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Abstract

The Anthropocene is characterized as an epoch when human influence has
begun to fundamentally alter many aspects of the Earth system and many
of the planet’s biomes. Here, we review and synthesize our understanding
of Anthropocene changes in tropical forests. Key facets include deforesta-
tion driven by agricultural expansion, timber and wood extraction, the loss
of fauna that maintain critical ecological connections, the spread of fire,
landscape fragmentation, the spread of second-growth forests, new species
invasion and pathogen spread, increasing CO,, and climate change. The pat-
terns of change are spatially heterogeneous, are often characterized by strong
interactions among different drivers, can have both large-scale and remote
effects, and can play out through ecological cascades over long timescales. As
a consequence, most tropical forests are on a trajectory to becoming altered
ecosystems, with the degree of alteration dependent on the intensity and du-
ration of the current bottleneck of human-induced pressures. We highlight
the importance of this understanding to develop the strategies necessary for
shaping the transition of tropical forests through the early Anthropocene,
as well as highlight the opportunities and challenges for the tropical forest
science community in the coming decades.

I2§5



126

Contents

L INTRODUCTION ... 126
2. TROPICAL FORESTS BEFORE THE ANTHROPOCENE ................... 127
2.1. Change in Tropical Forests in Geological Time........................... ... 127
2.2. Antecedents to the Anthropocene in Tropical Forests ........................ 129
3. TROPICAL FORESTS IN THE EARLY ANTHROPOCENE:
FACETSOF CHANGE ... .o 130
3.1, Forest CONVErSION . . . .uvutit ettt ittt et 131
3.2. Timber and Wood Extraction............ ... .o, 132
3.3 Defaunation. . ... .oo.i it 133
L T 5 I 134
3.5. Fragmentation and Isolation of Tropical Forest Landscapes .................. 135
3.6. Second-Growth Forests. ..........oouuiiiiiiiiiiiii i 136
Bollo 1BE(EE MEBSING 0.0 000000000000000000000000000000000000000000600000006006000000 137
3.8. Rising Temperature . ...........oouiuuiiuiiii i 138
3.9. Rising Atmospheric Carbon Dioxide ............coooiiiiiiiiii i 139
3.10. Changes in Tropical Precipitation and Cloudiness .......................... 140
4. TROPICAL FORESTS IN THE ANTHROPOCENE: TRAJECTORIES
OF ENVIRONMENTAL CHANGE...... ... 141
4.1. Divergence and Convergence of Tropical Forests in the Anthropocene........ 142
4.2. Shaping the Transition of Tropical Forests Through
the Early Anthropocene........ ..ot 145
4.3. The Challenges Facing Tropical Forest Science.............c..cooooii... 148
1. INTRODUCTION

Human influence on the planet and its functioning is all-pervasive and spreading, such that no
biome of Earth’s surface is free from interactions with humanity. The growing scale and intensity
of our influence have modified the functioning of the Earth system, leading to the suggestion
that Earth has entered a new geological epoch, the Anthropocene (1, 2). This term has recently
gained widespread usage as a descriptor of the current state of the planet. Some key features of the
Anthropocene include recognition that (#) human-altered processes are of comparable magnitude
to natural processes in many aspects of the global biosphere; (4) human influence has multiple
dimensions, and this influence is occurring at scales ranging from local to global; (¢) there has been
a pronounced surge in human influence and the pace of change since the mid-twentieth century,
the so-called Great Acceleration (sensu 2), which is continuing and expanding in the twenty-first
century (see also the sidebar, When Did the Anthropocene Begin?); (4) the magnitude and spatial
scale of change may reach tipping points and regional or planetary boundaries, which will result
in major shifts in Earth system functioning when passed; and (¢) the degree of human influence is
such that shifts in ecosystem function and the emergence of increasingly altered ecosystems are
likely to be occurring in even the most remote and protected regions.

Tropical forests are arguably the most significant biomes on the planet, accounting for one-
third of land-surface productivity and evapotranspiration (5), and are estimated to host over half of
all global terrestrial biodiversity (6). Humans have been interacting with and modifying tropical
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WHEN DID THE ANTHROPOCENE BEGIN?

