
communications earth & environment Article
A Nature Portfolio journal

https://doi.org/10.1038/s43247-026-04035-4

Land use sequestration potential and
uncertainties in India’s net-zero pathway

Check for updates

Joy Rajbanshi1, Vaibhav Chaturvedi1,2 , Rajiv Kumar Chaturvedi 3, Swati Sharma1 & Raman Sukumar4

Land use can contribute substantially to climate change mitigation through carbon storage in
vegetation and soils.We assess how India’s long-term land-use carbon sequestrationmay vary under
different policy pathways and biophysical uncertainties by integrating economic dynamics with soil
and vegetation carbon responses across major land-use classes. Here we show that scientific and
policy uncertainties strongly influence India’s projected land-use sequestration. Across the full
uncertainty range, forests and tree cover could sequester an additional 8.8-31.8 gigatonnes of carbon
dioxide equivalent between 2015 and 2070, depending on soil carbon accumulation rates and
densities, the timing of achieving the 33% forest and tree cover target (2050 or 2070), and the extent of
agroforestry adoption. Annual sequestration across forests, tree cover, croplands, grasslands,
shrublands, and fallow lands is projected to range from 68 to 719 million tonnes of carbon dioxide
equivalent in 2070. We also find that India is on track to meet its 2030 climate commitment.

The world, in the last couple of decades, has confronted increasing occur-
rences of hunger, water scarcity, land degradation, extreme weather events,
natural calamities and loss of biodiversity1–3. This confirms that climate
change is no longer a threat that is supposed to confront us in the future;
rather, we are already experiencing its impacts. The Paris Agreement on
climate change (2015) has, therefore, focused on limiting global warming to
“well below2 °C,aswell as tomake efforts to limit thewarming to1.5 °Cabove
pre-industrial levels”. The goal of limiting 1.5 °C warming would require a
43% reduction in greenhouse gas (GHG) emissions by the year 2030
compared to 20194. In this regard, terrestrial carbon sinks have been con-
sidered very important by several researchers as they can capture about one-
fifth of the emitted carbon from the atmosphere every year5,6. Globally,
forests emit about 5.9 GtCO2 per year as of 2010–2019 (anthropogenic
emissions); however, it is estimated that forests and land use sector can
sequester about 12.5 GtCO2 per year, resulting in a net reduction of 6.6
GtCO2 per year

7.
In India, the land use, land-use change, and forestry (LULUCF) sector

sequestered 15.5% of India’s total GHG emissions in 20198, with cropland
and forests being the primary contributors to sequestration. Given the
varying and sometimes overlapping definitions of forest and tree categories
in India, including Forest Cover, Recorded Forest Area, Tree Cover, and
Trees Outside Forest (TOF), we use the term Forest and Tree Cover (FTC)
throughout this paper as a collective term for all tree-covered areas both
within and outside legally designated forests. To increase FTC-driven
sequestration, India has pledged to create an additional carbon sink of

2.5–3 GtCO2eq through promoting the expansion of FTC as well as
restoring 26 million hectares (Mha) of deforested and degraded lands by
20308. Besides, the National Forest Policy (1988) of India aims to bring 33%
of the total area of the country under FTC from the current levels of about
25%9. However, this expansion of FTCmust be viewed in tandem with the
food security concerns of a nation. With the growing population and
urbanization, the country is expected to face a large demand for food in
future, resulting in further expansion of the agricultural sector10 that is
bound to impact other land use classes. While Sustainable Development
Goal (SDG) 2 (“zero hunger”) demands agricultural development, SDG 13
(“climate action”) and SDG 15 (“life on land”) require protection and
expansion of forested areas11,12.

Several studies have looked into the mitigation potential of forests and
land use sector in India13–15, the food-land-climate nexus under climate
change scenarios16,17, and the role of the energy sector in India and its
implications in reaching net zero emissions18–20. In addition, recent inte-
grated assessment studies have explored the role of carbon dioxide removal
(CDR) portfolios and land-based removal options in achieving global and
regional climate targets. These analyses examine the energy-land-water
trade-offs associated with large-scale CDR deployment and its implications
for India’s net-zero pathway21–24. However, these studies primarily focus on
technology portfolios, mitigation costs or energy-system transformations,
with limited representation of the dynamic carbon processes within soils
and terrestrial ecosystems. As a result, existing assessments for India typi-
cally evaluate these components either in isolation or focus on static
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estimates of mitigation potential, providing limited insight into how land-
based carbon sequestration evolves over time as soils and forests approach
biophysical limits. In particular, the durability of land-sector carbon sinks
beyond a point, and the role of land management choices in sustaining
sequestration under net-zero constraints, remain insufficiently explored.
Additionally, the accuracy of emission estimations is often hindered by
issues such as data availability and inconsistencies, leading to uncertainties
in emission projection. Various studies have pointed out these challenges
due to differences in research scope, methods of data collection, and
resource limitations, particularly in developing countries like India25–30.
Moreover, inconsistencies in defining the time period required for soil to
reach a steady-state condition in terms of carbon sequestration31,32 pose
challenges in long-term emission projection.

Integrated assessment models (IAMs) are widely used to assess long-
term emission pathways by capturing changing socioeconomic and policy
factors (income, population, technological evolution, energy subsidies,
carbon pricing)33–36. Such frameworks are particularly well suited for ana-
lysing land-based mitigation, where carbon outcomes are shaped by cross-
sectoral dynamics involving agriculture, forestry, and energydemand. In the
Indian context, IAMs have been increasingly applied to explore energy
transitions and climate policy pathways37,38. However, their application to
long-term land-use carbon dynamics remains limited, particularly with
respect to soil carbon processes, forest maturity, and land management
strategies.

To address this gap, this study employs the Global Change Analysis
Model (GCAM, CEEW version), an integrated assessment model that
captures interactions among socio-economic development, energy systems,
agriculture, land use, and climate policy. The framework is extended to
represent cropland soil organic carbon (SOC) dynamics, agroforestry sys-
tems, alternative FTC expansion pathways, net-zero transitions, and bio-
physical constraints that would influence India’s long-term land-use
emissions and carbon sequestration trajectories. In this context, the con-
tribution of this work is threefold. First, it evaluates how key biophysical
uncertainties associated with SOC saturation and forest maturity shape the
evolution of land-based carbon sinks over time, moving beyond static or
near-term estimates of mitigation potential. Second, it compares alternative
pathways to demonstrate how land-use policy and management choices
govern the durability of sequestration outcomes under fixed FTC targets
while also affecting agricultural land availability and future foodproduction.
Third, it explicitly examines the offset potential of long-term land-use
emission sequestration to counter-balance India’s energy sector emissions
under its 2070 net-zero pledge.

Our analysis shows that themagnitude and persistence of India’s land-
based carbon sink are highly sensitive to both scientific uncertainties and
policy choices. We find that while accelerated FTC expansion can delivers
high near-term carbon removals, a more gradual expansion pathway
combined with agroforestry and rotational harvesting can sustain carbon
sequestration over longer timescales. The results further demonstrate that
uncertainty in forest biomass carbon density and cropland SOC leads to a
wide range of projected sequestration outcomes. This highlights the fact that
improved carbon monitoring and data is indispensable for robust estima-
tion of land-based mitigation potential to inform policy decisions. Overall,
the study shows that India is on track to achieve its 2030 forest-based NDC
target and provides indicative upper and lower bounds for the contribution
of the land-use sector to India’s 2070 net-zero pathway.

Results
Land use change and associated emissions in the Reference
scenario
We find that under the Reference scenario (refer “Scenario framework” in
“Methods”), cropland would increase by 7% in 2050 compared to 2015
(42.5% to 45% of the total area), while it declines after 2050 due to a
reduction in population-driven crop demand (Fig. 1a, b,c). If current trends
persist, reaching the desired goal of increasing FTC area to 33% in the near
future would be difficult. The area under FTC would increase slightly to

reach 27% of the total area by 2050, corresponding to an increase of about
12% relative to 2015, while by 2070 it would increase by an additional 1.6%
points (28.6% of the total area; ~18% increase relative to 2015) (Fig. 1a, c).
The additional land for the expansion of FTC and croplands is mostly
provided by the other arable land (fallow land), which would decrease by
58% in 2050 and 70% in 2070 compared to 2015 (Fig. 1b, c). This makes it
the dominant source of land reallocation under the Reference pathway.

The study finds that cropland is one of the major near-term con-
tributors to land-sector carbon sequestration accounting for ~72% of total
land-use carbon sequestration until 2030 (uncertainty range: 52–76%)
(Fig. 2a). However, a decline in cropland sequestration is noticeable after
2030, dropping its share to 1% by 2070 (uncertainty range: 0.5–2.0%) and
reaching near zero by the end of the century. This decline occurs because
cropland soils gradually approach their steady-state SOC levels under the
current management conditions, reducing annual carbon accumulation
rates over time. Although land-use transitions, including conversion to
cropland, are explicitly represented in the model, the additional SOC gains
from newly converted cropland are insufficient to offset the declining
sequestration rates across the larger existing cropland area.

