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Introduction

Wright (2010) identified five anthropogenic drivers shaping the future of tropical forests, including land-use change,
wood extraction, hunting, atmospheric change, and climate change, with the extent and intensity of these drivers in
flux. More than a decade later, the interactions of deforestation and climate change are emerging as the most severe
risk to tropical forests in Africa, Asia and the Pacific, and Latin America and the Caribbean. Tropical forests occur
throughout the equatorial zone between the Tropic of Cancer (23.5° N) and the Tropic of Capricorn (23.5° S). They
occur across a range of dry to wet tropical climates. They encompass high levels of biodiversity and biomass with a
high degree of variation in composition, structure, and function due to biogeography, climate, substrate, topography,
and disturbance (Muller-Landau et al., 2021). Tropical forests cover less than 10% of the planet’s surface and yet house
much of the Earth’s biodiversity (Giam, 2017), including an estimated 62% of the Earth’s terrestrial vertebrate spe-
cies—more than twice the number found in any other terrestrial biome (Pillay et al., 2022).

Forty-five percent of all forest ecosystems are within the tropics with extensive forests in Central Africa, the
Amazon Basin and the Caribbean, and Asia and the Pacific Region (Fig. 10.1). Cazzolla Gatti et al. (2022) report that
roughly 43% of all the Earth’s tree species occur in South America, primarily in the tropical forests. They range from
vast expanses of closed canopy forest to fragmented patches and occur along land-use and management gradients from

FIGURE 10.1 Evergreen broad-
leaf forest in the Western Ghats in
Kerala state, India. In addition to
their value for biodiversity conser-
vation, forests in densely populated
tropical regions such as India are
critical for their provision of many
ecosystem services, including cli-
mate regulation and provision of
abundant clean water supplies
needed to sustain downstream agri-
cultural production and meet the
needs of growing urban popula-
tions. Photo courtesy J. Parrotta.
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low to high intensity. Understanding the effects of climate change across this broad gradient of tropical forests is critical
to protecting global biodiversity.

The roles of people and climate are intertwined in shaping the future of tropical forests. Tropical forests surround, sustain,
and coexist with some of the world’s most densely populated and highly developed human populations and some of the
most isolated and remote societies. An estimated 1.5 billion people directly depend on or benefit from the goods and services
they provide (Lewis, Edwards, & Galbraith, 2015), and much of the rest of the world’s population indirectly benefit from
their role in climate regulation and other tangible and tangible and intangible benefits. People have interacted with and man-
aged tropical forests for millennia, modifying them for desired species, goods, and services through a wide range of practices
and governance regimes and to varying degrees of sustainability (Berkes, Colding, & Folke, 2000; Diamond, 2011,
Heckenberger et al., 2003; Nigh, 2008; Parrotta & Trosper, 2012) (Figs. 10.2 and 10.3).

Tropical forests are shaped by and regulate the global climate (Mitchard, 2018). The nature of tropical forests will largely
depend on future climates, natural and anthropogenic disturbances, and tropical forest, agricultural, and development policies,
practices, and trajectories. The influence of human activity and interventions, including climate action and forest and land man-
agement, will be important determinants of tropical forests’ future structure and function. Changes in tropical forest systems will
affect the Earth’s system (Steffen et al., 2018). Future greenhouse gas (GHG) concentrations will depend partly on efforts to
reduce emissions, increase sequestration, and mitigate global warming. At the same time, changes in rainfall, temperature, sea-
sonality, and extreme climate disturbances will occur within an already dynamic system affected by deforestation, degradation,
land conversion, fire, and other natural and anthropogenic processes. Over the first decade of the 21st century, the pantropical
domain experienced the most significant changes in forest area among the tropical, subtropical, temperate, and boreal climate
domains, due to natural and anthropogenic processes, with a significant increase in annual forest loss (Hansen et al., 2013).
Regionally there is considerable variation in forest cover dynamics, with instances of net forest gain often due to agricultural
abandonment. Song et al. (2018) report that between 1982 and 2016, the most significant loss of forest cover was in the dry
tropical forest biome (—8%), followed by tropical moist deciduous forest (—2%) in contrast to significant gains in temperate
(+33%), boreal (+12%), and subtropical, humid forests (+ 18%) relative to 1982 forest class area.

The tropical forest biome is well adapted to high temperatures, extreme wet and dry climates, and recurring climate-
related disturbances. The biome can persist and continue regulating climate, harboring biodiversity, and providing ser-
vices under future climate scenarios, but only with increased effectiveness in reversing forest loss through land-use
change, increasing sustainable management practices, and better aligning broad governance policies with local benefits
and practices. Key trends driven by climate alone are the increasing extent of dry tropical forests and the likelihood of
fire, the potential loss of coastal and high-elevation habitats due to shifting life zones, and the loss of unique, restricted
habitats harboring rare and endemic elements of biodiversity, such as island forests, cloud forests, or remanent old-
growth forests (Fig. 10.4).