The start of the Anthropocene is open to debate (3) with some arguments for a start at the dawn of agriculture
(5,000-10,000 years ago) or even with the Pleistocene megafaunal extinctions 10,000-50,000 years ago, but its start
is frequently ascribed to the early Industrial Revolution (~1800) or to the start of the Great Acceleration (~1950).
In this review, we follow the suggestion of Steffen et al. (4) and adopt 1800. The Anthropocene is likely to be a
feature of the Earth system for at least millennia (see main text), and hence we adopt the term early Anthropocene to
describe the past few centuries, while recognizing that humans have also had appreciable impacts on the biosphere
throughout the Holocene.

forests for tens of thousands of years, but the intensity of this interaction has been increasing
substantially in the Anthropocene. As with other biomes, tropical forests have experienced effects
of the Anthropocene that are multifaceted and include conversion to agricultural use, logging and
other resource extraction, increased fire incidence, hunting and wildlife trade, global intercon-
nectivity and its associated spread of introduced species and pathogens, altered biogeochemical
cycles, and climate change.

This article reviews our understanding of the prospects for tropical forests in the Anthropocene.
It presents a synthesis from the natural sciences of the multifaceted drivers of ecological change
and compares the present and potential future significance of these drivers in each tropical forest
region, with an eye to identifying opportunities for maintaining diverse and functional tropical
forests in the future, as well as the pressing research needs necessary for capitalizing on such
opportunities. Although the complex array of social, political, and economic factors that determine
how forests are governed falls beyond the scope of this review, our assessment of the natural science
of Anthropocene changes in tropical forests provides a basis for understanding the likely success
or failure of attempts to conserve and manage the tropical forest biome.

There are many reasons to be concerned about tropical forests in the Anthropocene, but we
intend this review to be neither a gloomy catalog of threats nor a paean of resilience optimism.
Instead, our approach is to (#) recognize and describe the reality of the Anthropocene for tropical
forests and of the altered tropical forest ecosystems that are emerging and (b) identify the major
challenges, unknowns, and opportunities that can assist in navigating the tropical forest biomes
through the early Anthropocene.

2. TROPICAL FORESTS BEFORE THE ANTHROPOCENE

2.1. Change in Tropical Forests in Geological Time

Recognizable tropical forests probably appeared in the early Cenozoic (50-65 Mya), centered on
the fragments of the continent of Gondwanaland. Today, they span five major tropical rainforest
regions, mainly isolated progeny of Gondwanaland for most of the period of evolution of mod-
ern tropical flora and fauna. These regions can arguably be considered distinct biogeographical
and ecological entities (tropical Americas, Africa, Southeast Asia, Madagascar, and New Guinea)
(Figure 1), with small outliers in Australia, south Asia, and many tropical islands (7). Because
of this peculiarity of Earth history, and despite occasional transoceanic species dispersal, tropical
forests on different continents can be quite divergent in their floristic and particularly faunal com-
position, a little-recognized factor that may contribute to divergent responses to Anthropocene
change.
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Earth has been on a long-term cooling trend for most of the Cenozoic, and by the Pleistocene
(0.01-2 Mya) the mean state of tropical climate was colder and drier than present. In Africa,
the forest biome probably contracted during glacial periods into distinct refugia surrounded by
grasslands and savannas. In Asia, by contrast, tropical forests probably increased in area over the
expanded continent of Sundaland and large portions of Australasia exposed by lower sea levels.
In Amazonia, the forest likely remained largely continuous, albeit in a drier state, with forest
changes concentrated at the periphery. In the Holocene (the last 10,000 years), as in previous
interglacial periods, tropical forests have generally become more humid and expanded (where
tropical land masses were not drowned by rising sea levels, as in about 2 million km? of Sundaland
and 1.5 million km? of tropical Australasia) but still carry the ecological signatures of such recent
and dramatic environmental changes. For example, the lower plant diversity of African forests
probably reflects their more variable environmental history (8), compared with the high diversity
and stable climatic history of northwestern Amazonia.

