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ABSTRACT

Climate change and forest ecosystems are closely interlinked. Forests
regulate global climate by cycling carbon, but climate change greatly
alters forest structure and ecosystem functions. Increasing tempera-
tures, shifting precipitation, and more extreme weather events are
disrupting ecological balance, causing species range shifts, wildfires,
insect outbreaks, and loss of habitat. Healthy forests mitigate climate
change by absorbing carbon dioxide, regulating local climate, and sup-
porting biodiversity. Protecting and expanding forests remains vital for
climate policy. This paper examines the impacts of climate change on
forests and their role in carbon sequestration, reviews international
and regional policy frameworks, highlights successful case studies, and
discusses challenges and future directions for resilient, sustainable
forestry management.
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Introduction

Forests cover approximately 31% of the Earth’s land area
and are foundational to the global climate system. They
store carbon, regulate rainfall and temperatures, and house
over 80% of terrestrial biodiversity. However, climate
change is rapidly altering forest environments worldwide.
Rising greenhouse gases drive changes in temperature, pre-
cipitation, and the frequency of extreme weather events,
challenging the health and productivity of forests and
affecting their ability to provide crucial services such as
timber, carbon storage, and clean water. The dual tasks
facing managers are to protect forests from climate impacts
while maintaining them as carbon sinks. Understanding the
feedback between forests and climate is indispensable for
conservation and mitigation strategies.

Impacts of Climate Change on Forests

Climate change is driving dramatic shifts in forest ecosys-
tems. Wildfires have become more frequent and severe

in many regions. Warmer, drier conditions lengthen fire
seasons and create more flammable forests. The IPCC re-
ports that climate change is “playing an increasing role in
determining wildfire regimes”, with the risk and severity of
fires rising in numerous biomes (e.g., tropical rainforests,
boreal woodlands).! In parts of western North America and
Siberia, recent decades have seen record wildfire-burnt
areas, linked to hotter droughts and earlier snowmelt.®*
Such fires rapidly release large stores of carbon back to the
atmosphere, compounding climate warming.

Pest and disease outbreaks are also intensifying under
climate change. Many forest pests (insects, pathogens)
adapt and reproduce faster with warmer temperatures
and expanded habitat ranges. High-latitude warming
is “projected to increase disturbance in boreal forests
through...biotic agents (e.g. pests, disease)”.? For exam-
ple, bark beetle epidemics in North America and Europe
have devastated millions of hectares of pine and spruce as
winters become milder and summers drier. The interplay
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of stressors—drought-weakened trees, new pests—can
accelerate dieback beyond the trees’ natural defenses.3?

Species migration and ecosystem shifts are underway
as well. Trees and other plant species are shifting their
ranges poleward and to higher elevations in response to
temperature and moisture changes.* Some resilient forests
may even experience increased growth from longer grow-
ing seasons or CO, fertilisation. However, many species
cannot migrate fast enough, leading to local extinctions
and novel community assemblages. It is projected that
climate zones (e.g. hardiness zones) will move significantly
by 2100, requiring forests to adapt or transition to new
species mixes.*? Sensitive forest types (boreal, mountain,
Mediterranean, mangrove and tropical moist) are identified
as particularly vulnerable to these rapid changes.*

Hydrological and other impacts: Changes in forest cover
and structure feedback to water cycles. For example, loss of
forest can increase runoff but also raise evapotranspiration.
Sea level rise is encroaching on coastal and tidal forests,
altering mangrove and swamp forest distributions. Changing
snowpack and glacier melt affect water supply to forests
downstream. Overall, climate change exacerbates existing
stressors (pollution, fragmentation, land use change) and
introduces new disturbance regimes (unusual storms,
fires, pests), leading to complex forest health challenge.>®

Forests in Climate Change Mitigation

Healthy forests are among the most effective tools to com-
bat climate change. Through photosynthesis, forests absorb
CO; and store carbon in biomass and soils, sequestering
about 25% of annual human carbon emissions. Conserva-
tion and expansion of forests through reforestation and
afforestation are major mitigation pathways. International
efforts such as REDD (Reducing Emissions from Deforesta-
tion and forest Degradation) provide developing nations
with financial incentives to preserve forest carbon stocks.
Sustainable use of timber is also promoted to substitute for
more emission-intensive materials. However, worsening
droughts and heat can weaken forests’ ability to act as
carbon sinks, emphasising the need for careful management