FTC represents the second-largest share of land-use sector sequestra-
tion until 2035 in the Reference scenario. However, as cropland seques-
tration declines, reaching steady-state levels, FTC will become the primary
contributor to the land-use carbon sink in the long run. In this scenario, the
slow expansion of FTC areas (0.3% points annually based on historical
trends) significantly limits additional sequestration. This, combined with
declining sequestration rates fromaging forests, leads to apatternof reduced
FTC-driven carbon sequestration over time. Furthermore, as cropland
sequestration declines and existing FTC reaches maturity, the overall
sequestration in this scenario declines beyond a point (Fig. 2a).

Notably, total land-use sector CO₂ sequestration varies substantially
based on the uncertainty assumptions for biophysical factors
(Low–Medium–High carbon density; SOCmaturity at 50 years). Under the
Reference scenario, the total net sequestration across all land-use categories
is projected to reach 189MtCO₂ yr−1 in 2070 with an uncertainty range of
109-270MtCO₂ yr−1 as depicted in Fig. 2a and further documented in
Supplementary Note 3–5. These results highlight an important trade-off
within the land-use sector. While FTC and cropland expansion increases
long-term carbon sequestration through biomass and soil carbon accu-
mulation, sequestration for each parcel of land under new FTC or crops
gradually declines as biomass and soil approach equilibrium conditions.
Therefore, the net land-sector sequestration trajectory reflects the balance
between increasing area and declining sequestration rate across land use
systems.

Cropland expansion and subsequent carbon dynamics are driven by
the demand for food and non-food agricultural commodities. In terms of
food production, our findings indicate that non-staple crops would be the
most consumed category in the future, with a projected demand of around
800Mt by 2070 (Fig. 3a), up from 290Mt in 2020. This would influence the
production of vegetables, fruits, and legumes, with an annual growth rate of
1.7–2%. Feed crop demand is expected to rise more than double (from 236
to 527Mt) at a rate of 1.5% annually between 2015 and 2070, resulting in a
68% increase in fodder crop production.Demand for biofuels and non-food
items like cotton and jute is also anticipated to increase at a CAGR of 0.4%
from 427 to 519Mt over the period 2015–2070. It is worth noting that crop
demand may increase rapidly until 2055 and then slow down due to the
declining population. The future would witness a shift in the share of dif-
ferent crop types in production (million tonnes), with the share of sugar
cropsdeclining from31% in2015 to28% in2070 (Fig. 3b).Vegetableswould
become the secondmajor crop, accounting for 20% of production, followed
by fruits and legumes at 13% and 3%, respectively.

Implications of forest and tree cover (FTC) enhancement policy
scenarios
India’sNational Forest Policy (1988) specifies a target of bringing 33%of the
country’s geographical areaunder FTC, but does not prescribe a timeline for
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Fig. 1 | Projected land-use dynamics under alternative policy and net-zero sce-
narios. a Absolute land-use area (in million hectares, Mha) for major land-use
categories from 2015 to 2100 under the Reference, FP-2050, FP-2070, NZ-FP-2050
and NZ-FP-2070 scenarios. b Percentage change in land-use area in 2050 relative to

the base year (2015). cPercentage change in land-use area in 2070 relative to the base
year (2015). Detailed scenario definitions are provided in the “Scenario Framework”
section of the “Methods” and methodological details on land allocation and policy
constraints are described in the Supplementary Note 1.
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achieving this target. Therefore, we explore both an accelerated imple-
mentation pathway (2050) and a gradual implementation pathway aligned
with India’s net-zero target year (2070) to evaluate how the timing of FTC
expansion influences long-term sequestration dynamics and land-use
transitions.

Aggressive FTC policy (FP-2050) scenario. In the FP-2050 scenario,
the policy goal of reaching 33% FTC by 2050 is set, which focuses on its
rapid expansion until 2050 and the expansion stops once the target is
achieved. This leads to major changes in land use and emissions as
compared to the Reference scenario. The cropland that was found to be
increasing in the Reference scenario decreases in FP-2050 by 4% in 2050
compared to 2015 (Fig. 1a, b). Other arable lands also decrease more
rapidly than the Reference scenario. Suchmajor changes in land use have

a substantial influence on the emissions. Under FP-2050, carbon
sequestration in the forest driven by enhanced FTC by 2050 would
increase up to 530MtCO2 Year

−1 (uncertainty range: 284–776MtCO2)
which is ~3.3 timesmore than the sequestration in the Reference scenario
for the same year (Fig. 2b and Supplementary Fig. 7). The cropland on the
other hand decreases to compensate partially for increasing FTC and
reducing the sequestration by 12% in 2050.

However, by 2050, the overall land-use sequestration based on the
Medium sequestration assumption is projected to reach 610MtCO₂ year−1

(uncertainty range: 318–902MtCO₂) (Fig. 2b). This represents an increase
of ~143% compared to the Reference scenario (uncertainty range:
138–157%). However, as the expansion of FTC stops in 2050, the seques-
tration rate also declines significantly, continuing this trend through 2100.
Notably, forest carbon sequestration experiences a fourfold to sixfold

Fig. 2 | Projected land-use carbon emission trajectories under alternative policy
and net-zero scenarios. a Annual land-use carbon emission trajectories under the
Reference, b, c Forest Policy (FP), d, e Net-Zero Forest Policy (NZ-FP), and
f, g agroforestry (AF) scenarios from 2015 to 2100. The FP scenarios represent
pathways achieving India’s 33% FTC target by 2050 or 2070, while the NZ-FP
scenarios combine FTC expansion with economy-wide net-zero energy transition
assumptions. The AF scenarios additionally incorporate rotational agroforestry
systems with harvested wood product dynamics (see “Scenario Framework” in
“Methods” for detailed scenario definitions). Coloured bars represent emissions or

removals from individual land-use categories. The thick black line represents total
land-use sector CO₂ emissions under the Medium sequestration assumption, while
the shaded envelope represents the uncertainty range bounded by the Low andHigh
sequestration assumptions from alternative forest carbon density and cropland SOC
assumptions described in “Methods” and Supplementary Note 3–5. In all the sce-
narios and results in the main text, cropland SOC is assumed to steady state con-
ditions over a 50-year time period, with the 100-year sensitivity results presented in
the Supplementary material.
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reduction by 2070 and an even sharper decrease by 2100. Moreover, as
forested land expands at the expense of cropland, total crop production is
projected to be lower by 1.5% in 2030, 3.8% in 2050, and 3.5% in 2070
compared to the Reference scenario. Among individual crops, wheat
experiences themost significant decline in production (−11%), followed by
rice, other grains, soybean, (−10%), root tuber (−8.4%) and corn (−8.2%)
(Supplementary Fig. 10). These declines in production may have implica-
tions for future trade dynamics, potentially leading tohigher foodprices and
increased volatility in crop commodity markets.

Moderately aggressive FTC policy (FP-2070) scenario. The FP-2070
scenario takes a much slower approach compared to FP-2050 in
expanding the FTC, targeting 33% of total land area by 2070. Therefore,
by 2050, FTC is projected to cover 29.7% of the total land area which is
3.3% points less than the FP-2050 scenario (Fig. 1a). By 2070, area under
FTC shows a net increase of ~33% relative to 2015, while cropland and
other arable land decline by 3% and 79% (Fig. 1c). Hence, by 2050, the
FTC-based sequestration would be 39% lower than the FP-2050 scenario
(Fig. 2c and Supplementary Fig. 7). However, unlike FP-2050, where
sequestration rates decline abruptly post-2050, FP-2070 sequestration
continues steadily until 2070. After 2070, sequestration follows a decline
pattern similar to the post-2050 period in FP-2050. As a result, the FP-
2070 scenario achieves an annual sequestration of 362MtCO2 Year−1

(uncertainty range: 201–523MtCO2) in 2070 (Fig. 2c). This represents a
91% increase (uncertainty range: 84–94%) compared to the Reference
scenario and a 178% increase (uncertainty range: 172–196%) compared
to FP-2050. Total crop production in FP-2070 declines at a slower rate,
reducing by 1% in 2030 and 3.5% by 2070 relative to the Reference
scenario. Despite this gradual decline, the reduction in production of
different crops by 2070 is more or less similar to that in the FP-2050
scenario (Supplementary Fig. 10), primarily due to the same reduction in
cropland area under both scenarios.