FIGURE 10.2 Amazonian forests
such as these, near Belém in Pard
State, Brazil, provide many envi-
ronmental services supporting local
communities, including enhance-
ment of livelihoods and food secu-
rity. Photo courtesy J. Parrotta.
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FIGURE 10.3 On-site processing
of sawnwood lumber from waste
wood following a timber harvest in
a certified forest concession in
Ucayali, Peru. Advancing sustain-
able forest management practices
in tropical forests, including
reduced wood waste from logging,
can contribute to enhanced ecologi-
cal, economic, and social benefits
from managed forests. These prac-
tices also may contribute to
reduced carbon emissions and
increased carbon storage in long-
lived wood products from tropical
forests, and are increasingly pro-
moted through international agree-
ments on carbon and sustainable
development, including the UN
Framework Convention on Climate
Change Reduced Emissions from
Deforestation and Forest
Degradation +  program. Photo
courtesy K. McGinley.

Tropic of Cancer

Tropic of Capricorn

FIGURE 10.4 Three main regions of tropical forests including Latin America and the Caribbean, Africa, Asia, and the Pacific. Colors represent
evergreen forests (dark green), deciduous forests (light green), and mixed/unknown forests (yellow-green). Created using Copernicus forest types ras-
ter imagery (Buchhorn et al., 2020) and the terrestrial biomes of the world spatial layers (Olson et al., 2001).

This chapter describes the projected effects of climate change on tropical forests by region and forest type,
the implications for associated ecosystem services and human dimensions, and the interactions with related pol-
icy and governance. Awareness of the implications of and vulnerabilities to expected climate change can help
prioritize mitigation and adaptation actions to ensure the continued provision of ecosystem services. This chapter
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also discusses the regional variation in climate projections, implications for climate feedbacks and ecosystem
services, a review of representative mitigation and adaptation actions, and a summary of knowledge gaps and
research needs.

Climate trends and projections for the tropics

Global climate model simulations and observations indicate smaller long-term warming trends in the tropics than in
higher latitudes. However, warming trends will exceed historical variation in the tropics and significantly affect carbon
and water cycling (Creed & Van Noordwijk, 2018; Legg, 2021). Temperatures have been rising in all tropical forests
and are very likely to continue rising (Portner et al., 2022). Significant warming trends between 0.2°C and 0.3°C per
decade have been observed in Central America in the last 30 years (Gutiérrez, 2016; Hidalgo, Alfaro, & Quesada-
Montano,2017). Warming alone will profoundly affect water cycling but will interact with shifting rainfall patterns and
increasing CO, concentrations to affect tropical forest composition and structure (Esquivel-Muelbert et al., 2019;
McDowell et al., 2018). Observed and projected rainfall patterns in the tropics vary within and among regions. The
strong influence of land use and land cover on internal water cycling will have important effects on rainfall and exacer-
bate the occurrence of drought and fire (Marengo et al., 2018). These changes in the water cycle due to increasing tem-
peratures are expected to affect tropical forests, climate feedbacks, and ecosystem services, likely leading to prolonged
drought, longer dry seasons, and increased frequency and intensity of fire in many tropical forests (Legg, 2021).
Tropical biodiversity hotspots are likely to experience more extreme heat and droughts further increasing their vulnera-
bility (Barlow et al., 2018; Gould, Castro-Prieto, & Alvarez-Berrfos, 2020). Compounding effects on agriculture, food
security, water availability, and timber resources will require effective policy and governance responses to protect the
range of goods and services that tropical forests provide and the communities that depend on them (Guariguata,
Cornelius, Locatelli, Forner, & Sanchez-Azofeifa, 2008; Keenan, 2015; Vira, Wildburger, & Mansourian, 2015).

The question of how climate change may affect the potential dieback of Amazonian tropical forests is of concern not
only for the effect on loss of services and impacts on local populations but also as a potential tipping point accelerating
global change (Chai et al., 2021; Martin et al., 2021; Wunderling, Donges, Kurths, & Winkelmann, 2021). Observation and
recent ecosystem modeling indicate that while rainfall changes have been driving forest compositional changes (Esquivel-
Muelbert et al., 2019), Amazonian basin-wide dieback, buffered by landscape variability and tree species genetic diversity
inherent in tropical forests, is thought to be unlikely to occur due to projected climate change alone (Chai et al., 2021;
Sakschewski et al., 2016). However, interactive effects of climate and land-use change may lead to accelerated forest loss in
parts of the Amazon tropical forests (Longo et al., 2020; Martin et al., 2021). Recent analyses indicate forest degradation
rates since the early 1990s are higher than previously thought, reaching up to 17% of the Amazon basin (Bullock,
Woodcock, Souza, & Olofsson, 2020; Martin et al., 2021; Matricardi et al., 2020; Qin et al., 2021).