2.2. Antecedents to the Anthropocene in Tropical Forests

Clear antecedents to the Anthropocene can be observed in many biomes as hominid and modern
human influence and impacts spread throughout the Pleistocene and Holocene through hunting,
use of fire, and agricultural activities. Homo sapiens originated in African savannas 100-200 thousand
years ago (kya) but had colonized Central African forests by ~60 kya and arrived in Southeast
Asia ~50 kya, New Guinea and Australia ~50 kya, the American tropics ~10-15 kya, Madagascar
~2 kya, and Pacific islands ~0.8-3.5 kya (9). Probably the earliest major human influence on
tropical forests was through the extinction of medium and large vertebrates (megafauna) in the
late Pleistocene and early Holocene. Tropical forests possessed diverse megafauna, as they still
do in parts of Africa and Asia, and the largest of these may have included elephant relatives, such
as stegodonts in Asia and gomphotheres in the Neotropics, and other large animals such as the
hippopotamus-sized diprotodontids in Australasia (10). The synchrony of megafaunal extinction
with differing times of human arrival in different regions and the absence of extinctions in similar
climatic fluctuations in the prehuman Pleistocene suggest a significant role for humans (11),
although this remains the subject of some controversy (e.g., 12). In regions where human arrival

Figure 1

Facets of Anthropocene change in tropical forests. (#) Presents the extent of evergreen tropical forests and other dense broadleaf forests
within the tropics. Gray shading represents the extent of forest in the 1700s before the onset of the Anthropocene (based on

Reference 196). Green shading represents current extent; dark green represents the least disturbed areas, which consist almost entirely
of evergreen forests (95%) (67). Red shading represents the most intense clearance over the period 2000-2012 (>10% per 10 km?),
using Landsat data (27). Inset plots summarize data (area shown in km?) for the tropical Americas, Africa, and Southeast Asia with
Australasia (“Asia”), and also employ a more conservative definition of undisturbed forests (black outline), using a 5-km buffer from any
high-intensity human influence, which is assumed to give a more reliable representation of areas with robust faunal assemblages.

(b) Human population density (within forest mask only) and fire intensity as two proxies for the overall anthropogenic pressures on
tropical forests. Fire intensity in seasonal forests includes both natural fire dynamics as well as anthropogenic pressure. (c) Potential
future impacts of climate change and enhanced CO, concentration at 4°C global warming on humid tropical forests (data from 137).
Dark gray areas mark the climatological niche of these forests derived from the current climatological conditions (water stress and
annual precipitation) and are predicted to remain in such a niche by all climate models assessed in this analysis. The gray-red-black
scale indicates the risk of climate change-induced dieback: the number of climate models reviewed that predict humid rainforests would
no longer be viable under a global warming of 4°C. Isoclines represent the average local warming in degrees Celsius for a mean global
warming of 4°C. Light gray areas show the current extent of seasonal forests. A high-resolution version of the figure and underlying
data are available at http://dx.doi.org/10.6084/m9.figshare.1018766.
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is more recent and precisely known (e.g., tropical islands), the causal link between human arrival
and faunal extinction is uncontested. For example, in Pacific island ecosystems, the arrival of early
settlers over the period 3,500-700 BP is estimated to have resulted in the extinction of ~1,300 bird
species, 10% of global bird diversity, marking the largest known extinction event of the Holocene
(13). Extinction of fauna is likely to have had effects on forest composition and structure by altering
seed dispersal, tree recruitment and mortality patterns (14, 15), and forest biomass and structure
(16), and likely also affected nutrient cycling (17).

Through much of the Holocene, direct human alteration of tropical forests also occurred
through burning for hunting and clearance for agriculture. In recent decades, there has been
an increasing recognition of the long history of human interactions with tropical forests and
the extensive collapse of human populations in forests from European contact (through disease
and slave trade in Amazonia and Africa, respectively) or possibly through past epidemics (e.g.,
in the Congo Basin) or via environmental change (e.g., in the Mayan world). Key discoveries
have included evidence of once complex societies in now thinly populated regions of southern
Amazonia (18) and of extensive oil palm agriculture in the now virtually unpopulated regions of
the western Congo Basin (19). The extent of prehistoric human alterations of tropical forests has
been intensively debated, with some arguing that much of the tropical forest biome was a human-
created cultural parkland (e.g., 20). However, available evidence, albeit still limited, suggests that
truly extensive human modification was limited and was only prevalent in the seasonal dry fringes
of tropical forests, which include many of the iconic tropical civilizations: the Maya in Central
America, the Khmer in Southeast Asia, and the forest kingdoms of West Africa.

Understanding prehistoric human interactions with tropical forests adds an important nuance
to understanding contemporary change, challenges notions of intactness, and may help assess the
resilience of different tropical forests to disturbances of the Anthropocene (21)—while noting
that such disturbances are invariably distinct from modern disturbances in the extent, intensity,
and speed with which they occurred (22). Although the extent of prehistoric human modification
continues to be debated and remains an important area of research, it is important to remember
that agriculture is a recent Holocene phenomenon; on no continent was there agricultural clearing
before 10 kya, and most evidence of agriculture commences after 6 kya.

