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Forests are integral to the global carbon cycle, acting as both carbon sinks and buffers
against anthropogenic greenhouse gas emissions. However, climate change—manifested
through rising temperatures, altered precipitation patterns, increased frequency of droughts,
and extreme weather events—has begun to alter forest growth, productivity, and carbon
sequestration capacity. This review synthesizes current understanding of how climate change
affects forest growth dynamics, carbon storage processes, and ecosystem resilience, while
discussing adaptive management strategies to sustain forest carbon sinks under changing
climatic conditions.

Introduction

Forests cover nearly 30% of the Earth’s land area and store more than 650 billion tonnes
of carbon, playing a pivotal role in regulating global climate. Through photosynthesis,
forests absorb atmospheric CO: and store it in biomass (above- and below-ground) and
soils, contributing to natural carbon sequestration. However, climate change—driven by
increased greenhouse gas concentrations—has significantly influenced forest ecosystems.
Changes in temperature, precipitation, and CO- levels affect photosynthesis, respiration,
phenology, and disturbance regimes such as fire and pest outbreaks. The balance between
carbon uptake (through growth) and carbon release (through decay, fire, and respiration)
determines the net carbon sink strength of forests. Understanding these interactions is vital
for predicting the future carbon balance and developing adaptive forest management
strategies.

Climate Variables Affecting Forest Growth Dynamics

Temperature

e Moderate warming in temperate and boreal regions can initially enhance growth rates
due to longer growing seasons and accelerated photosynthesis.

o Excessive warming, especially in tropical and semi-arid regions, reduces growth
through heat stress, increased evapotranspiration, and soil moisture deficit.

e Respiration rates increase exponentially with temperature, potentially offsetting
photosynthetic gains.

Example: Boreal forests of Canada and Russia have shown increased productivity up to

+2°C warming, beyond which drought and fire frequency reduce net biomass accumulation.

Precipitation and Water Availability

o Altered precipitation regimes and frequent droughts directly affect tree water balance,
stomatal conductance, and growth.

e Prolonged droughts lead to hydraulic failure, leaf shedding, and even tree mortality.
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« Moisture availability is a primary limiting factor for forests in semi-arid and monsoon
regions.

Example: In the Indian subcontinent, reduced monsoon rainfall has been linked to decreased

growth in sal (Shorea robusta) and teak (Tectona grandis) forests.

Atmospheric CO: Concentration

e Elevated CO: enhances photosynthetic rate and water-use efficiency (“CO: fertilization
effect”).

o However, this effect may plateau over time due to nutrient (especially nitrogen and
phosphorus) limitations.

e The net impact of CO: fertilization depends on species type, soil fertility, and climate
context.

Extreme Events and Disturbances

o Heatwaves, wildfires, floods, pest and pathogen outbreaks are increasing in frequency
and intensity.

e Such events cause large-scale biomass loss and transform forests from carbon sinks to
carbon sources.

o Forest recovery post-disturbance can take decades, depending on resilience and
management.

Example: The 2019-2020 Australian bushfires released over 400 Tg CO:, temporarily

nullifying several years of carbon sequestration.

Effects on Forest Carbon Sequestration Potential

Altered Photosynthesis and Respiration Balance

e Net Primary Productivity (NPP) = Photosynthesis — Respiration.

« Under warming and drought, respiration increases faster than photosynthesis, leading
to reduced NPP.

o Forests in tropical and subtropical zones may shift from being net carbon sinks to net
emitters if stress persists.

Soil Carbon Dynamics

« Warming accelerates microbial decomposition, enhancing CO- efflux from soils.

e Reduced litter input from declining vegetation further depletes soil organic carbon
(SOC).

e In permafrost regions, thawing soils release previously locked carbon as CO. and CHa,
amplifying feedback to climate change.

Carbon Stock Redistribution

e Species composition shifts toward drought-tolerant or pioneer species with lower
biomass density.

o Forest degradation and conversion reduce long-term carbon storage potential.

o Conversely, secondary forest regrowth and assisted afforestation can partially compensate
for losses.

Regional Variations in Climate Change Impacts

Reduced growth and carbon uptake due to heat and drought stress;
higher mortality and fire vulnerability (e.g., Amazon, Central Africa).
Temperate Longer growing seasons may enhance productivity, but increased pest

Forests and disease incidence reduces net carbon gain.

Northward expansion of tree line and increased growth at moderate
warming, but vulnerability to wildfires and permafrost thawing.
Dry Forests Decreased biomass accumulation and canopy cover due to rainfall

(India, Africa) variability and soil desiccation.

Tropical Forests

Boreal Forests
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Feedbacks Between Forests and Climate

Forests not only respond to climate but also influence it through biophysical and

biogeochemical feedbacks:

o Albedo effect: Deforestation increases surface reflectance, altering regional temperature.

« Evapotranspiration: Reduced canopy cover decreases local humidity and rainfall
recycling.

e Carbon—climate feedback: Declining forest carbon stocks amplify atmospheric CO-
levels, accelerating warming.

Thus, maintaining forest carbon sinks is critical for climate stabilization.

Adaptation and Mitigation Strategies

Climate-Resilient Forest Management

« Promoting species and genetic diversity to enhance resilience.

o Assisted migration and reforestation using climate-tolerant species.

« Implementing selective harvesting and reducing degradation from logging and grazing.

Enhanced Carbon Sequestration Initiatives

« REDD+ and carbon credit mechanisms incentivize conservation and restoration.

o Agroforestry systems and mixed plantations integrate carbon storage with livelihood
benefits.

e Soil carbon enhancement through litter management and reduced disturbance.

Monitoring and Modeling

o Employing remote sensing (LiDAR, radar, hyperspectral) and ecosystem models
(e.g., LPJ-GUESS, CLM) for dynamic tracking of biomass and carbon flux.

o Integrating long-term ecological research (LTER) data for predictive modeling of
future carbon dynamics.

Future Outlook

e Under continued warming (>2°C), global forest carbon sink capacity may decline by
10-20% by mid-century (IPCC, 2022).

o Expanding forest cover alone is insufficient—forest health, structure, and resilience
must be maintained.

o Integrating climate-smart forestry, community-based management, and technological
monitoring offers the most sustainable pathway forward.

Conclusion

Climate change profoundly influences forest growth dynamics, ecosystem functioning, and
carbon sequestration potential. While elevated CO. may enhance photosynthesis in the short
term, warming, drought, and disturbances increasingly threaten forest stability. The
balance between carbon gain and loss is shifting, especially in tropical and boreal
ecosystems. Ensuring forests continue to function as net carbon sinks will require proactive
adaptation strategies, sustainable management, and technological interventions for
monitoring and resilience building.
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