Climate change alone will likely drive a significant shift toward drier forests and increasing tree mortality, increas-
ing carbon turnover rates (Brienen et al., 2015; Muller-Landau et al., 2021). Increased tree mortality rates in tropical
forests are expected with increased temperatures and vapor pressure deficit (McDowell et al., 2018). Modeling of forest-
—rainfall feedback by Staal et al. (2020) indicated that under current and future rainfall projections (SSP5-8.5, CMIP6),
tropical forests in the Congo Basin, Amazonia, and Australasia vary in their ability to recover forest cover and function
following deforestation or other disturbance. According to this study, Congo Basin forests currently have a relatively
low capacity for natural regeneration under the current climate, but this will increase under future climate scenarios.
Amazonian forests currently have some capacity for regeneration following degradation. However, they may lose such
capacity by the end of the century as deforestation interacts with drying and warming trends to reduce water availabil-
ity. Australasian tropical forests currently have a high capacity for regeneration, which will likely persist under these
future scenarios.

Tropical dry and wet forests

One of the most significant determinants of ecological variation in tropical forests is seasonality in rainfall, with moist
and wet broadleaved evergreen forests typically experiencing limited seasonal variation in rainfall and tropical dry for-
ests experiencing a prolonged annual dry season (Hasnat & Hossain, 2020; Murphy & Lugo, 1986). Tropical dry forests
are highly biodiverse and considered extremely vulnerable to degradation from anthropogenic drivers (Wright, 2010).
Relative to tropical moist and wet forests, tropical dry forests have lost more of their historical extent, are underrepre-
sented in protected areas, and are more vulnerable to climate-related disturbances such as extended drought and fire
(Hasnat & Hossain, 2020; Janzen, 1988; Miles et al., 2006; Portillo-Quintero et al., 2010). In addition, tropical dry
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forests have been extensively converted to agriculture and continue to be vulnerable to land conversion (Murphy &
Lugo, 1986; Vieira & Scariot, 2006).

Two key approaches to reducing the loss of tropical dry forests and addressing global climate change risks include
the large-scale adaptation of current forest and woodland best management practices and the promotion of sustainable
agroforestry. Providing extension services and adequate incentives for sustainable management practices such as silvo-
pasturing offer opportunities for small agricultural landholders to retain or increase forest cover, improve water manage-
ment, and reduce risks of climate change (Sanchez-Romero et al., 2021; Zeppetello et al., 2022). Community-based
reforestation efforts supported through governmental and nongovernmental action are being more widely applied but
remain underused as a mechanism to capture carbon and increase ecosystem services from tropical dry forests (Lin,
Htun, Gritten, & Martin, 2019; Mesa-Sierra, de la Pefia-Domene, Campo, & Giardina, 2022; Siyum, 2020).

Tropical wet forests occur within a relatively narrow range of temperatures and water availability and, therefore,
may have higher vulnerability to heat and drought conditions exceeding historical ranges (Hilbert, Ostendorf, &
Hopkins, 2001; Wright, 2010). Consequently, intact and large contiguous tracts of tropical wet forests may be less vul-
nerable to climate change than dry forest counterparts in regions with projected increases in rainfall. However, land
conversion and fragmentation will increase the susceptibility of intact forests to increased fire, edge effects, and loss of
forest ecosystem services (Deb, Phinn, Butt, & McAlpine, 2018). Of particular concern are tropical wet forests of high
biodiversity and endemism coupled with limited extent, such as island tropical forests and montane tropical cloud for-
ests (Bruijnzeel, Kappelle, Mulligan, & Scatena, 2010; Gould et al., 2020; Helmer et al., 2019; Karger, Kessler,
Lehnert, & Jetz, 2021).

Large-scale reforestation initiatives in response to climate change can be challenging to implement. Community-
based and effective management practices, incentives, and regulations to support reforestation, sustainable timber man-
agement, and valuation of nontimber forest products and services are proven mechanisms. However, to effectively
address climate change, these approaches will require extensive implementation throughout the tropics (Cerullo &
Edwards, 2019; Dockendorff et al., 2022; Runting et al., 2019).

Regional variation

Africa

Tropical and subtropical forests in Africa cover approximately 1576 Mha, including 479 Mha of evergreen and decid-
uous forests and 1097 Mha of mixed forests (Fig. 10.4, Table 10.1), (FAO, 2020). The world’s second-largest continent,
with a growing population, is highly vulnerable to weather and climate variability (Dosio et al., 2019; Niang et al.,
2014). Tropical forest structure and composition vary along west-east and north—south precipitation gradients and var-
iations in soils, substrates, and elevation (Borota, 2012). Generally, aboveground biomass measured in closed canopy
tropical forests across several African countries is greater than Amazonian values, with lower stem densities of trees
larger than 1 m in diameter. The combination of high aboveground biomass and low stem density are considered a sig-
nature structural characteristic of African tropical forests (Lewis et al., 2013). Decadal climate records across central
African tropical forests indicate long-term climate trends of rising temperatures, decreasing precipitation, and stronger

TABLE 10.1 Forest area (Mha) within tropical and subtropical moist broadleaf, dry broadleaf, coniferous, savannas/
shrublands, flooded grasslands, and savannas, and mangroves biomes in Africa, Latin America, and the Caribbean
(LAC), and the Asia and Pacific regions (ASP).