3. TROPICAL FORESTS IN THE EARLY ANTHROPOCENE:
FACETS OF CHANGE

The early Anthropocene has heralded myriad changes to tropical forests (Figure 1). Although the
most evident change is the widespread clearance of forests for agriculture and human habitation,
large swaths of remaining tropical forests have been subject to pervasive disturbances from logging,
defaunation, wildfire, and fragmentation. These impacts often occur together and in sequence.
Their separate and combined effects can result in marked forest degradation through the loss
of biodiversity and impairment of ecological processes, with many cascading and indirect effects
that can be hard to detect through short-term studies. Many human-modified tropical forest
landscapes exist as complex mosaics of primary- and second-growth forest, with a patchwork
of regenerating areas on fallow or abandoned agricultural land. Indeed, second-growth forests
make up the majority of remaining native vegetation in the most densely inhabited areas of the
tropics. Overarching such landscape-level changes is the effect of increased global connectivity
leading to widespread biotic mixing and the introduction of new species and pathogens, coupled
with changes in the global climate and atmosphere that include changing temperatures, CO,
concentrations, and precipitation patterns. This combination of large-scale and remote human
influences on the biosphere sharply illustrates how the early Anthropocene has affected even the
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most remote tropical forests, often in ways that may have profound and lasting impacts on the
composition and function of these forests that we are only now beginning to understand.

In the following sections, we review 10 interrelated ways in which tropical forests are changing
as we enter the early Anthropocene. A common theme that emerges from this review is that the
combined effects of human activities on tropical forests can result in highly variable changes to
forest diversity, structure, and function, depending on the intensity and type of impacts, the past
and ongoing indirect and feedback effects from altered species composition, and the underlying
differences in the composition and ecological resilience of regional biota. The emergent mosaic
of landscapes, from relatively undisturbed areas removed from direct impacts to both highly
variegated and highly simplified landscapes, has profound implications for how we study these
dynamic systems and how we manage them more sustainably now and in the future. We start with
some of the most direct and intense Anthropocene processes of change, such as forest conversion
and timber extraction, and conclude with cryptic yet pervasive agents of change, such as increasing
atmospheric CO; and climate change.

3.1. Forest Conversion

Rates of conversion of tropical forests to agriculture or other nonforest habitats increased in the
nineteenth century and reached an apparent global peak in the late twentieth century. There
are many proximate and underlying causes of conversion (23). At one end of the spatial scale is
small-scale farming by low-income smallholders for subsistence or cash crops. This is driven by
rural population expansion, through either local population growth or immigration into frontier
regions. At the other extreme of scale is the expansion of large-scale agro-industrial agriculture
and pastoralism (e.g., cattle, soybeans, oil palm), driven by capital investments and transport infra-
structure into previously remote frontier regions and by the economic connection of these regions
to regional and global markets (24). In addition to agriculture, myriad other factors converge to
drive forest clearance, often in relatively remote areas of forest, including road building, fossil-
fuel and mineral extraction, mining, and hydroelectric dams. Mining, in particular, both large and
small scale, can be a direct agent of forest clearance with particularly strong pollution impacts on
soils, biota, and freshwater.

Exact rates of deforestation are hard to quantify because of inconsistent definitions and re-
porting, yet most new agricultural land is coming from tropical forest regions (25). Deforestation
pressure is particularly intense in tropical dry forests and woodlands, which are more flammable
and easy to clear, and these also have a climate more suitable for many arable crops. Indeed, about
half of tropical dry forest areas have already been cleared. Although country-level assessments of
deforestation are problematic (26), new and more consistent satellite-based analyses are beginning
to benefit from the free availability of high-resolution imagery at a global scale. The first global,
high-resolution analysis of forest change (27) identified that, over the period 2000-2012, the
mean rate of clearance of tropical dense forests (defined as with >50% tree cover) was
74,400 km? year~! (0.45% year™!) and for tropical dense forests and open woodlands together
was 91,400 km? year™! (0.25% year™!). Of the major tropical forest regions, absolute loss rates for
dense forests over this period were highest in the tropical Americas (39,900 km? year™"), followed
by tropical Asia (22,300 km? year~!) and Africa (11,000 km? year~!). Relative rates were highest
in Asia (0.62% year™!), followed by the Americas (0.45% year~!) and Africa (0.28% year™?).
Large-scale conversion is particularly prominent in the Americas (cattle ranching and soybean
farms) and Southeast Asia (logging, both legal and illegal, and oil palm and wood pulp plantations).
In contrast, deforestation in Africa, Madagascar, and New Guinea is currently dominated by
smallholder activity (28).
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In the past few decades, Southeast Asia has been characterized by particularly widespread forest
clearance, mainly driven by large-scale establishment of oil palm plantations. Insular Southeast
Asia lost a striking 8.7% of its remaining forest cover in the period 2000-2012 alone (27), with
relative losses highest in Malaysia (16%) and Indonesia (10%). Borneo and Sumatra, large islands
that until recently epitomized the exuberance and vastness of tropical forests, have had vast areas
converted to oil palm monoculture in recent decades.