Healthy forests are one of our most effective tools against
climate change. Through photosynthesis, forests absorb
CO, from the atmosphere and store carbon in wood, leaf
litter, and soils. Globally, forests currently sequester on
the order of 25% of human CO, emissions each year.” In
other words, forests are a major carbon “sink” that helps
dampen climate change. Carbon enters a forest ecosystem
as gross primary productivity (GPP), and after plant and soil
respiration (Reco), the net carbon uptake (net ecosystem
production, NEP) represents the amount locked away in
biomass and soil.}2 The simplified diagram below illustrates
these forest carbon fluxes:

Figure: Forest carbon cycle schematic. Trees capture CO,
via photosynthesis (GPP), allocate carbon to growth (NPP),
and release carbon through respiration (Reco = Ra+Rh).
The balance of these fluxes determines net carbon uptake
or release (NEP).8910

Conserving existing forests and expanding forest area
through reforestation/afforestation are key mitigation
pathways. Stable or increasing forest cover means large
ongoing carbon storage; conversely, deforestation is a
major source of emissions (about 10-13% of global emis-
sions).®® International initiatives like REDD+ (Reducing
Emissions from Deforestation and forest Degradation)
under the UNFCCC reward developing countries for pre-
serving forest carbon stocks. In addition, forest products
(timber) can substitute for more carbon-intensive materials;
the European Green Deal explicitly encourages the use
of sustainable wood products to shift construction from
emitting to sequestering carbon.*

However, recent studies warn that climate change may
weaken forests’ role as a carbon sink. For instance, U.S.
researchers found that worsening droughts and heat in
the American West have slowed tree growth, weakening
forest carbon uptake despite CO; fertilisation.!*** This un-
derscores that forests’ mitigation potential depends on how
we manage them and curb emissions: “Ecosystem carbon
sequestration is not guaranteed to be permanent, and it
can be reversed by climate change.”.*® Thus, forest-based
mitigation requires both protecting forests from climate
impacts and reducing underlying GHG emissions.

Forestry Protection Strategies and Policies

International Frameworks

Global climate and biodiversity agreements recognize for-
ests’ importance. The Paris Agreement (UNFCCC) includes
land-use accounting and encourages forest mitigation (via
its Land Use, Land-Use Change and Forestry (LULUCF) pro-
visions and NDCs). The Bonn Challenge and UN Decade on
Ecosystem Restoration promote large-scale forest resto-
ration targets. REDD+ is a flagship program under UNFCCC:
it provides financial incentives for developing countries to
reduce deforestation and enhance forest carbon stocks.’
The UN Convention on Biological Diversity similarly sets
targets (e.g. protecting 30% of terrestrial areas by 2030)
that cover forests.

Regional and National Policies

European Union: The EU Forest Strategy for 2030, part of
the European Green Deal, aims to strengthen forest protec-
tion and boost resilience. It sets targets to protect, restore
and enlarge forests “to combat climate change, reverse
biodiversity loss, and ensure resilience in multifunctional
forest ecosystems.”*8 The strategy aligns with the EU’s goal
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of at least 55% emissions reduction by 2030 and climate
neutrality by 2050.%° It emphasizes afforestation, better
monitoring, and sustainable bioeconomy (e.g. increasing
climate benefits of wood products).?>**

China: China has massively increased forest cover in recent
decades and continues ambitious programmes. Notably, it
pledged under the One Trillion Trees initiative (1t.org) to
plant and conserve 70 billion trees by 2030 to green the
planet and combat climate change.? This reflects large-
scale national schemes like the “Great Green Wall” refor-
estation and strict anti-deforestation policies. As China’s
climate envoy noted, forest cover and stock volume have
grown, and China now accounts for over 25% of global
new green area.?