Forest type Africa (Mha) LAC (Mha) ASP (Mha)
Evergreen needle leaf forest 0 2 2
Evergreen broadleaf forest 257 721 392
Deciduous broadleaf forest 222 12 100
Unknown or mixed type 1097 521 279

Total 1576 1256 773

Note: Numbers based on the Copernicus forest types raster imagery (Buchhorn et al., 2020) resampled to a 250 m resolution and the world’s terrestrial
biomes within the tropical latitudes (Olson et al., 2001).
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seasonal moisture deficit (Bennett et al., 2021), with El Nifio events typically increasing temperatures and decreasing
precipitation. With rising temperatures, mean non-El Nifio temperatures in the 2010s exceeded peak temperatures dur-
ing prior El Nifio events, with African forests experiencing record temperatures in 2015—16 (Bennett et al., 2021).
Literature of regionally downscaled CORDEX Africa outputs (Coordinated Regional Downscaling Experiment) (Giorgi,
Jones, & Asrar, 2009; Jones, Giorgi, & Asrar, 2011) provide projections of mean and extreme climate phenomena
(Dosio et al., 2019; Giorgi et al., 2021; Mariotti, Diallo, Coppola, & Giorgi, 2014; Nikulin et al., 2018; Teichmann
et al., 2021). Mean annual temperatures have increased 0.2°C—0.5°C per decade since the mid-20th century, and it is
very likely that by the end of the century, all regions will see warming in all scenarios. Under RCP8.5 or SSP5-8.5,
Central Africa will experience warming larger than 2.5°C, and the rest of Africa will likely experience warming larger
than 3°C (Ranasinghe, Ruane, & Vautard, 2021).

Precipitation trends have varied in Africa, with drying in the east, the central and northeastern parts of South Africa,
Central Africa, and the Horn of Africa. Climate projections for Africa have many uncertainties, particularly in the
hydrologically important Central African region (Mba, Vondou, & Kamsu-Tamo, 2022). There is medium confidence
in projected mean precipitation decreases in Southern Africa by the end of the 21st century (Dosio et al., 2019;
Teichmann et al., 2021) and indications of wetter wet seasons and drier dry seasons (Gebrechorkos, Hiilsmann, &
Bernhofer, 2019). The Western Africa region features a gradient in which precipitation decreases in the west and
increases in the east (Ranasinghe et al., 2021).

Consequences of significant warming through the end of the century include increased likelihood of both drought
and fire and, in those cases with stable or increasing precipitation, potential increases in carbon sequestration. There is
evidence of greater resistance in African tropical forests to climate anomalies, including drought events, relative to
Amazonian forests (Bennett et al., 2021). Warming temperatures, heat extremes, and more frequent drought and fire are
expected to have adverse effects on economic activity and food security across much of Africa and likely produce com-
pounding effects on African tropical forest land-use decisions and governance (Okumu, Kehbila, & Osano, 2021;
Pickson & Boateng, 2022). The rapid pace of climate change requires forward-looking conservation measures and gov-
ernance approaches to protect the provisioning, regulating, supporting, and cultural ecosystem services from African
tropical forests (Adeleye, Connor, Annka Herbert, & Simon Graeme Haberle, 2022).

Latin America and the Caribbean

Tropical forests in Latin America (i.e., Mexico, Central America, and South America) and the Caribbean (LAC) cover
1256 Mha and represent 23% of the world’s forest areas (FAO, 2020). Approximately 733 Mha are evergreen or decid-
uous forests, and 521 Mha are mixed or unknown forest types (Fig. 10.4, Table 10.1). The LAC region covers 20 Mkm?>
and hosts an estimated population of 650 million (United Nations Environment Programme, 2016). The region is highly
exposed to weather-related hazards, predominantly hurricanes and storms, floods, droughts, and extreme temperatures
(Field, Barros, Stocker, & Dahe, 2012), partly moderated by El Nino Southern Oscillation (ENSO) events (Eva et al.,
2004). Other main threats to forests relate to land-use changes, notably growing urbanization, habitat degradation, and
rapid conversion of natural areas into agricultural lands (Graesser, Aide, Grau, & Ramankutty, 2015; United Nations
Environment Programme, 2016).