In contrast, humid tropical forest cover has remained surprisingly static in much of Africa,
with declining deforestation rates from 1990 to 2010 (29). In Africa, deforestation has been driven
mostly by smallholder farming, and the observed decline can be partly linked to the economic
growth of mineral and fossil-fuel sectors in many Central African countries, as well as significant
rural-urban migration (30). The expansion of agro-industrial farming has also been constrained
by limited infrastructure and political instability in key regions, such as the Democratic Republic
of the Congo, which hosts about 54% of Africa’s rainforests (29), approximately 10% of global
rainforest cover. If these obstacles can be overcome, there is strong potential for a rapid wave of
agro-industrial expansion and accompanying forest clearance in Central Africa 31).

One of the most striking global environmental trajectories of the past decade has been the
decline in deforestation in the Brazilian Amazon. Over the decade 1996-2005, Brazilian Amazonia
had an average deforestation rate of 19,500 km? year™!, accounting for about half of the global
tropical deforestation. Then, from 2004-2012, the rate declined by 82% and stabilized at ~5,000—
7,000 km? year~!, with a relative increase of 28% between 2012 and 2013 (32). The reduction has
been driven almost entirely by a large decline in deforestation on larger properties (33), resulting
in part from major policy interventions, supported by monitoring technologies. Nevertheless,
deforestation has continued to increase in many other Amazonian countries and also in the drier
subtropical biomes of Bolivia and Paraguay, such that half of all current Amazonian deforestation
now occurs outside Brazil (27).

3.2. Timber and Wood Extraction

Population growth and increased global affluence have led to a rising and almost insatiable demand
for tropical timber. Even though much tropical timber is consumed within national markets, and
is therefore hard to monitor, an increasing amount is exported, especially to emerging economies
with few remaining native forests, such as China. In 2006, member nations of the International
Tropical Timber Organization exported over 13 million m* of tropical nonconiferous logs worth
US$2.1 billion, making a substantial contribution to the economies of these nations (34). As a
consequence, many of the world’s remaining tropical forests have been through at least one cycle
of logging, with only 19 of 106 (18%) tropical nations reporting more primary than regenerating
forest (consisting mostly of logged forest) (35). Although it is difficult to make accurate compar-
isons, between 2000 and 2005 logging in humid tropical forests had approximately 15 times the
geographic footprint of direct deforestation (36). Moreover, rates of timber extraction have re-
cently accelerated. For example, in Brazilian Amazonia, the area of forest disturbed by fire and/or
logging increased by 20% between 2000 and 2010, despite a simultaneous 46% decrease in defor-
estation (37). Logging intensities have been particularly high across Southeast Asia, where forests
are dominated by commercially valuable dipterocarp tree species that enable timber extraction
rates more than 10 times higher than those in Africa or the Americas. Between 1990 and 2009,
some 80% of Malaysian Borneo was affected by previously undocumented high-intensity logging
or clearing operations, with large areas being logged multiple times (38).

The collection of fuelwood, distinct from logging for timber, is another pervasive driver of
forest degradation across the tropics and accounts for the vast majority (often over 90%) of wood
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removals for many densely populated countries in sub-Saharan Africa, south Asia, and parts of
Southeast Asia (39). Intensive charcoal production often predictably follows an initial wave of
high-value timber extraction (40), can drive a marked shift in the composition of understory tree
species (e.g., 41), and may (like logging) ultimately result in complete forest clearance (29).