Implications of net-zero energy with FTC policy (NZ-FP-2050 &
NZ-FP-2070) scenarios
The NZ-FP-2050 and NZ-FP-2070 scenarios share the same goal as the
FP-2050 and FP-2070 scenarios: achieving 33% FTC by 2050 and 2070,
respectively. However, a key distinction is the inclusion of a net-zero
target for 2070, specifically within the energy sector. Under Net-Zero
scenario, there is an explicit CO₂ emissions cap on the energy system,
which is met endogenously through a combination of energy efficiency
improvements, fuel switching, and deployment of negative-emission
technologies. In particular, bioenergy with carbon capture and storage
(BECCS) emerges as a key mitigation option for offsetting residual

emissions from hard-to-abate sectors (Fig. 4a). As a result, the net-zero
energy target implies higher zero-carbon bioenergy production through
increased biomass cultivation, which could impact land use emissions.
However, we find that net-zero energy target affects land use and asso-
ciated emissions only slightly. Our results show that biomass area
expands to 1.1Mha by 2070 in the both the NZ-FP scenarios, taking
much of the land from cropland and other arable land categories
(Fig. 4b). While FTC emissions remain similar to those in FP scenarios,
biomass cultivation in NZ-FP scenarios contributes to increased
sequestration. Hence, the sequestration in NZ-FP-2050 is slightly higher
(0.6%) than in FP-2050 (uncertainty range: 0.4–1.1%) by 2050 (Fig. 2d).
In NZ-FP-2070, sequestration exceeds FP-2070 by 0.7–1.8% in 2070
(Fig. 2e). Overall, these results indicate that the primary role of bioenergy
in the net-zero scenarios is to offset residual energy-sector emissions
through BECCS, while their influence on land-use sequestration path-
ways remains limited. Essentially, deep emissions reductions in the
energy sector do not materially impact India’s land use emission
trajectories.

Implications of agroforestry with rotation period on carbon
sequestration
We show that, unlike afforestation without rotation periods, which
exhibits a continuous decline in sequestration once afforestation targets
are achieved by 2050 or 2070 (Fig. 2b–e), agroforestry with rotation
periods sustains carbon sequestration even beyond the target years. In the
NZ-FP-2050-AF scenario, annual sequestration across all land use
categories is 360MtCO₂ (uncertainty range: 213–508MtCO₂ year−1) in
2070 (Fig. 2f). Furthermore, after achieving the afforestation target, an
average of 213MtCO₂ (uncertainty range: 126–300MtCO₂) sequestra-
tion continues annually till 2100, this is 2.4–3 times higher than the
sequestration in conventional afforestation scenario (NZ-FP-2050). This
sequestration is primarily driven by rotational harvesting and replanting
when approaching a steady-state conditions, which maintains con-
tinuous carbon uptake in harvested wood product (HWP) and delaying
the carbon emissions, contributing 68%–86% of total land-use seques-
tration (Fig. 2f) in 2100. In contrast, conventional afforestation without
rotational agroforestry reduces this contribution to 13–30% across all
categories in 2100. A similar trend is observed in the NZ-FP-2070-AF
scenario, with annual sequestration rates of 473MtCO₂ (uncertainty
range: 268–678 MtCO₂), 29% higher than conventional afforestation in
2070 (Fig. 2g). However, after 2070, an average of 321MtCO2 year−1

(uncertainty range: 192–450MtCO2 year−1) sequestration continues
which is 2.1–2.2 times higher than the sequestration in the NZ-FP-2070
scenario by the end of the century.

Fig. 3 | Agricultural demand and crop production
composition in India under the Reference sce-
nario. aProjected demand formajor agricultural use
categories-staples, non-staples, feed crops, biofuels
and other non-food uses-expressed in million
tonnes (Mt). The constituent food items within each
category are listed in Supplementary Fig. 3. b Per-
centage share of total agricultural production (%)
across 16 major crop categories in India in 2015 and
2070, showing changes in production composition
over time. The underlying drivers of these changes
are discussed in Supplementary Note 1d.
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Implications for forest carbon stock and short-term NDC target
The Government of India’s NDC targets include the creation of an
additional carbon sink of 2.5–3.0 GtCO2 by 2030 relative to the 2005 base
year8,39. Our assessment (based on FSI carbon density data) shows that
this target would be achieved in all the FTC expansion scenarios (Fig. 5).
If FTC had increased even more aggressively (FP-2050), this target would
have been achieved by 2025. It is also evident that a rapid increase in FTC
under the FP-2050 scenario would create a significant carbon sink
between 2021 and 2050 (an additional 7.2 GtCO2) and this continues to
grow even if the FTC expansion process stops after 2050. In contrast, the
growth rate of carbon sequestration in FP-2070 is lower than that in FP-
2050 until 2050. However, carbon sequestration keeps increasing post-
2050 as well, leading to continued growth of the carbon sink. By 2070, the
carbon stock stored in area under FTC under the FP-2050 scenario
reaches 36.1 GtCO₂, while FP-2070 achieves 34.8 GtCO₂, a small differ-
ence. This difference arises because, under FP-2050, India’s forest policy
target is met earlier in 2050, allowing a longer period for carbon

accumulation, whereas FP-2070 meets the target only by 2070. However,
by the end of the century, the carbon stock under both scenarios con-
verges, with a negligible difference of 0.2 GtCO₂. A similar trend is
observed under the 2070 net-zero energy sector scenarios combined with
forest policy targets (NZ-FP-2050 and NZ-FP-2070). Notably, the NZ-
FP-2050-AF and NZ-FP-2070-AF scenarios, which incorporate rota-
tional harvesting, result in higher carbon stocks compared to conven-
tional afforestation (FP-2050/NZ-FP-2050 and FP-2070/NZ-FP-2070).
Under NZ-FP-2050-AF, an additional 14.3 GtCO₂ is sequestered
between 2021 and 2100, representing a 44–48% increase relative to FP-
2050 and FP-2070. Similarly, NZ-FP-2070-AF sequesters an additional
13.6 GtCO₂, corresponding to a 38–41% increase over the conventional
afforestation scenarios.

The estimates presented in this section assume forest carbon densities
as per FSI estimates, which are at the lower end compared to globally
reported estimates. Using higher end values for forest carbon density show
significantly higher sequestration and forest carbon stock as shown in the

Fig. 5 | Projected forest and tree cover carbon
stocks under alternative land-use scenarios.
Changes in carbon stock for India’s Forest and Tree
Cover land-use class under the Reference, FP-2050,
FP-2070, NZ-FP-2050-AF and NZ-FP-2070-AF
scenarios, using carbon density values from the
Forest Survey of India (FSI; see Supplementary
Table 7 for details). The short-term NDC target of
achieving an additional 3 GtCO₂ by 2030 is shown
relative to two different base years (2005) via hor-
izontal dashed line. Black bars represent the
observed carbon stock as reported by FSI, while blue,
green, red, violet and yellow bars depict the pro-
jected carbon stock under the Reference, FP-2050,
FP-2070, NZ-FP-2050-AF and NZ-FP-2070-AF
scenarios, respectively.

Fig. 4 | Role of biomass in offsetting residual energy-sector emissions under net-
zero energy scenarios. a Residual CO₂ emissions from major energy-sector com-
ponents-industry, buildings, electricity, and transport-together with negative
emissions from biomass in the net-zero energy scenarios. Negative emissions
represent CO₂ removals achieved through bioenergy with carbon capture and

storage (BECCS) and reflect energy-sector mitigation rather than land-use carbon
stock changes. b Land area allocated to purpose-grown biomass crops in 2070 under
the Reference and net-zero forest policy (i.e., NZ-FP 2050 and NZ-FP 2070) sce-
narios. Biomass crop area is drawn primarily from cropland category.
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uncertainty ranges presented in the conclusion section. Further explanation
has been presented in Supplementary Note 3.