Other examples: Many countries have adopted forest laws,
protected area expansion, and payment-for-ecosystem-ser-
vices programmes. For instance, Brazil’s Amazon Region
Protected Areas (ARPA) program (with WWF support)
created millions of hectares of new reserves and mobilised
finance for permanence.? Indonesia and other Southeast
Asian nations have developed peatland restoration and
mangrove protection initiatives (sometimes under REDD+
schemes). African countries, with roughly 23% of global
forest area, engage in the Congo Basin Forest Partnership
to curb illegal logging and manage sustainable forestry.
Despite differences, acommon theme is integrating forest
protection into climate and development policy.

Management and Adaptation Policies

Beyond protection, adaptive management is being encour-
aged. Forest plans now incorporate climate projections, as-
sisted migration of tree species, fire management, and pest
surveillance. Governments fund research on climate-resil-
ient tree breeds and ecosystem-based management (e.g.
mixed-species stands). International bodies like the UN
Food and Agriculture Organization (FAO) promote sus-
tainable forest management practices that both sequester
carbon and maintain livelihoods. Policies increasingly rec-
ognise forests’ multifunctionality — balancing conservation
with community use (agroforestry, non-timber products)
to garner stakeholder support.

Case Studies of Forest Conservation Efforts

Figure: Red spruce seedlings at a restoration site (West
Virginia, USA). Large-scale planting and restoration projects
like this rebuild forest cover and carbon stocks.?

e Costa Rica: This Central American nation is a premier
example of reversing deforestation. Through
policies since the 1990s (including the Payment for
Environmental Services program and creation of
national parks), Costa Rica increased forest cover
from ~40% in 1987 to nearly 60% today.?® It won
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a UN “Champion of the Earth” award in 2019 for
ambitious conservation. Costa Rica also pioneered
results-based climate finance: it established a national
REDD+ strategy with forest monitoring and earned
the first Latin American payment from the World
Bank’s Forest Carbon Partnership Facility for verified
emission reductions.?'” Protected areas now cover
~26% of the country, and expanded incentives
encourage reforestation, agroforestry and reduced-
impact logging.?* As one report notes, “Costa Rica is
the first tropical country in the world to have reversed
deforestation”? demonstrating how coordinated policy
and finance can yield large emission reductions.

e Amazon (Brazil) = ARPA: In 2002 Brazil launched the
Amazon Region Protected Areas programme with WWF
and partners to safeguard 150 million acres of rainforest.
Over 20 years, ARPA has become the world’s largest
tropical forest conservation initiative. It now covers
~154 million acres (1.5 times California) of protected
or sustainably managed forests.?* Importantly, these
protected areas have cut deforestation dramatically:
between 2008-2020 they avoided about 650,000 acres
of deforestation, equivalent to roughly 104 million
tons of CO, emissions prevented.?® ARPA’s success
stems from long-term funding mechanisms and co-
management with local communities, serving as a
model for other countries. This case highlights how
large, well-funded networks of reserves can maintain
forest cover and carbon stocks under development
pressures.®

e Mangrove Restoration in Indonesia: Coastal forests
(mangroves) provide carbon sequestration, coastal
protection and fisheries support. In Indonesia’s Aceh
province, communities have engaged in “community-
based mangrove planting” projects.? By planting
mangrove seedlings on deforested coastlines, they
stabilise shorelines and re-create marine habitat.
Mangroves also serve as carbon sinks; a healthy
mangrove forest stores carbon both in the biomass
and in deep organic-rich soils. Such projects are often
part of broader climate programmes (e.g. Indonesia’s
Nationally Determined Contributions under Paris) and
showcase integration of local livelihoods with forest
restoration. As one description notes, mangroves keep
coastlines stable and protect riverbanks from erosion,?
illustrating the multi-faceted benefit of tree planting
in a changing climate.

Other noteworthy examples include China’s massive refor-
estation campaign (with billions of trees planted and forest
cover steadily increasing?®), community forestry in Nepal
(where community-managed forests have improved from
decline to net gain), and agroforestry initiatives in Africa
and India that combine crop and tree planting to restore
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degraded lands. These illustrate that forest conservation
can be achieved through diverse approaches adapted to
local contexts.