Latin American and Caribbean forests provide vital ecosystem services for the globe. The region contains about half
of the world’s remaining broadleaf evergreen tropical forests (Blackman, Epanchin-Niell, Siikaméki, & Velez-Lopez,
2014). They host 50% of the world’s terrestrial species, seven of the world’s 25 biodiversity hotspots, and 24% of the
global protected lands (Alvarez-Malvido et al., 2021; Myers, Mittermeier, Mittermeier, Da Fonseca, & Kent, 2000).
These forests contribute significantly to regulating the global climate contributing to the dynamic balance of biogeo-
chemical and hydrological cycles underlying carbon sequestration and storage (Ardila et al., 2020; United Nations
Environment Programme, 2016). Tropical forests in LAC sequester large amounts of carbon dioxide from the atmo-
sphere (1.2 + 0.4 Pg C per year) and store 49% of the aboveground carbon in the tropics (Ardila et al., 2020; Saatchi
et al., 2011). High deforestation and forest degradation rates threaten the carbon sequestration and storage services these
forests provide. Between 2000 and 2017, 24% of the total global forest loss (i.e., 120 Mha) occurred in LAC (Ardila
et al., 2020). The conversion of forests to cropland and pasture, mining, and expanding transportation infrastructure are
the major causes of deforestation (Alvarez-Berrios & Aide, 2015; Armenteras, Gonzalez, Retana, & Espelta, 2016;
Soares-Filho et al., 2006). While the loss rate of Amazonian forests has slowed between 1975 and 2018, the overall loss
rate remains high (Da Cruz, Benayas, Ferreira, Santos, & Schwartz, 2021). Natural regeneration of tropical forests fol-
lowing agricultural abandonment or other recovery to a disturbance in LAC could partially compensate for the loss of
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primary tropical forests and the carbon sequestration services these provide, contingent upon the long-term persistence
of regrowth (Schwartz et al., 2020).

Forest degradation is a critical risk to the tropical forests in LAC. It is estimated that 240 million hectares of these
forests have been degraded, primarily due to logging and fire (Armenteras et al., 2016). When considered together, for-
est loss and degradation in this region contribute to nearly 25% of global GHG emissions (Intergovernmental Panel on
Climate Change) (Shukla et al., 2019).

There has been continuous warming across this region since the beginning of the 21st century (Gutiérrez et al.,
2021). The average temperature has risen as much as 1° C in most LAC, with warming trends being stronger in lower
latitudes and higher elevations. Daily temperature variability has resulted in fewer cold days and more warm days and
nights. Variable precipitation patterns have been observed, with areas experiencing higher precipitation, such as in
the western Amazon Basin. However, despite regional variability, recent observations show a drying trend over the
Amazonian forests caused by global warming, biomass burning, and land-use change. The moisture produced by the
forest has decreased, and droughts and wildfire events have increased in parts of the Amazon. Caribbean island forests
have seen mixed trends, with little change in lowland and coastal areas and slight increases in rainfall in cloud forests
(Jury & Bernard, 2020; Olaya-Arenas, Meléndez-Ackerman, & Pérez, 2020).

Based on higher GHG emissions (SRES A2, RCP8.5), Central and South America may experience end-of-century
warming of between 2°C and 6°C. Furthermore, for some parts of the Amazon rainforest, projections based on scenarios
of continued high emissions of GHGs indicate an increase of 6°C—7° C by 2100 (Marengo et al., 2018).

Projected rainfall portrays contrasting patterns for the coming decades across South America, with expected
increases in some areas and decreases in others. For instance, rainfall reductions are expected in eastern Amazonia (by
5%—20%), while increases are expected in western Amazonia.

Drought, fire, and deregulation outcomes include increased tree mortality in Amazonian forests, affecting biodiver-
sity. Feng, Merow et al. (2021) estimate that since 2000, 2.2%—4.1% of the Amazonian forest has been affected by
fire, negatively affecting the extent of the majority of plant and vertebrate species therein. Climate change effects are
predicted to cause a 31%—37% decline in Amazonian tree species richness by 2050, and when combined with defores-
tation trends, the predicted figure increases to 43% —58% (Gomes, Vieira, Salomao, & ter Steege, 2019). Deforestation,
global warming, extreme droughts, and increasing wildfire frequency and severity are likely to degrade Amazonian for-
ests, resulting in a gradual replacement of forests by savanna vegetation (Lovejoy & Nobre, 2018; Nobre et al., 2016).
The compounding effects of climate change, deforestation, and wildfires could trigger a tipping point for the
Amazonian system to shift to nonforest ecosystems at 20%—25% deforestation (Lovejoy & Nobre, 2018). In Central
America and the Caribbean, the increase in intensity and frequency of hurricanes may lead to lower aboveground bio-
mass in forests (Lugo, 2000).