Discussion
Our study suggests that the timing and management of FTC expansion
strongly shape the land-based carbon sinks under India’s long-term net-
zero strategy. We find that the FP-2050 pathway delivers higher seques-
tration in the near term (610MtCO₂ yr−1 by 2050), but experiences a rapid
decline thereafter. In contrast, FP-2070maintains sequestration growth for
a longer period and achieves 362MtCO₂ yr−1 in 2070, compared with only
130MtCO₂ yr−1 under FP-2050 (Medium sequestration assumption).
These findings suggest that the long-term effectiveness of FTC expansion
depends not only on the area brought under FTC but also on the temporal
profile of forest growth andcarbon accumulation.This is because the carbon
sequestration rates are generally highest during active growth phases and
decline as forests mature, resulting in lower annual removals despite con-
tinued storage of carbon in biomass. Similar age-dependent sequestration
patterns have been reported across a wide range of forest ecosystems40–43.
Importantly, our analysis further indicates that these age-structure effects
interact with saturation dynamics in other land-use categories, particularly
cropland soils, where SOC accumulation typically peaks in the first few
decades and declines as soils approach steady-state conditions, a finding
consistent with other studies44–46. These findings are particularly important
in the context of India’s net-zero strategy, where land-based removals are
expected to offset residual emissions fromhard-to-abate sectors.Our results
suggest that relying on static assumptions of constant annual sequestration
within soil and biomass may overestimate the long-term mitigation con-
tribution of the land sector. Instead, sequestration trajectories evolve
dynamically over timedue to interactions between forestmaturity, cropland
soil carbon saturation, and land competition. In this context, our assessment
also highlights that FTC expansion combined with the agroforestry with
rotation period is critical for sustaining long-term carbon removals beyond
2070, as the system maintains a structurally durable sink even after area
expansion stops. For example, NZ-FP-2070-AF maintains approximately
321MtCO₂ yr−1 of sequestration after 2070, compared with much lower
levels under conventional afforestation pathways. Agroforestry enhances
mitigation durability through the harvested wood products (HWP) pool,
where a portion of harvested carbon is stored in long-lived products and
released gradually according to first-order decay dynamics47,48. Studies also
suggests that extending the life-span of HWPs can substantially increase
cumulative carbon storage andmay exert a stronger influence onmitigation
outcomes than variations in harvest intensity49,50. In addition, HWP can
substitute emissions-intensive materials such as cement and steel, gen-
erating avoided fossil emissions through material substitution-a mitigation
pathway widely recognised in global assessments51,52.

While FTC-driven CO₂ sinks can help offset residual energy-sector
emissions, non-CO₂ emissions (particularly from agriculture) are expected
to persist, and land-based removals are subject to uncertainty, saturation
and disturbance risks over long-time horizons53,54. The decline in seques-
tration once large forest cohorts mature also addresses concerns around
mitigationdeterrence,whereby expectations of future land sinks coulddelay
decarbonisation in energy and industrial systems55,56. Essentially, having
33% land area under forest cover wouldn't necessarily lead to high
sequestration for ever and can not compensate for a lack of deep near and
long-term mitigation in the energy systems. Moreover, because residual
emissions are concentrated in urban and industrial sectors while land-based
sequestration is largely delivered through rural landscapes, these pathways
raise important questions regarding the distribution of mitigation burdens
and co-benefits in agrarian economies such as India53–57.

It is worth noting that agroforestry with rotational tree planting con-
sidered in this study is established on cropland, fallow land and other sui-
table agricultural lands, rather than through the harvesting or conversion of
natural forests. Therefore, the associated ecological trade-offs differ from
intensively managed forest systems. Well-managed agroforestry can
improve soil health, biodiversity, and other ecosystem services compared

with conventional agriculture58–60. As these outcomes vary with species
composition, management practices, and landscape context, the carbon
mitigation potential presented here should be considered alongside broader
ecological and socio-environmental objectives when designing land-use
policies.

The land-use transition pathways considered in this study have been
prepared following the existing policy commitments, technical potential
and implementation evidence in India. We further assess their practical
feasibility dimensions following the proposed IPCC SR1.561 framework.
From a scale perspective, the scenarios require FTC to increase from
80.95Mha in 2020 to 108.44Mha, corresponding to annual expansion rates
of 0.92Mha yr−1 (FP-2050) and 0.55Mha yr−1 (FP-2070). These rates are
within the range of the average annual FTC expansion (~ 1.65Mha yr−1)
inferred from the area required to achieve India’s NDC sink target during
2015–20308,62. Furthermore, the total expansion required (27.49Mha)
remains substantially lower than the 55.76Mha of suitable wasteland and
fallow land identified byNITIAayog’sGROW63 assessment for agroforestry
expansion. Since the National Forest Policy (1988)9 specifies the 33% FTC
target without prescribing a target year, the 2050 and 2070 scenarios
represent alternative implementation pathways rather than fixed policy
commitments. Similar variation is already evident across Indian states. For
example, Telangana adopted an accelerated afforestation pathway through
“TelanganakuHarithaHaram”64, whereasTamilNadu’sGreenTamilNadu
Mission65 aims to achieve 33% green cover by 2030–31 through phased
afforestation and agroforestry expansion. Technically, the scenarios rely on
established agroforestry systems and existing institutional mechanisms
under theNational Forest Policy. India’s NDC and theGreen IndiaMission
and require no unproven technology. Taken together, these considerations
suggest that the modelled transition pathways are realistic in terms of their
scale, technical basis and policy direction. However, their successful
implementation will depend on sustained farmer participation, favourable
market incentives, effective governance, and the long-term survival of
planted trees66.

Beyond policy and management choices, our results also highlight
that scientific uncertainties substantially influence the magnitude of
projected land-use carbon sequestration. A key source of this uncertainty
arises from the large disparities between the carbon density values
reported by the FSI and those available from global datasets. Global
datasets67 reported carbon density values which are approximately 2.7
times higher than the country-specific values68 for similar vegetation
categories, leading to substantial differences in overall emission estimates
for all the scenarios considered in the study. In addition to forest carbon
density uncertainty, cropland SOC represents a major source of uncer-
tainty in land-sector mitigation assessments. While several studies have
identified SOC as one of the largest sources of uncertainty in land-based
mitigation assessments69,70, our analysis demonstrates how these uncer-
tainties translate into materially different long-term sequestration out-
comes at the national scale. Given that croplands contribute a substantial
share of near-term sequestration in several scenarios, uncertainty in SOC
density and dynamics can significantly affect overall mitigation estimates.
These uncertainties highlight the need for improved, land-use-specific
carbon density datasets and consistent national monitoring frameworks
to support robust planning and policy design.

In addition to uncertainties in carbon estimation, our findings suggest
that long-term mitigation strategies should extend beyond FTC expansion
alone. While policy discussions often focus on forest expansion as the pri-
mary mechanism for increasing land-based carbon sinks, our results indi-
cate that cropland soils play an important role in the near term. Cropland
SOC accounts for ~72% of total land-sector sequestration until 2030,
making it the dominant contributor. However, this contribution declines
sharply over time as soils gradually approach steady-state conditions.
Similar saturation behaviour has been reported across a wide range of
agricultural systems44–46,71,72. Therefore, maintaining the mitigation con-
tribution of agricultural landscapes will require continued adoption of
practices that increase SOC stocks, including reduced tillage, residue
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retention, cover cropping, diversified cropping systems, and agroforestry
integration. Even though the climate smart agriculture practices are steadily
making progress in this direction, ensuring that soil carbon is regularly
measured and monitored to enhance not just sequestration but soil health
and crop productivity would be critical for India. Besides agriculture, lit-
erature shows that landuses like grasslands,wetlands, and shrublandshave a
great potential to sequester carbon from the atmosphere into the soil36, a
finding also supported by our assessment. However, it is critical to think
beyond carbon. For instance, opennatural ecosystems (encompassing semi-
arid savanna grasslands, and savannawoodlands, alongwith rocky outcrops
and other naturally tree-less or sparsely vegetated geological features) as a
critical ecosystem category73. Hence, the Government of India is taking
major initiatives to protect grasslands, wetlands and shrublands of the
country to promote its long-term low-carbon development strategy and
biodiversity conservation74. It is important to emphasize that these lands are
not diverted for afforestation solely for the purpose of carbon sequestration,
which should take place primarily in lands specifically identified for this
purpose (e.g., wastelands and fallow lands).

Although thesefindingsprovideuseful insights into the role of different
land-use systems, future climate change may further influence long-term
sequestration trajectories. In our assessment, the variation in carbon
sequestrationobserved across scenarios ismainlydue to the growth stagesof
forests, where young forests absorb carbon more rapidly than mature for-
ests. However, a few studies indicate that old-growth forests also sequester
carbon beyond their growth phases and play a crucial role in climate change
mitigation75–77. In this case, several factors contribute to this process,
including extended growing seasons due to climate change78, successional
dynamics79, species composition80, carbon fertilization from fossil fuel
emissions81 and nitrogen deposition-induced nutrient fertilization75,82.
Although the contribution of old-growth forests to carbon sequestration is
relatively small, their role as carbon sinks should not be overlooked in
climate mitigation strategies. Currently, GCAM does not explicitly model
various ecological processes influencing forest carbon sequestration, but
considers the fact that old forests sequester carbon at low rates. Apart, this
study has not accounted seasonal and inter-annual variability of the carbon
sequestration rate which can be strongly influenced by environmental and
climatic factors such as droughts, wildfires, and extreme weather events
including ElNiño83–85. The increasing frequency of such extreme events due
to climate change poses a serious risk where biomass gains may be offset by
disturbance-related losses. Taken together, while land-based mitigation
remains central to India’s net-zero vision, the sequestration potential will
depend not only on policy-driven expansion of forests and agroforestry but
also on how climatic drivers interact with ecological processes. Strength-
ening long-term monitoring networks (e.g., flux towers, soil carbon obser-
vatories) is therefore essential to reduce uncertainty and refine projections
for policy planning.

