Peat-
lands
Wetlands, peatlands, and mangroves possess excep-
tionally high carbon storage capacity because water-
logged conditions limit oxygen availability and slow
microbial decomposition [15]. Organic matter accu-
mulates faster than it decomposes, resulting in the for-
mation of thick carbon-rich soil layers. Restoration of
drained peatlands through rewetting can substantially
reduce CO2 emissions and gradually re-establish long-
term carbon accumulation processes [16].

2.4 Microbial and Geochemical Stabilization
Soil microorganisms play a central role in carbon sta-
bilization. Microbial residues contribute to persistent
soil organic matter, while interactions between organic
compounds and soil minerals protect carbon from fur-
ther decomposition [17]. Clay minerals, iron oxides,
and other soil components can physically and chemi-
cally stabilize organic carbon, increasing its residence
time in the soil. These microbial and geochemical pro-
cesses are increasingly recognized as critical determi-
nants of long-term carbon sequestration potential [18].

3. Ecosystem-Specific Restoration Opportuni-
ties

3.1 Forest Restoration
Forest restoration offers one of the largest terrestrial
opportunities for carbon sequestration. Reforesta-
tion, afforestation, and assisted natural regeneration
can rapidly increase aboveground and belowground
biomass carbon stocks [19]. Tropical forests generally
exhibit the highest annual sequestration rates due to
favorable climatic conditions, while temperate and bo-
real forests provide substantial long-term carbon stor-
age. In addition to carbon accumulation, forest restora-
tion enhances biodiversity habitat, watershed protec-
tion, and soil conservation [20].

3.2 Wetland and Peatland Restoration
Peatlands contain a disproportionate share of the
world’s soil carbon despite occupying a relatively small
land area. Drainage for agriculture or forestry converts
these ecosystems from carbon sinks into major car-
bon sources [16]. Rewetting degraded peatlands can
dramatically reduce emissions and gradually restore
peat formation processes. Wetland restoration also
provides flood regulation, water purification, and habi-
tat for specialized plant and animal communities [21].

3.3 Mangrove and Coastal Restoration
Mangroves are among the most carbon-rich ecosys-
tems on Earth because they store large quantities of

carbon in both biomass and anaerobic sediments [22].
Restoration of degraded mangrove forests not only en-
hances “blue carbon” sequestration but also provides
coastal protection, shoreline stabilization, and nursery
habitat for fisheries. The long-term storage capacity of
mangrove soils makes them particularly valuable for
climate mitigation strategies [23].

3.4 Grassland Restoration
Grasslands store a large proportion of their carbon be-
lowground in roots and soil organic matter. Restoration
through controlled grazing, reseeding native species,
and invasive species management can increase SOC
stocks and improve ecosystem resilience [24]. Because
grassland carbon is concentrated in soils rather than
aboveground biomass, these ecosystems may be less
vulnerable to carbon loss from fire than forests.

3.5 Agricultural and Agroecosystem Restoration
Restoration of agricultural landscapes through agro-
forestry, cover cropping, conservation tillage, and or-
ganic amendments can substantially increase carbon
storage while maintaining food production [25]. Agro-
forestry systems are particularly effective because they
combine tree biomass accumulation with improve-
ments in soil organic carbon. Such integrated sys-
tems provide climate mitigation benefits alongside en-
hanced nutrient cycling, erosion control, and farm pro-
ductivity [26].

5. Co-Benefits of Ecosystem Restoration

Although carbon sequestration is often the primary mo-
tivation for restoration projects aimed at climate miti-
gation, ecosystem restoration generates a wide range
of additional ecological, social, and economic bene-
fits. One of the most important co-benefits is biodiver-
sity conservation. Restored forests, wetlands, grass-
lands, and coastal ecosystems provide habitat for na-
tive plant and animal species, support pollinators, and
improve landscape connectivity, thereby enhancing
ecosystem resilience and reducing the risk of species
loss [27]. In many regions, restoration of degraded habi-
tats has contributed to the recovery of threatened and
endemic species while strengthening ecological inter-
actions such as pollination, seed dispersal, and nutri-
ent cycling [28].
Restoration also plays a crucial role in water regula-
tion and watershed protection. Increased vegetation
cover improves rainfall infiltration, enhances ground-
water recharge, and reduces surface runoff and sed-
iment transport [29]. Wetland restoration is particu-
larly effective in regulating floods, filtering pollutants,
and maintaining water quality. Similarly, mangrove
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Table 1. Carbon Sequestration Potential of Restored Ecosystems
Ecosystem type Primary carbon pool Sequestration potential Additional co-benefits
Forests Aboveground biomass and soils Very high Biodiversity conservation, watershed protection
Peatlands Organic soils Extremely high Flood regulation, water purification
Mangroves Soils and roots Extremely high Coastal protection, fisheries support
Grasslands Belowground biomass and soils Moderate to high Soil conservation, drought resilience
Agroforestry systems Tree biomass and soils Moderate to high Enhanced farm productivity, nutrient cycling