Our understanding of many of the effects of logging on the ecology of tropical forests remains
limited because most studies to date lack prelogging baseline data (42) and samples are often very
closely spaced together (43). Moreover, the uneven distribution of economically important tree
species, coupled with the highly variable levels of collateral damage associated with logging (e.g.,
in conventional logging nearly half of nonharvest trees may be felled or severely damaged) (44),
means that logged forests can be highly spatially heterogeneous and cannot be readily classified
in terms of logged and nonlogged forest (45). Nevertheless, comparative work has demonstrated
that logging can be a relatively benign form of disturbance if well managed (e.g., compared with
fragmentation and fire) (46), with logged forests commonly hosting at least 50% of the biomass
and more than 75% of the species relative to undisturbed primary forest (47, 48). The extent
of degradation, whether through changes in biotic composition or forest structure and function,
is determined primarily by the number, timing, intensity, and extent of past logging events, as
well as by the presence of other disturbances that often accompany logging, including forest
fragmentation, hunting, and differences in forest type.

Although the species richness of tropical forest biota appears relatively resilient to even multiple
logging cycles (49) and the responses of taxa vary widely (47), the vast majority of studies to date
have reported clear shifts in the species composition of flora and fauna in response to logging.
Negative impacts have been clearly demonstrated following even relatively low-impact timber
extraction (e.g., bats in the Amazon and large mammals in Afrotropical forests) (50, 51); these
impacts may appear either to dissipate after only a few decades (e.g., amphibians in West Africa)
(52) or to persist for much longer (e.g., large vertebrates in Central African forests, ants in Sri
Lanka) (53, 54). Logging can also precipitate delayed and cascading effects on the ecology of
a forest following the removal of keystone species, such as large emergent or dominant trees.
For example, many bird species in tropical forests nest in tree cavities, and larger cavities are
relatively rare and found only in the largest trees—the same trees that are most vulnerable to
human exploitation.

3.3. Defaunation

Although the loss of trees may show a more immediate and jarring picture of forest disturbance,
changes in faunal communities within remaining areas of forest, and the resulting changes in
ecological interactions, can also have far-reaching effects on tropical forest biodiversity, ecosystem
function and structure, biomass dynamics, and evolutionary dynamics (55, 56). Disruption of faunal
communities in forests can occur by hunting (57), habitat fragmentation (58, 59), disturbance (60),
epidemic disease (61), and the synergies among them (62).

Hunting for bushmeat is a major driver of defaunation, as hunters preferentially target large-
bodied species (>2 kg), which account for over half of all animal biomass removed from forests (63,
64). Hunting pressure shows great geographical variation across the tropical forest realm, linked
to availability of fauna, variation in rural human population density, distance to access points, and
cultural preferences or taboos around bushmeat consumption. Defaunation can be pervasive even
in areas remote from deforestation or logging pressure. In a study of protected areas in 36 countries
throughout the tropics, Laurance et al. (65) showed that the trend is toward degradation and that
external conditions, particularly hunting intensity but also fires, logging, and forest clearing, were
key drivers of that transition. If a forest is within 5 km of a road, river, or settlement, the mammal
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and bird communities are likely to be altered (66). Under this assumption, minimally disturbed
dense forest ecosystems with low defaunation [defined as in Potapov etal. (67)] constitute just 12%
of all dense tropical forests. Total animal biomass removal rates are highest in Africa (68) and in
large parts of Southeast Asia, with bushmeat harvests of ~4,900 tonnes year~! (2.7 kg km=2 year™!)
in Central African forests (69), which are some 90 times higher per unit area than in Amazonian
forests (~150 tonnes year~!; 0.03 kg km~2 year~!). Despite such differences, faunal communities
have still been altered in all but the most remote areas of the Amazon, with populations of targeted
species being reduced by up to 90% in hunted areas (45, 70, 71). Hunted forests on all continents
show decreases in population sizes of targeted taxa, with sites in Central Africa and Amazonia
showing decreases of 13-100% in population size, with typical values of 40-60% in Central Africa
(72, 73). Defaunation intensity is broadly correlated with human population pressure, with Asian
forests being affected through the latter part of the twentieth century, a bushmeat crisis currently
occurring in West and Central Africa, and defaunation predicted to extend throughout tropical
South America, corresponding to population densities within or near remaining forests (522 people
km~=2, 99 people km~2, and 46 people km~?, respectively) (Figure 1) (74, 75).