While our analysis focuses on India, the findings have broader
relevance for countries pursuing land-based CDR as part of their miti-
gation strategies. Net-zero pathways assessed by IAMs commonly
depend on afforestation, reforestation, ecosystem restoration and bioe-
nergy systems to offset residual emissions from hard-to-abate sectors86–88.
Countries such as China, Brazil, Indonesia, Canada and several African
nations have also identified land-based removals as important compo-
nents of their long-term climate strategies. However, recent studies have
highlighted concerns regarding the permanence, scalability, and uncer-
tainty of land-sector carbon sinks, as well as inconsistencies between
national inventories and IAM representations of land-use mitigation89–91.
Our results contribute to this broader discussion by demonstrating that
sequestration outcomes depend not only on land-cover targets but also
on biophysical limits, forest age structure, soil carbon saturation and
management practices. By integrating these processes within an IAM
framework, the study provides a transferable approach for improving the
representation of land-based mitigation and evaluating the durability of
CDR pathways in countries seeking to balance net-zero ambitions with
food security and land-use constraints.

Limitations
While our study provides valuable insights into future carbon sequestration
and emissions in the land use sector for India, it does have some limitations.
First, IPCC methodologies typically consider SOC at 0–30 cm depth,
whereas in this study, due to the lack of consistent and reliable India-specific
datasets at shallower depths, SOC estimates at 0–100 cm depth have been
used. As SOC concentrations are known to decline with depth92, the
inclusion of deeper soil layers in our analysis may lead to a slight over-
estimationof total SOCsequestration. In addition, there is a lack of sufficient
ground sampling SOC data for the cropland category for a particular year,
which can be used for selecting the base year for SOC sequestration pro-
jections. Second, our study has not captured the reversibility of carbon sinks
from soil carbon sequestration (SCS), in other words the potential for SOC
to become a source post reaching the steady-state condition has not been
examined. A failure to properly manage cropland SOC can lead to it
becoming a net carbon source, particularly due to land-use changes or
intensive agricultural practices4,70,93. Third, our modelling framework does
not explicitly account for climate-carbon feedbacks associated with chan-
ging atmospheric CO₂ concentrations81, climate extremes and disturbance
regimes83–85 or overshoot trajectories. Carbon sequestrationdynamics in our
assessment are primarily driven by land-use transitions, management
assumptions, and forest age structure. As a result, potential climate-driven
changes in vegetation productivity, forest mortality and soil carbon
dynamics are not represented and could influence the magnitude and
persistence of long-term carbon sinks. This omission of climate-driven
uncertainty in carbon stocks is a notable gap that future research should
address, ideally through couplingwith dynamic global vegetationmodels or
Earth system models. Lastly, India has potential to enhance carbon
sequestration through the densification of existing forests via regeneration
efforts, which has not been included in our study. According to FSI (2021)
report68, 43% (30.7Mha) of the total forest cover (71.4Mha) is categorized
as Moderately Dense Forest (MDF), and another 43% (30.7Mha) as Open
Forest (OF). These areas could hold considerable potential for increasing
carbon sequestration if OF areas are converted into MDF and MDF areas
into Very Dense Forests through forest regeneration processes.

Conclusions
As India pursues its NDC commitments and long-term net-zero goal,
understanding the magnitude, durability, and uncertainty of land-based
carbon sequestration becomes increasingly important. This study addresses
a critical gap in India’s climate policy by integrating land-use transitions, soil
carbon dynamics, forest carbon accumulation, and energy-land interactions
within a single modelling framework tailored to Indian conditions.

We find that the land-use sector can provide a substantial contribution
to climate mitigation, but that contribution is neither fixed nor permanent.
Carbon sequestration depends not only on the extent of FTC expansion, but
also on the biophysical and temporal dynamics of forests and cropland soils,
which gradually reduce sequestration rates as these systems mature.
Therefore, long-term mitigation assessments must move beyond static
estimates of carbon sink potential and explicitly account for how seques-
tration evolves over time.

Our analysis further highlights that pathway design and management
strategy matters. Alternative approaches to achieving the same FTC target
can lead to different landuse allocation and carbon sequestration pattern. In
this context, agroforestry-based systems provide an opportunity to sustain
carbon uptake beyond the period during which conventional afforestation
delivers its strongest gains.

A central finding of this study is the large influence of scientific and
policy uncertainty on projected land-use sequestration. Differences in car-
bon density estimates, cropland SOC maturity years and policy choices
(33% FTC target year, agroforestry regime) produce a wide range of
sequestration values by 2070 (Table 1), which provides indicative lower and
upper bounds for the contribution of the land-use sector to India’s net-zero
pathway for 2070and the level of residual emissions that couldpotentially be
balanced through land-based removals. It should be emphasised that
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though physical sequestration trajectories will extendmuch beyond 2070 as
hasbeen shown inour results (Fig. 2),wehighlight the results for 2070 inour
conclusion given the importance of this year from India’s climate policy
perspective. Reducing the scientific uncertainties through improved mon-
itoring and nationally consistent carbon datasets will therefore be essential
for strengthening future climate planning.

For India’s net-zero target year (2070), longer duration to achieve
cropland SOCmaturity, higher carbon densities of soil and biomass, longer
duration of FTC target year (2070 over 2050), and an agroforestry-based
land management approach would lead to higher sequestration of carbon
dioxide in the year 2070.On the other hand, the opposite of thesewould lead
to a much lower sequestration by India’s land systems. While two of these
are scientific uncertainties that need to be understood better, the other two
are policy choices that need to be carefully calibrated. Interestingly, our
analysis finds that deep emissions reductions in the energy sector, while
having implications for land-use change if bio-energy is pursued as a key
strategy, do not materially impact India’s land use emission trajectories.

Our analysis also shows that the current rate of expansion of FTC will
lead to achievement of India’s NDC pledge of additional carbon sink of
2.5–3.0 GtCO2 by 2030 relative to the 2005 base year. Across the full
ensemble of uncertainty scenarios, cumulative carbon removals over the
2015–2100modelling horizon span are projected to reach 10.5–39.8 GtCO₂
for the FTC sector and 14.8–60.8 GtCO₂ across all land use categories,
reflecting the wide range of mitigation outcomes under different manage-
ment and uncertainty scenarios. By 2100, carbon stock of India’s FTC
(includingboth soil and vegetative carbon) is projected to range from36.5 to
65.8 GtCO₂. Overall, the study suggests that the land-use sector can play a
significant role in supporting India’s transition to net zero, including
achievement of its forest-based NDC target and creation of significant
carbon stocks. However, its long-term contribution will depend on balan-
cing forest expansion with agricultural needs and sustaining carbon uptake
through appropriate land management. These findings provide a more

comprehensive basis for evaluating the role of land-based mitigation in
India’s long-term climate strategy.

Methods
This study applies the GCAM94 to assess long-term land-use emissions and
carbon sequestration pathways for India under alternative forest policy and
net-zero scenarios. The methodological framework consists of three com-
ponents. First, GCAM is used to represent the integrated interactions
between socio-economic drivers, agriculture, land-use change, energy
transitions, and carbon emissions. Second, study-specific add-on modules
are developed to improve the representationof croplandSOCdynamics and
agroforestry-based sequestration pathways. Third, scenario assumptions,
key sources of biophysical and data-driven uncertainty analysis, and India-
specific parameterisation are incorporated to evaluate the implications of
alternative forest and energy transition pathways for India’s long-term net-
zero goals. The detailed structure of themodelling framework, assumptions,
and analytical workflow is described in the following subsections and
Supplementary Note 1–5.

Integrated assessment modelling for capturing land use transi-
tion emissions
The GCAM (V6.0) evaluates different mitigation policies focusing on
agriculture, land use and terrestrial carbon cycle modules94. GCAM is a
dynamic recursive model that integrates socio-economy, energy, water,
land, and climate systems. It balances supply and demand across these
sectors using a market-equilibrium approach and runs globally across 32
regions, including India, from 2015 to 2100 with 5-year steps. The GCAM
default reference scenario adopts population and Gross domestic product
(GDP) projections from the Shared Socioeconomic Pathway “Middle-of-
the-Road” scenario95,96. However, to align with the region-specific projec-
tion, we have calibrated the model using India-specific socio-economic
factors (e.g., population, GDP), agriculture, land use types, and other rele-
vant economic and environmental variables.