Table 2. Mechanisms of Carbon Sequestration in Restored Ecosystems
Mechanism Process Main carbon sink Long-term significance
Photosynthetic biomass accumulation CO2 fixation into plant tissues Stems, branches, leaves, roots High
Soil organic carbon formation Decomposition of litter and root inputs Soil organic matter Very high
Reduced decomposition Waterlogged anaerobic conditions Peat and wetland soils Extremely high
Microbial stabilization Formation of persistent organic compounds Stable soil carbon fractions High
Mineral association Binding of organic carbon to soil minerals Protected soil carbon Very high

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-
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Table 3. Major Challenges Affecting Carbon Sequestration through Restoration
Challenge Impact on sequestration Possible mitigation
Land-use competition Limits restoration area Integrated land-use planning
Wildfires and droughts Release stored carbon Climate-resilient species selection
Pest outbreaks Reduce biomass carbon stocks Biodiversity-based restoration
Monitoring uncertainty Inaccurate carbon accounting Remote sensing and field verification
Financial constraints Delayed project implementation Carbon finance and PES schemes
Weak governance Poor long-term management Community participation and policy support

Table 4. Emerging Technologies Supporting Restoration Monitoring
Technology Application Advantage
Satellite remote sensing Vegetation and land-cover monitoring Large-scale assessment
LiDAR Biomass estimation High structural accuracy
Unmanned aerial vehicles (UAVs) Local restoration mapping High-resolution data
Machine learning models Carbon stock prediction Improved analytical efficiency
Soil spectroscopy Rapid SOC assessment Reduced sampling cost

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.

8. 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
a favorable 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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Table 5. Carbon Sequestration Potential of Restored Ecosystems

Ecosystem type Primary carbon pool Relative sequestration potential
Forests Aboveground biomass and soils Very high
Peatlands Organic soils Extremely high
Mangroves Soils and roots Extremely high
Grasslands Belowground biomass and soils Moderate to high
Agroforestry systems Tree biomass and soils Moderate to high

9. Future Research Directions
Future research on carbon sequestration through
ecosystem restoration should focus on improving the
accuracy of carbon accounting and understanding the
long-term stability of stored carbon under changing cli-
matic conditions. One critical area is the assessment of
carbon permanence, particularly in ecosystems vulner-
able to wildfire, drought, pests, and extreme weather
events [47]. Developing models that incorporate dis-
turbance risk will improve predictions of long-term cli-
mate mitigation benefits.

Another important research priority is the optimization
of mixed-species restoration systems. Diverse plant
communities may enhance productivity, resilience,
and carbon storage compared with monoculture plan-
tations, but the mechanisms underlying these bene-
fits remain incompletely understood [48]. Research is
needed to identify species combinations that maximize
both carbon sequestration and biodiversity outcomes.

The role of soil microorganisms in carbon stabilization
also warrants greater attention. Advances in metage-
nomics and microbial ecology are revealing that mi-
crobial processes strongly influence the formation and
persistence of soil organic carbon [49]. Understanding
how restoration practices affect microbial communi-
ties could lead to management strategies that enhance
long-term soil carbon storage.

In agricultural landscapes, future studies should evalu-
ate the integration of restoration with sustainable food
production systems. Agroforestry, regenerative agricul-
ture, and conservation-based farming practices offer
opportunities to increase carbon sequestration with-
out reducing agricultural productivity [50]. Quantifying
trade-offs and synergies among carbon storage, crop
yield, water use, and biodiversity will be essential for
designing climate-smart land management systems.

Additional research is needed on blue carbon ecosys-
tems, including mangroves, salt marshes, and sea-
grass beds. Although these ecosystems store large
amounts of carbon, significant uncertainties remain re-
garding sequestration rates, sediment dynamics, and
responses to sea-level rise [51]. Improved monitoring
technologies, remote sensing methods, and ecosystem

models will play a key role in addressing these knowl-
edge gaps and supporting evidence-based restoration
policies.

10. Conclusion
Ecosystem restoration represents a powerful nature-
based solution for climate change mitigation, biodi-
versity conservation, and sustainable development.
Forests, wetlands, mangroves, grasslands, and agroe-
cosystems all offer significant opportunities for carbon
sequestration through biomass accumulation and soil
organic carbon enhancement. Among these ecosys-
tems, peatlands and mangroves provide exceptionally
high long-term carbon storage, while forest restora-
tion remains one of the most scalable terrestrial miti-
gation strategies. However, the success of restoration-
based carbon sequestration depends on addressing
challenges related to land competition, carbon perma-
nence, monitoring accuracy, climate variability, and
financial investment. Advances in remote sensing, eco-
logical modeling, and carbon accounting are improv-
ing the feasibility of large-scale restoration initiatives.
Integrating ecosystem restoration with community par-
ticipation, sustainable land management, and support-
ive policy frameworks will be essential for maximizing
both climate mitigation and broader ecosystem ben-
efits. As global efforts intensify to achieve net-zero
emissions, ecosystem restoration is likely to become
an increasingly important component of comprehen-
sive climate and environmental strategies.
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