Asia and the Pacific

Tropical forests in Asia and the Pacific include moist and dry forests in the Indian subcontinent, Southeast Asia,
Australia, and the Pacific Islands. The region’s approximately 773 Mha of tropical forests includes 494 Mha of ever-
green and deciduous forests and 279 Mha of mixed or unknown forest types within the tropical and subtropical biomes
(Fig. 10.4, Table 10.1). Forests in this region include tremendous diversity in the biota as well as people and cultures
that extensively use forest resources for hunting, agriculture, timber, and nontimber forest products (Collins, 1991,
Feary, Eastburn, Sam, & Kennedy, 2012; Lim, Liang, Camacho, Combalicer, & Singh, 2012; Ramakrishnan et al.,
2012).

Deforestation for agricultural and other uses, driven by local and global consumption patterns for agricultural com-
modities, minerals, and other goods, is the primary impact on biodiversity conservation and ecosystem services these
forests provide (Hoang & Kanemoto, 2021). Namkhan, Gale, Savini, and Tantipisanuh (2021) document a 50% loss of
mainland Southeast Asian lowland tropical forests and the high vulnerability of remaining forests, including those
within protected areas. Feng, Ziegler et al. (2021) indicate total mean annual forest loss for the region was
3.22 Mha yr~ ' during 2001—19, with 31% occurring in forests of montane mainland Southeast Asia. The frontier of
forest loss moved to higher elevations and steeper slopes in the latter decade of that period, leading to unprecedented
annual forest carbon loss. In contrast, multiple countries in the region have seen a relatively recent shift from net forest
loss to forest recovery (e.g., in Thailand, Vietnam, Laos, Philippines, and Malaysia) attributed in part to economic
development leading to agricultural abandonment, forest policy changes, including reforestation campaigns and logging
bans, and other factors (De Jong, Liu, Park, & Camacho, 2017; Rudel, Schneider, & Uriarte,2010).
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Mean annual surface temperatures show warming trends across Asia during 1960—2015. Accelerated warming has
occurred since the 1970s (Legg, 2021), with a higher rate of warming minimum versus maximum temperatures. Thus,
the region is experiencing more frequent warm nights (Cheong et al., 2018; Khan, Shahid, Ismail, & Wang, 2019;
Zhang & Shen, 2019). Southeast Asian island countries are expected to warm less than mainland areas, with a projected
warming of less than 5°C by the end of the century (Almazroui, Saeed, Saeed, Islam, & Ismail, 2020; Basha et al.,
2017; Loo, Billa, & Singh, 2015). Southeast Asian tropical forests, particularly in the Indonesian region, are subject to
climatic extremes, including droughts during El Nifio events and heavy rains in La Nifia periods (Agustina, Virgianto,
& Fitrianto, 2021). The severity and frequency of climatic extremes are likely to increase and produce significant
changes in seasonal rainfall patterns, increase the frequency of flooding and drought, and affect forests directly through
increased drought and fire and indirectly through multiple and compounding effects on human—forest interactions and
on agricultural, urban, rural, and other social—ecological systems (Osman-Elasha et al., 2009) (Fig. 10.5).

Rainfall varies widely across the region but is characterized by high seasonality, monsoon events, and tropical
cyclones (Loo et al., 2015; Malik, Bookhagen, & Mucha, 2016). Rainfall in the region over the last century
(1901—2010) has increased at a greater rate in higher versus lower latitudes, with high spatial variability, particularly in
Southeast Asia (Knutson & Zeng, 2018). Mean precipitation is likely to increase in most scenarios and over western
India (Fig. 10.6) (Gutiérrez et al., 2021). Monsoon circulation will likely increase seasonal contrasts, with wetter wet
seasons and drier dry seasons. Zhu et al. (2020) indicate that despite high variability in model projections and signifi-
cant spatial and seasonal differences in rainfall. There will likely be an increased incidence of flooding and drought
across the region, with direct and indirect effects on forests (Deb et al., 2018).

Consequences of warming and increased extremes in seasonality will increase the likelihood of fire, intensify
cyclonic events, and affect forest recovery from disturbance. Changes in forest structure and composition will have
extensive effects on the communities that depend on forests for their livelihoods and those who value them for the
goods and services they provide (Bull et al., 2018; McGinley, Robertson, & Friday, 2019). As climate change alters
local and global food and timber markets, conservation priorities, as well as traditional societies and traditional uses of
forests are vulnerable (Parrotta & Agnoletti, 2012).
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FIGURE 10.5 Temperature projection from IPCC AR6 WGI indicating the end of the century (relative to 2081—2100) mean annual temperature
(T) change (°C) from an ensemble of 34 CMIP6 models using a high emissions scenario (SSP5-8.5). From Gutierrez, J. M., Jones R. G., Narisma, G.
T., Alves, L. M., Amjad, M., Gorodetskaya, 1. V.,... Yoon, J.-H. (2021). Atlas. In Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Pean, C.,
Berger, S., Caud, N., et al. (Eds.), Climate change 2021: The physical science basis. Contribution of Working Group I to the sixth assessment report

of the intergovernmental panel on climate change. Cambridge University Press.
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FIGURE 10.6 Percentage change in total precipitation projection from IPCC AR6 WG! indicating the end of the century (relative to 2081—2100)
from an ensemble of 33 CMIP6 models using a high emissions scenario (SSP5-8.5). From Gutierrez, J. M., Jones R. G., Narisma, G. T., Alves, L. M.,
Amjad, M., Gorodetskaya, 1. V.,. .. Yoon, J.-H. (2021). Atlas. In Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L., Pean, C., Berger, S., Caud,
N., et al. (Eds.), Climate change 2021: The physical science basis. Contribution of Working Group I to the sixth assessment report of the intergovern-
mental panel on climate change. Cambridge University Press.