WithinGCAM, land-use change and associated carbon emissions arise
from the interaction of several integrated model components. Socio-
economic drivers such as population growth and income shape demand for
food, biomass and energy. Land allocation across competing uses is deter-
mined through an economic competition framework based on relative
profitability, while policy constraints are applied exogenously to reflect
national land-use targets94. Within this framework, agricultural demand,
including both staple and non-staple crops, responds endogenously to
socio-economic drivers and relative prices. While future agricultural
demand may, in principle, be influenced by policy-driven or behavioural
shifts in dietary preferences, no exogenous dietary changes or food-
demand-side interventions are imposed in this study. Instead, all the key
socio-economic, agricultural, and land-use parameters are calibrated to
India-specific base-year to ensure consistency with national conditions. In
addition, the biophysical parameters, including vegetation and soil carbon
densities and carbon maturation dynamics, govern the magnitude and
timing of carbon fluxes associated with land-use transitions. A detailed
description of these drivers, assumptions, andparameterisations is provided
in Supplementary Note 1. However, additional details on the structure and
functioning of GCAM’s land-use component are available in the model
documentation and published studies94,97. Notably, throughout this study,
emissions and sequestration refer only to carbon dioxide (CO₂), which
aligns with the aim of our study. This is due to two reasons. First, this scope
aligns with India’s long-term net-zero target for 2070, where mitigation of
agricultural non-CO₂ emissions (CH₄ and N₂O) is not included within the
official net-zero target, and is addressed through separate sectoral strategies
as a part of India’s domestic policies98. Second, non-CO₂ agricultural
emissions are flow-based processes governed by distinct management and
emission-factor uncertainties that are analytically different from stock-
based CO₂ sequestration dynamics. We have therefore excluded here to
maintain analytical focus on land-basedCO₂ sequestration dynamics and to
avoid introducing additional uncertainties related to non-CO2 emission

Table 1 | Projected land-use sector (LULUCF) carbon
sequestration in 2070 (MtCO₂ yr−1) under alternative forest
policy, net-zero, and agroforestry pathways, and across key
scientific uncertainty assumptions

Scientific uncertainties

Carbon
densities

Low Medium High

Cropland SOC
maturity year

50
years

100
years

50
years

100
years

50
years

100
years

Policy
uncertainties
(Scenarios)

Reference 109 114 189 210 270 305

FP-2050 68 72 130 148 192 224

FP-2070 201 205 362 380 523 555

NZ-FP-2050 73 77 135 154 198 230

NZ-FP-2070 205 209 366 384 527 568

NZ-FP-2050-AF 213 217 360 379 508 540

NZ-FP-2070-AF 268 272 473 491 678 719

Forestland SOC takes very long (~500 years)25 to mature, hence that sensitivity has not been
analysed. Scenario definitions: Reference = business-as-usual; FP-2050 = FTC target of 33%
achieved by 2050; FP-2070 = FTC target of 33% achieved by 2070; NZ-FP-2050 = net-zero energy
pathwaywith FTC target achievedby2050;NZ-FP-2070 = net-zero energypathwaywith FTC target
achieved by 2070; NZ-FP-2050-AF =NZ-FP-2050 with agroforestry and rotational harvesting; NZ-
FP-2070-AF =NZ-FP-2070 with agroforestry and rotational harvesting. For more scenario related
information, please refer to scenario description in “Methods”.
Policy scenarios differ in the timing of achieving India’s forest and tree cover (FTC) target of 33%
land area, the inclusion of a net-zero energy pathway, and the adoption of agroforestry with
rotational harvesting. Scientific uncertainties reflect alternative assumptions regarding soil and
biomass carbon density and cropland soil organic carbon (SOC) maturation times.

https://doi.org/10.1038/s43247-026-04035-4 Article

Communications Earth & Environment | _#####################_ 9

www.nature.com/commsenv


factors,management-specific responses, andmitigation technologieswithin
the context of India’s net-zero goal.

Add-on module for capturing annual cropland carbon
sequestration
GCAM captures carbon emissions and sequestration from land-use tran-
sitions and carbon vintages in forests, shrublands, and grasslands, but does
not account for emissions or sequestration from long-standing cropland
with annual harvest cycles. For example, if cropland increases from 140 to
150Mha, GCAMmodels only the 10Mha transition, ignoring the existing
140Mha. In contrast, for forests, GCAM captures both the transition area
and ongoing sequestration from existing forests using a vintage modelling
approach, as forests have a lifecycle of more than one year, unlike annually
harvested cropland. To address this limitation, we developed an add-on
module that explicitly represents SOC dynamics across the entire managed
cropland area, rather than restricting cropland carbon accounting to land-
use transitions alone. This approach is consistent with national GHG
inventory methodologies reported in the India’s Third National Commu-
nication and Initial Adaptation Communication (TNC-IAC)98, which
assess cropland SOC stock changes at the system level. In the national GHG
inventory98, cropland sequestration sources have been divided into two
components: vegetative biomass within tree outside forest (TOF) areas, and
SOC. Since the sequestration related to TOF is included under the forest
category in this study, the add on module focuses solely on cropland SOC
sequestration.

Even though process-based SOC models99,100 can project future SCS,
their application at the national scale requires extensive, spatially explicit
data on climate, soil properties, and management practices, which are not
consistently available for India. Therefore, we adopt a simplified sigmoid-
based empirical approach44, which has been widely used in the
literature101–104 to capture non-linear SOC dynamics and saturation beha-
viour. This enables a scalable and policy-relevant representation of SOC
change. (Eq. (1)).

SOC ¼ SOC0 þ
a

1þ e�
t�t0
b

ð1Þ

SOC₀ represents the initial SOCdensity (meanSOCvalue),whilea (the
difference between mean and steady-state SOC value) and b are empirical
constants, and t denotes time in years. The variable t₀marks the year when
the sigmoid curve’s slope is steepest, indicating the highest annual
sequestration rate.

Estimating steady-state SOC levels for different land-use types in India
is challenging due to the absence of nationally representative equilibrium
SOC data. The only India-specific assessment105 provides observed mean
SOC stocks at 100 cm depth but does not report SOC variability, distribu-
tional shape, or steady-state conditions required for modelling SOC
dynamics over time. In contrast, global datasets such as SoilGrids106 provide
spatially explicit SOC distributions but systematically overestimate mean
SOC levels for India when compared with national estimates. As a result,
neither dataset alone is sufficient for deriving realistic steady-state SOC
levels.

To address this limitation, we adopt a two-step distribution-based
proxy approach107,108. First, the Global SoilGrids dataset106 is used to char-
acterize the statistical distribution of SOC across land-use categories (e.g.,
gamma or Weibull distributions), capturing the variability in SOC across
landscapes without directly using its mean values. Second, these distribu-
tions are recalibrated using India-specific observed mean and minimum
SOC values105, thereby anchoring the resulting SOC levels to nationally
reported magnitudes. Near-equilibrium SOC is then represented by the
upper quantile of the recalibrated distributions, reflecting long-term SOC
potential under stable land-use conditions. Uncertainty in these estimates is
explicitly explored through sensitivity analysis. A detailed description of the
data sources, distribution fitting, recalibration procedure, and uncertainty
assessment is provided in Supplementary Note 2 and 4.

Finally, to ensure consistency with national inventory estimates, the
parameters of the SOCmodule are calibrated such that simulated cropland
SOC stocks and sequestration rates in the initial and recent historical per-
iods align with values reported in TNC-IAC98. This calibration provides a
realistic starting point for forward projections of SOC dynamics under
alternative land-use and policy scenarios.

Add-on module for agroforestry with rotational period
Agroforestry represent a distinct land-management pathway in India,
where rotational harvesting is commonly practiced in agroforestry andTOF
systems managed by farmers, while forest lands are primarily managed for
conservation with restricted commercial harvesting. India’s agroforestry
expansionplanaims to increase its area from25 to53millionhectares on the
TOF area for environmental, economic, and social benefits109,110. This also
aligns with India’s National Forest Policy goal of achieving 33% FTC and
short-term NDC target of sequestering an additional 2.5 to 3 GtCO₂8 by
2030. The idea of expanding agroforestry is to integrate the timber and fruit-
bearing trees with crops not only to enhance carbon sequestration and
increasing farmers’ income but also to support climate-resilient farming
practices for smallholder systems111.

Importantly, the introduction of agroforestry represents a change in
landmanagement, under which SOC transitions toward a new equilibrium,
with active sequestration occurring during this adjustment period. Besides,
the rotation period in the agroforestry systemplays a vital role for supplying
timber, ensuring continuous carbon sequestration and generating farmer
income112. But this depends on the functional characteristics of tree species
used in agroforestry systems. Explicitly simulating individual tree species
would introduce substantial uncertainty and complexity to robustly para-
meterized at the national scale. Therefore, this study represents agroforestry
systems using three stylised rotation classes (short, medium, and long),
which capture the dominant functional types of agroforestry practiced
across India113 and the range ofmanagement choices commonly adopted by
farmers, whilemaintaining tractability for integrated assessmentmodelling.