Challenges and Future Directions

Protecting forests in a warming world faces many hur-
dles. Climate uncertainty: Future climate may push some
forests beyond tipping points, so long-term outcomes of
today’s actions are uncertain. For instance, even without
deforestation, models suggest that continuing drought in
western U.S. forests could turn them from carbon sinks to
sources.® Similarly, Amazon forests risk reaching a self-sus-
taining drought-fire cycle if tipping points are crossed.
Forest managers must plan for such nonlinear changes
using adaptive approaches.

Integrating knowledge: As one review emphasises, adapta-
tion and protection efforts need integrated science-policy
action. Multi-disciplinary research (climate science, ecology,
social science) and partnerships with local stakeholders can
improve decision-making.?® Local and indigenous knowl-
edge in forest stewardship should be combined with the
latest climate projections. Scenario planning and threshold
identification (under what conditions forests shift to new
states) are research priorities.>°

Economic and social factors: Forest protection often com-
petes with agriculture, development and resource ex-
traction. Ensuring sustainable finance (e.g. carbon markets,
green bonds) and equitable benefit sharing is critical. The
Costa Rica example shows the value of payments to land-
owners, while ARPA illustrates long-term funding. Glob-
ally, trillions of dollars in climate finance are needed, yet
current flows are small compared to fossil fuel subsidies.
Governing forests also requires combating illegal logging
and enforcing protection over vast areas — governance
remains weak in many regions.

Future directions: Enhancing resilience is key. This includes
promoting diverse and climate-tolerant tree species, re-
storing connectivity between forest patches (for species
migration), and protecting refugia (areas buffered from
climate extremes). Technologies like satellite monitoring,
DNA barcoding of pests, and Al-based fire prediction will
aid management. Internationally, linking forest protection
with wider land-use policies (reducing agricultural pres-
sures, promoting sustainable diets) will multiply benefits.
Climate policy can further embrace nature-based solutions:
countries are increasing their Nationally Determined Con-
tributions for land use (forests, wetlands), and platforms
like the UN Decade on Ecosystem Restoration (2021-2030)
highlight reforestation as a global priority.

Overall, the challenge is to maintain and enhance forest
carbon sinks while adapting forests to a new climate. As
one expert summary notes, “Healthy and resilient forests

are crucial... We must have healthy forests in connection
with emissions reduction to restore the global carbon bal-
ance and limit climate change.”*! Achieving this will require
concerted action at all levels, learning from successful case
studies, and continually updating strategies as climate and
socio-economic conditions evolve.

Recommendations

e Integrate climate, forestry, and land-use policies.

e Replicate successful models at local and national levels.

e Accelerate adoption of technology for forest monitor-
ing and management.

e Expand financial incentives for conservation and res-
toration.

e  Build capacity for community-led adaptation and for-
est management.

Table
Case Study Region Achievement
Forest cover increased
. . from 40% (1987) to nearly
Costa Rica Americas .
60% today via REDD and
national parks
Amazon ARPA . 154 ml.lllo.n. acres pro-
Initiative Brazil tected; significant reduc-
tion in deforestation
Coastal protection, com-
Mangrove . o
. Indonesia | munity involvement, car-
Restoration -
bon sink enhancement
Planted billions of trees
China Refor- . . ’
. China responsible for 25% of
estation
global new green area
Combines crop and tree
Agroforestry . .
. India planting to restore land,
Projects - .
boost biodiversity
Conclusion

Climate change presents existential risks for forests glob-
ally by accelerating disturbances such as wildfires, pest
outbreaks, and habitat shifts. Nevertheless, forests remain
one of the best defences against climate change, offering
carbon storage and vital ecosystem services. Achieving
sustainable forest protection requires coordinated policy,
technological innovation, community participation, and
robust funding. By integrating climate goals with forest con-
servation through REDD, green forest policies, sustainable
management, and community engagement, policymakers
can safeguard forests as essential allies in mitigating and
adapting to ongoing climate change
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