Future tropical forests

Increased global atmospheric GHG concentrations drive tropical forest climates above historic temperature ranges.
Increased temperatures alone will affect the hydrologic cycle and likely lead to drying, increase the incidence of
drought and fire (Van Beusekom et al., 2018), affect moisture-sensitive cloud forest ecosystems (Helmer et al., 2019),
and drive the transition of moist to dry tropical forest ecosystems (Bowden et al., 2021; Khalyani et al., 2016).
Additionally, shifting rainfall patterns, altered seasonality, increased storm energy, and slower tracking storms all create
changing conditions that affect tropical forests’ composition, structure, and function across the extent of the tropical
biome. Less rain or longer dry seasons will have consequences by reducing productivity and carbon sequestration,
increasing the likelihood of fire, reducing food and fiber benefits, altering species composition and distribution, and
decreasing biodiversity. Conversely, increased rainfall can increase or maintain productivity, carbon sequestration,
and other forest benefits. High rainfall events may adversely affect human activities where there is increased flooding
and reduced access to forest resources.

Based solely on potential future climate, the overall extent of forested lands in the tropics could remain stable or
increase through natural regeneration, reforestation, and afforestation in all future climate scenarios, providing benefits
in carbon sequestration and other ecosystem services, along with climate feedbacks and local cooling effects (Koutika,
2022; Windisch et al., 2022). Nevertheless, human—forest interactions are a significant factor in future tropical forest
extent and composition in any climate scenario since human activity, economic development, conservation priorities,
and forest and nonforest governance approaches at multiple scales will affect trends in forest use, loss and gain (Davis
et al., 2020; Deb et al., 2018; Humphreys et al., 2017; Keenan, 2015; Mackey et al., 2020; McGinley, 2017). Those
areas most at risk include tropical forests in all regions where conservation policies are not in place or are not effective,
leaving them open to degradation and conversion to other land uses and ultimately to the loss of biologically diverse
and culturally and ecologically important forest resources. Additionally, agricultural, mining, and other activities that
involve the clearcutting or degradation of tropical forests increase the risk of permanent loss of biodiversity and services
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(Edwards et al., 2019; Wimberly et al., 2022). On the other hand, increased forest cover leads to increased rural-to-
urban migration or policy interventions that reduce pressures on forests and promote tree planting, such as when
agricultural land reverts to forests through natural regeneration, active planting, or both. Therefore, forest policy and
management focused on protection, regeneration, and afforestation that integrate future climate conditions in planning
will likely be more successful in achieving objectives (Hagerman & Pelai, 2018; Lamb, Erskine, & Parrotta, 2005;
McGinley, 2017; Millar, Stephenson, & Stephens, 2007; Seddon et al. 2021).

Actions: mitigation and adaptation to climate change

Tropical forests play a key role in contributing to local and lobal economies, supporting the well-being of millions of
people, housing a large share of the planet’s biodiversity, and regulating global climate through carbon sequestration
and hydrologic cycling. Unfortunately, in recent decades tremendous loss in extent and degradation of ecosystem integ-
rity has occurred in tropical forests around the world. Climate change, bringing higher air temperatures, increasing
stream and soil temperatures, more intense storms, and shifting rainfall patterns, will exacerbate vulnerabilities related
to illegal logging, deficient or limited management, and ineffective conservation policies. In addition, global pressures
on forest lands will increase due to climate change effects on agricultural productivity, urban and rural societies, infra-
structure, and human migrations. However, policies, incentives, and best practices at multiple scales can help societies
mitigate the increase of GHGs in the atmosphere, adapt to climate changes to support sustained and improved benefits
from tropical forests, and improve the lives of people dependent on tropical ecosystem services (Arima, Barreto,
Araujo, & Soares-Filho, 2014; Fleischman et al., 2021).