For example, short rotation agroforestry (~ 5 years) ismostly suited for
fast-growing species like Leucaena leucocephala for fodder and soil
improvement, while medium rotation (~ 15 years) is best for species like
Dalbergia sissoo for timber and fuelwood. On the other hand, long rotation
systems (30 years) prioritize high-value trees likeTectona grandis (teak) and
Mangifera indica (mango) for timber, fruit and other ecosystem services113.
These rotation classes therefore represent functional differences in growth
rates, harvest cycles, and carbon accumulation, rather than fixed species
choices.

In this module, SOC dynamics are represented using the same sig-
moidal function applied to cropland, reflecting a gradual adjustment toward
a new equilibrium following a change in management. In contrast, vege-
tative biomass sequestration is explicitly governed by the rotation period, as
repeated harvest-regrowth cycles alter both the timing and magnitude of
biomass carbon accumulation. By incorporating this rotation framework,
the objective of this add-on module is to distinguish tree-based systems
characterised by repeated harvest-regrowth cycles from non-rotational
afforestation representations commonly used in IAMs. This enables a
consistent assessment of how alternative agroforestry management choices
influence long-term carbon sequestration outcomes while remaining sui-
table for national-scale analysis. However, it should be noted that in this
study, the standard economic land-allocation mechanism of GCAM is
overridden for the expansion of FTC, as the increase in FTC is treated as a
policy-driven regulatory target rather than an outcome of market-based
land competition. Accordingly, the additional land required to meet the
FTC target is imposed exogenously in the model, consistent with India’s
forest policy framework (SupplementaryNote 1c). The agroforestry add-on
module is then applied to this additional FTC area and is used to evaluate
alternative management strategies within the same land base, focusing
exclusively on their implications for carbon sequestration. As such, costs
associated with agroforestry establishment, management, harvesting, and
replanting are not explicitly modelled in this module. Other land categories
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like cropland continue to be driven by a competitive framework. To account
for this, we adjusted the vegetative carbon sequestration equation114 with
additional rotation period parameters (Eq. (2)):

CS
veg
y ¼ CS

veg
t × 1� e

�3:0� y�tþ1ð Þ
M

� �2

� 1� e
�3:0� y�tð Þ

M

� �2
" #

ð2Þ

CSveg: CS indicates net carbon sequestration in the vegetative biomass
due to a land use change in timestep t, where t is the time of land conversion,
y is the current year,M is the mature age.

After each harvesting period (at the end of the rotation period), for
short (~ 5 years), medium (~ 15 years), and long (~ 30 years) rotation, t is
reset to the current year y to start the sequestration process from the
beginning.

To capture post-harvest carbon dynamics, a portion of the harvested
biomass is transferred to a harvested wood product (HWP) pool and
modelled using the IPCC first-order decay approach Eq. (3) consistent with
the IPCC 2006 Guidelines and 2019 Refinement47,48.

Cl iþ 1ð Þ ¼ e�k � Cl ið Þ þ
1� e�k

k

� �
� Inflowl ið Þ ð3Þ

ClðiÞ ¼ carbon stock in product pool in year i,
Inflowl ið Þ ¼ carbon entering product pool in year i,
k = ln(2)/HL,
HL = half-life of product category
The term 1�e�k

k adjusts annual inflow for continuous decay over the
accounting period.

This formulation ensures that harvested carbon initially contributes to
a sink via product inflow and is gradually released back to the atmosphere
over time through decay. Detailed parameterisation and product allocation
assumptions are provided in the Supplementary Note 7.

Scenario framework
Wedefine seven scenarios to assess India’s long-term land use emissions: (i)
Reference (business-as-usual) with no additional climate policies, (ii) FP-
2050 (FTC reaching 33% by 2050), (iii) FP-2070 (FTC reaching 33% by
2070), (iv) NZ-FP-2050 (net-zero energy with FP-2050), (v) NZ-FP-2070
(net-zero energywith FP-2070), (vi) NZ-FP-2050-AF (net-zero energywith
FP-2050 and agroforestry practices) and (vii) NZ-FP-2070-AF (net-zero
energy with FP-2070 and agroforestry practices) (Table 2). By comparing
these scenarios and their uncertainty informed variants, we examine how
different policy, management, and biophysical assumptions shape India’s
long-term land-use sequestration trajectories through an integrated mod-
elling framework. Within this framework, externally imposed assumptions
such as socio-economic, FTC targets, agroforestry adoption, and net-zero
energy constraints interact with endogenous land-use choices and carbon-
cycle processes to generate internally consistent system-level pathways.
Therefore, the outcomes related to land competition, forest maturity, bio-
mass demand, and long-term sequestration behaviour emerge through
interactionswithin themodelling framework (see SupplementaryNote 1 for
more details). Importantly, the agroforestry scenarios represent a distinct
land-management pathway in India, where rotational harvesting is com-
monly practiced in agroforestry and TOF systems managed by farmers,
while forest lands are primarily managed for conservation with restricted
commercial harvesting.

Examining these, we gain insights into the differences in emissions,
sequestration rates, and their interactions with agriculture and other sectors
of the economy when the forest policy target is achieved by 2050 and 2070,
implemented through agroforestry (rotational harvesting) or conservation
led forest land expansion.

While the focus of our analysis is land-use change emissions, we
constrain energy sector emissions across net-zero scenarios. The key
motivation behind constraining energy sector emissions through 2070 and
beyond is to simulate bio-energy demand from the land use sector. Bio-
energy is one source of low-carbon energy in the suite of decarbonisation

Table 2 | Scenarios for India’s long-term land use emission pathways

Scenario Description Key Features

Reference Business-as-usual pathway representing continuation of current socio-
economic development, agricultural expansion, and historical land-use
trends without introducing additional climate mitigation or afforestation
policies beyond existing trajectories.

- No additional climate mitigation policies.- Represents current practices
and trends.

FP-2050 FTC enhancement policy scenario based on India’s National Forest Policy
(1988) target of 33% FTC, achieved by 2050.

- Linear increase in FTC from ~80.9Mha (2020) to ~108.5 Mha by 2050.-
Represents enhanced afforestation efforts.

FP-2070 FTC enhancement policy scenario targeting 33% FTC, achieved by 2070. - Linear increase in FTC from ~80.9Mha (2020) to ~108.5 Mha by 2070.-
Extended timeline for achieving FTC target compared to FP-2050.

NZ-FP-2050 Integrated net-zero transition pathway combining accelerated FTC
expansion (FP-2050) with India’s long-term net-zero target by 2070.

- Severe emission constraints in energy related carbon dioxide
emissions.- Energy emissions capped at 360MtCO2 by 2070.-
Assumes 33% FTC achieved by 2050.

NZ-FP-2070 Integrated net-zero transition pathway combining gradual FTC expansion
(FP-2070) with India’s 2070 net-zero target.

- Severe emission constraints in energy related carbon dioxide
emissions.- Energy emissions capped at 360MtCO2 by 2070.-
Assumes 33% FTC achieved by 2070.

NZ-FP-
2050-AF

Net-Zero energy scenario combined with FP-2050 and agroforestry
practices

- Severe emission constraints in energy related carbon dioxide
emissions.- Energy emissions capped at 360MtCO2 by 2070.-
Assumes 33%FTCachieved by 2050.- The newly added FTCunder this
policy have been included in the agroforestry systemwith 5, 15- and 30-
years rotation periods divided equally in the additional FTC area.

NZ-FP-
2070-AF

Net-Zero energy scenario combined with FP-2070 and agroforestry
practices

- Severe emission constraints in energy related carbon dioxide
emissions.- Energy emissions capped at 360MtCO2 by 2070.-
Assumes 33%FTCachieved by 2070.- The newly added FTCunder this
policy have been included in the agroforestry systemwith 5, 15- and 30-
years rotation periods divided equally in the additional FTC area.

India’sNational Forest Policy (1988) specifies a target of bringing33%of the country’s geographical area under FTC, but doesnot prescribe a timeline for achieving this target. Therefore, this study explores
bothanaccelerated implementationpathway (2050) andagradual implementationpathwayalignedwith India’snet-zero target year (2070) to evaluate how the timingof FTCexpansion influences long-term
sequestration dynamics and land-use transitions.
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options.The important part to emphasise here is that bioenergydemandhas
a strong link to landuse transition.Weexpect that under anet-zero scenario,
transitions in India’s energy sectorwill lead tohigherbioenergydemandand
consequently some impact on land use behaviour and associated
emissions20,115. The constraint on energy sector emissions in our assessment
is solely to capture this critical linkage. The choice of numerical value of the
constraint is only to the extent that is can simulate bioenergydemandand its
land use implication. The energy-sector CO₂ constraint affects bioenergy
deployment through energy demand, but it does not prescribe or cap land-
use sequestration, which is resolved independently within the land system95.