The loss of the most vulnerable, i.e., large-bodied, vertebrates has the disproportionate effect
of removing species with important ecological interactions, including keystone roles in herbivory,
dispersal, and seed predation (76, 77). The combined effects of hunting and forest fragmentation
can also cause surprising losses of small-bodied species (78, 79). The fact that most tropical plants
require animals to complete their life cycles, with some 90% of species obligately dispersed or
pollinated by animals, means that disruptions to faunal composition can have cascading effects
on forest community structure and ecosystem functions, including large compositional changes
in tree communities (80, 81). Changes in both seed predators and seed dispersers have been
shown to have effects that translate into population- and community-level changes in forests (e.g.,
82). Ultimately these combined changes to animal communities can affect the basic ecological
mechanisms that maintain diversity and determine relative abundances in tropical forests (83,
84), with potentially profound consequences for the structure of forests, with possible decreases
in stem number and biomass, and even with collapses in canopy cover (16, 85, 86). Results from
a study of defaunated African forests show an ~34% decrease in biomass carbon storage through
compositional change effects on forest structure and wood density (16).

3.4. Fire

Humans are estimated to have altered fire regimes during the Anthropocene across nearly two-
thirds of terrestrial habitats through the expansion of agriculture, forest fragmentation, and timber
harvesting and the effects of increased climate variability (87). Some of the most marked changes
have occurred in tropical forests, particularly in seasonally dry tropical forests (Figure 1). In
preindustrial times, large-scale fires in tropical forests were unlikely to have occurred more than
once or twice per millennium in many humid forest areas (e.g., in the western Amazon) (88),
and even Amazonian savannas appear to have been largely fire free (89). Wildfires are now com-
monplace in some tropical forests, particularly in areas with a high human population density,
extensive road networks, and proximity to agricultural frontiers. For example, the drought caused
by the 1997-1998 El Nifio event resulted in some 16 million hectares (ha) of tropical forest being
burned in Southeast Asia and Latin America, contributing an amount of CO, to the atmosphere
equivalent to half of the world’s fossil-fuel emissions for that period (90). Between 2000 and 2006,
the average carbon emissions from fires in equatorial Asian countries (Indonesia, Malaysia, Papua
New Guinea), including the burning of extensive tropical peat lands, was comparable to all fossil-
fuel emissions in the same countries (91). Fires are particularly prevalent along forest edges, as
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demonstrated by Langner et al. (92) in their analysis of land-cover change in Borneo between
2002 and 2005, where 98% of fires were within 5 km of the forest edge, underlining their role as
a dominant driver of both deforestation and forest degradation.

Because moist tropical biotas are not preadapted to withstand fire, even relatively low-intensity
fires can transform the ecology of a forest. Field observations both in the Amazon (93, 94) and in
Southeast Asia (95) demonstrate how understory fires can kill the majority of trees and large lianas.
The combined effects of drought and fire can be particularly destructive and have a profound effect
on the subsequent species composition of a forest (95, 96). Changes in vegetation, combined with
direct mortality, can lead to marked and lasting changes in faunal assemblages that are often more
severe than the effects of logging or forest fragmentation (46). Additionally, there are often time
lags in forest responses, with evidence of delayed tree mortality (97) and continued divergence in
species composition more than a decade after the fire (98).

The natural heterogeneity of tropical forests, coupled with spatial variability in the spread of
fire through a forest, means that once-burned and lightly burned forest landscapes often appear
as heterogeneous mosaics of varyingly disturbed patches (71). By contrast, repeated burns can
drive cascading shifts in the structural, functional, and compositional characteristics of the forest
that converge on an early successional system, dominated by increasingly short-lived pioneer
species—a process commonly termed secondarization (71, 99). Such repeatedly burned systems
can be highly resilient to further change owing to the combined effects of continuing post-fire
mortality, reduced growth rates, susceptibility to fire of regenerating pioneer trees and resprouting
stems, buildup of more flammable fuel loads (including drier litter and an increased dominance of
understory grasses), and the loss of many large-bodied vertebrate seed dispersers (99).