Mitigation of climate change through forest management actions includes the protection and maintenance of mature or
old-growth natural forests, reforestation of deforested and degraded areas, improved forest management practices, agrofor-
estry practices that enhance forest cover in agricultural landscapes, and planting trees to increase canopy cover in urban,
residential, degraded lands (mining and other causes), managed forests and protected lands. Policy interventions at local,
national, and international scales can promote and incentivize mitigation actions. On a global scale, the Paris Climate
Agreement (Grassi et al., 2017) acknowledges the role of forests in mitigating climate change by avoiding forest loss, affor-
estation, reforestation, and improved natural forest management. However, these approaches are not without trade-offs and
have significant implications for the state and effectiveness of forest governance, particularly in the tropics (Palomo et al.,
2019; Robiou du Pont et al., 2017). At a local scale, mitigation interventions and actions can involve the designation of pro-
tected forest areas, state regulation of forest use and access, and tree planting campaigns, which may be promoted through
forest protection subsidies, environmental services payments, voluntary forest certification, and forest-based carbon trading.
Policies and incentives are most likely to be effective in sustainable forest management by: (1) recognizing fundamental
socioeconomic drivers at local, national, and international scales; (2) focusing on key ecosystem services and short- and
long-term benefits to local communities; (3) incorporating flexibility to work at small and large scales; (4) ensuring land
tenure security; and (5) enabling stable governance structures supported by local and international laws and regulations
(Gevaia, Pulhin, & Tapia, 2019; Indrajaya et al., 2022; Robinson, Holland, & Naughton-Treves, 2014).

Climate change policies and approaches involving forests have focused on mitigation rather than adaptation.
However, progress in both will be necessary to maintain the multiple benefits of tropical forests at local to global scales
(cf., Guariguata et al., 2008). Adaptation actions typically address specific objectives to reduce the socioeconomic
effects of climate change and reduce the risks of loss of biodiversity and provisioning services from tropical forests.
They can include incentives and approaches for fire and pest prevention and management, reduced impact logging, and
assisted migration (Keenan, 2015). Successful adaptation at a global scale will require continued advances in monitor-
ing the extent and condition of forests and the threats and vulnerabilities from climate change, exploitation, and distur-
bance. Forest resistance and resilience at local scales can be enhanced through effective local community action,
application of traditional knowledge, an emphasis on soil health and ecosystem interconnectivity, promoting low-
intensity extractive activities, integrating local objectives with long-term policies, and working in an adaptive manage-
ment framework (Pandit et al., 2020; Parrotta & Agnoletti, 2012; Simonson et al., 2021).

Knowledge gaps and research needs

Knowledge and tools for ensuring the future of tropical forests and the benefits they provide will require advances in
social, biophysical, and economic research. Biophysical research to measure and monitor a range of forest attributes
with high spatial and temporal resolution in concert with social science to evaluate governance and management prac-
tices can provide guidance to reduce GHG emissions and increase carbon sequestration, biodiversity protection, and
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FIGURE 10.7 University of Puerto Rico research scientist Dr. Oscar J.
Abelleira Martinez inspecting a Pterocarpus officinalis tree introduced
by enrichment planting into a novel secondary forest stand dominated
by Spathodea campanulata. Studies by Dr. Abelleira have been asses-
sing successional pathways of native species planted on seasonally
flooded lands previously used for sugar cane in northern Puerto Rico
(Abelleira Martinez, 2019; Cruz, 2022; Lugo, Abelleira Martinez,
Medina, Aymard, & Heartsill-Scalley, 2020). The tree in the photo was
1 m tall when planted and about 10 m tall at the time the photo was
taken, about 10 years after the initial planting. No management interven-
tions were conducted after the initial planting took place. Photo courtesy
Rey Cruz Aguilar.

sustainable services from tropical forests. Recent advances in remote sensing and monitoring of forest cover and carbon
stocks greatly benefit assessing GHG mitigation value gained and lost through carbon sequestration (Fig. 10.7).

The spatial and temporal resolution and the accessibility of this information have increased dramatically (Asner et al.,
2010; Aubry-Kientz et al., 2019; Chambers et al., 2007). Further increasing the extent and availability of high-resolution
information will make it more equitably accessible to local-scale climate adaptation, mitigation research, and actions.
Determining how to integrate these biophysical data more effectively and equitably with socioeconomic data and traditional
ecological knowledge at multiple spatial and temporal scales remains challenging for mitigation and adaptation actions.

Understanding the complex design and outcomes of tropical forest governance and its influences on climate mitiga-
tion and adaptation actions are required. New knowledge of management benefits and successful implementation meth-
ods should be further developed and communicated to employ adaptive management techniques more widely (Bomfim,
Pinagé, Emmert, & Kueppers, 2022; Bull et al., 2018; Delabre et al., 2020; Fischer, Giessen, & Giinter, 2020). Calls for
increasing the flexibility and adaptiveness of tropical forest policy and practice in the context of climate change have
long been made (Clark, 2007; Guariguata, 2009; Hahn & Knoke, 2010) and are compelling, but advances on the ground
remain limited. Devising approaches that promote and provide space for increased flexibility and responsiveness while
also incorporating increased involvement and cooperation of the broad range of tropical forest stakeholders at different
scales will be critical to addressing the projected and unforeseen effects of climate change in tropical forests.
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