As there is no right or wrong number for this constraint intended to
simulate bioenergy demand, we chose a number that reflected current
emissions sequestration. We allow the energy sector to emit 360MtCO2 in
2070, which reflects the last 10 years average sequestration by Indian
LULUCFsector8. Tobe sure, the360MtCO2 limit in2070 is small compared
to India’s current annual energy sector carbon dioxide emissions of around
2500MtCO2which are expected to grow significantly at least till 2040due to
development concerns. Importantly, this choice has no material implica-
tions for our results. We explicitly tested both a lower bound (250MtCO₂)
and a high-end bound (1000MtCO₂) for residual energy-sector emissions
to assess their implications for long-term land-use and emissions outcomes
in GCAM. Across this wide range, biomass area in 2070 varies only mar-
ginally, indicating a very limited land-use response. Consistent with this,
total land-sector sequestration and emissions outcomes in 2070 show only
modest sensitivity to assumption related to energy sector emissions con-
straint: across scenarios, sequestration values in 2070 increase by only
~0.3MtCO₂ when moving from 250 to 360MtCO₂ constraint, and by
~7MtCO₂ when moving from 360 to 1000MtCO₂ constraint, a marginal
change relative to total land-sector sequestration levels of in 2070 as pre-
sented in our Results. These differences are small in absolute terms and do
not alter land-use mitigation outcomes or their ordering across scenarios,
indicating that land-use results are not driven by this assumption.

Notably, bioenergy plays an important role in the net-zero energy sce-
narios aspartof the energy system’s endogenous response to the imposedCO₂
constraint. In GCAM, biomass supply comprises purpose-grown biomass
crops, agricultural residues, and municipal solid waste, with land require-
ments forbiomass crops and residues accounted forwithin the cropland land-
use category94. Hence, the deployment of bioenergy technologies, including
biomass with carbon capture and storage (BECCS), is determined endogen-
ously based on relative costs, resource availability, and the energy-sector
emissions constraint. As a result, negative emissions associated with biomass

arise fromCO₂ capture and storage during energy conversion and are treated
as energy-sector removals rather than land-based sequestration. It should be
noted here that in all scenarios, climate change pathways are not prescribed
exogenously through Representative Concentration Pathways, nor are
climate-driven impacts on land productivity or carbon sequestration expli-
citly modelled. Instead, climate outcomes emerge endogenously from the
integrated assessment framework based on the assumed socio-economic
trajectories, energy-sector transitions, and land-use policies.

Data sources
It is critical to contextualise themodel to Indian conditions to ensure that the
results and insights are policy relevant. We make significant updates to the
model by reflecting India-specific assumptions based on India-specific data
sources pertaining to the following:
(i) Socio-economic parameters: This includes historical and future socio-

economic data, such as population, GDP, and per capita income.
(ii) Land-use area: This includes area under land-use for different land

categories related to forest, grassland, cropland (net-sown area),
habitation, other arable land (same as agricultural fallow land),
shrubland, and other land categories.

(iii) Terrestrial carbon: This includes current status of carbon density as
well as carbon density values associated with maturity stage of soil and
biomass carbon across various land-use categories.

(iv) Forest categorization and management assumptions: This includes
assumptions related to the status of management of forest lands, i.e., if
human interventions and practices are allowed within forest lands to
achieve production, ecological, or social functions.

Details related to India-specific data sources for eachof the four aspects
mentioned above have been provided in Table 3.

Sensitivity analysis of carbon density values
There are several key parameters related to forests and croplands that sig-
nificantly influence themodel’s output, including vegetation and soil carbon
density, as well as maturity age. To better understand the variation in these
parameters and their implications for the model’s output, we conducted a
sensitivity analysis by adjusting these key parameters derived from the lit-
erature and available datasets. The design of the sensitivity experiments and
underlying assumptions are presented in Supplementary Note 3 and 4. We
perform sensitivity analysis related to only forest and cropland categories,
given their outsized influence on India’s land-use emissions profile. For

Table 3 | Data sources and key inputs used in this study

Variables Description Data Source

Population We have used comprehensive decadal Census of India data, which provided past data plus projections up to 2035. For
projections beyond that timeframe, we have incorporated data from the United Nations population projections
(Supplementary Fig. 1).

116,117

Economic factors Economic factors such as Gross domestic product (GDP) projections have been provided by NITI Aayog
(Supplementary Fig. 1).

118

Land Use Land Cover We referred to detailed reports from the Forest Survey of India for Forest and Tree Cover. Similarly, data on harvested
areas for cropland were sourced from the Land Use Statistics of the Government of India. Other land use categories
were derived from the National Remote Sensing Centre (NRSC) (Supplementary Table 6).

68,119–127

Vegetation and soil carbon
density

Vegetation and soil carbon density are essential variables in calculating the sequestration potential across different
land categories. We obtained carbon density datasets from India’s national forest survey agency. However, to analyse
the sensitivity of the results we also collected carbon density values from awidespread literature review (N = 45), along
with GCAM model default128. To fairly represent this uncertainty range, two explicit scenarios of carbon densities are
modelled in this manuscript one is FSI figures representing the lower end of the values and the second one is GCAM
model default representing the higher end of the literature-reported global carbon density (GCD) values
(Supplementary Table 3, 4and 7).

68,128

Agriculture yield To account for agricultural yield growth, projections provided by the Food and Agricultural Organization (FAO) for were
used. We relied on model default sources for other economic, water, and agricultural-related data due to their strong
alignment with India-specific data, ensuring a robust foundation for our analysis.

129

Energy To explore the potential of the land use sector in achieving India’s short-term NDC and long-term net-zero targets, we
also calibrated the energy sector by considering India-specific datasets.

20
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clarity of presentation, alternative carbon density assumptions are grouped
into three representative cases-Low, Medium, and High-corresponding to
lower-bound, central, and upper-bound values within the assumed uncer-
tainty range (Supplementary Note 5 and Supplementary Table 9). The Low
case reflects conservative assumptions with lower cropland SOC seques-
tration potential and forest carbon densities based primarily on India-
specific observations. The Medium case represents a balanced central esti-
mate, combining moderate cropland SOC potential with forest carbon
densities averaged between India-specific and global values. The High case
reflects an upper-bound potential, combining higher cropland SOC equi-
librium with forest carbon densities derived from global datasets. This
categorisation allows the results to be interpreted as uncertainty envelopes
around land-sector sequestration outcomes, rather than as distinct policy
scenarios.Unless otherwise stated, results presented in themain text assume
a cropland SOCmaturation timescale of 50 years. Alternative assumptions
regarding cropland SOC maturation (e.g., 100 years) and forest vegetation
maturation are explored separately in the Supplementary Materials (Sup-
plementaryNote 3 and 4). Forest soil carbonmaturation is not varied in the
sensitivity analysis because SOC turnover times in forest systems are sub-
stantially longer25 than the modelled time horizon, and changes over the
study period are therefore limited.

Diagnostic assessment of modelled base-year against national
inventories emissions
As a diagnostic check on the robustness of the modelling framework and
emissions accounting, we conducted a systematic comparison of modelled
base-year (2015) land-use emissions with India’s official national inventory
reported in theTNC-IAC98. This is intended to evaluate consistency in land-
use emission patterns and to identify differences arising from accounting
definitions, land-category mappings, and data coverage.

The comparison explicitly accounts for structural differences
between the modelling framework and the national inventory. In parti-
cular, national inventory reporting distinguishes sequestration occurring
within designated forest areas from that associated with TOFs, whereas
the model aggregates sequestration from all tree-covered areas under a
unified FTC category. Similar definitional and data-related differences
exist for cropland and grassland categories, where national inventory
estimates are influenced by limited observational data98 and differing
treatment of soil carbon fluxes. Quantitative differences between mod-
elled estimates and inventory values, along with their interpretation for
forest, cropland, and grassland categories, are presented and discussed in
the Supplementary Note 6.

Data availability
All datasets used in this study (Table 3 and Supplementary Table 6) are
publicly available and can be downloaded from the respective sources.. The
datasets generated and analysed in this study are openly available in a public
Zenodo repository at https://doi.org/10.5281/zenodo.21853095. These data
comprise the numerical source data underlying allmain andSupplementary
Figures (CSV and XLSX), the GCAM input datasets specific to this study
(XML andCSV), the geospatial soil organic carbon raster layers (GeoTIFF),
and the outputs from the GCAMmodel and add-onmodules. A file-by-file
mapping of each figure to its source-data file is provided in the repository.
There are no restrictions on data access; any queries regarding the data can
be directed to the corresponding author, V. Chaturvedi (vaibhav.cha-
turvedi@ceew.in) or first author, J. Rajbanshi (joy.rajbanshi@ceew.in).

Code availability
GCAM is an open-source community model available at https://github.
com/JGCRI/gcam-core/releases. The additional GCAMdata-system codes,
the two add-onmodules developed in this study (the agroforestry harvested
wood products sequestration module and the cropland soil emission
module), and all scripts used to generate the figures are openly available at
https://github.com/joyrajbanshi91/India-Land-Use
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