3.5. Fragmentation and Isolation of Tropical Forest Landscapes

Significant parts of the world’s remaining tropical forests exist as relatively small, isolated patches,
embedded within dynamic agricultural landscapes. In a global analysis of intact forest landscapes,
defined as areas larger than 500 km? and well connected to other areas of forest, Potapov et al.
(67) found that in 2000 only 30% of dense tropical and subtropical forests could be defined as
intact, compared with 44% for boreal forests (Figure 1). The situation is most severe in densely
populated parts of the tropics, such as West Africa, East Africa, Madagascar, Mesoamerica, the
Atlantic Forest of Brazil, the western Ghats of India, and much of Southeast Asia. For example,
in the Atlantic Forest of Brazil, >80% of remaining forest areas are smaller than 50 ha (100).
The rapid proliferation of forest edges is also characteristic of more recent agricultural frontiers
in areas with relatively few people. By 2002, more than half of the 1.1 million km? of forest that
comprise the arc of deforestation in the Brazilian Amazon was <2 km from an edge (101). The
process of deforestation is not random, with forest remnants often confined to steeper slopes and
hilltops unsuitable for agriculture, particularly in older landscapes.

Less visibly, logging operations leave behind an extensive mosaic of soft forest edges where the
canopy has been perforated by a network of logging roads and timber storage areas. This network
in turn provides access for hunters and new settlers (62).

The ecological effects of forest fragmentation have been a focus of intensive research for the past
three decades. At the scale of individual forest patches, the composition of biological assemblages
can be strongly determined by the effects of both patch size and isolation through their influence on
local extinction and colonization processes (e.g., 102). These effects can often be quite subtle. Lees
& Peres (103) demonstrated that gaps as small as 4 m created by roads and power lines can become
territorial barriers, restricting home-range movements of many forest birds. Forest fragmentation
also influences the nature and frequency of species interactions with unknown cascading effects on
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long-term biodiversity persistence (104). Both patch size and isolation effects are also intrinsically
linked to edge effects, which have been repeatedly shown to be a dominant driver of changes to
the ecological integrity of forest remnants, including forest microclimate, plant productivity and
mortality, and the composition of flora and fauna, with some effects, such as fire and increased
hunting pressure, extending up to 5 km from an edge (101, 105).

Despite such clear evidence of local scale effects, the ecological consequences of forest frag-
mentation can only be properly understood at the scale of entire landscapes (106), meaning that
spatial heterogeneity in landscape-scale characteristics can strongly influence or override any local
effects. There are at least four sets of interrelated reasons for this. First, forest clearance rarely,
if ever, occurs in isolation from other pressures that influence human-modified forest landscapes,
and an increasing number of studies have demonstrated the exacerbating and often synergistic
effects of logging, wildfires, and hunting. Second, the total amount and distribution of remnant
native habitat, and the associated landscape-level species pool, strongly moderate local patterns
of biodiversity. Working in the Atlantic Forest, Pardini et al. (107) convincingly demonstrated
that the species-area relationship, a central tenant of ecological theory, is entirely dependent on
the total amount of forest (and hence level of ecological connectivity) remaining in a fragmented
landscape. Third, landscape-wide gradients of diversity, driven by underlying environmental het-
erogeneity (e.g., soil, topography) and biotic dispersal processes, mean that differences in the
spatial distribution of forest loss and fragmentation can have profound influences on the resultant
biodiversity dynamics. Finally, the type and management of the matrix of production and fallow
areas between remnant forest patches are critical in determining the extent of biological fluxes
(e.g., dispersal and foraging) across the wider landscape mosaic.

Despite strong theoretical expectations that many extant species in fragments are committed to
extinction (the so-called extinction debt) because of depleted numbers and small ranges (108), the
apparent persistence of some entire faunas in the face of widespread landscape change illustrates
the tremendous difficulty in making accurate predictions about how much of this debt will actually
be paid (e.g., limited butterfly extinction in West Africa to date, despite extensive forest loss and
fragmentation) (109).

The fragmentation of freshwater aquatic systems invariably occurs in parallel with forest clear-
ance and fragmentation, with often devastating yet poorly studied and even more poorly appre-
ciated consequences. Aquatic biota are highly susceptible to effective isolation of water channels,
not only from the obvious effects of damming but also from bridges, roads, and land-use change
that can markedly alter the physical and chemical characteristics of the water, presenting effective
barriers to species dispersal. Large-scale dam-building projects continue to present one of the
major threats to the integrity of some of the world’s remaining contiguous expanses of tropical
forest, with more than 200 new dams planned in the Brazilian Amazon alone (110). Such massive
disruption of the world’s largest freshwater system would have far-reaching ramifications, includ-
ing severance of nutrient connectivity with aquatic communities and marine processes thousands
of kilometers away.

3.6. Second-Growth Forests

Second-growth tropical forests, i.e., those forests regenerating on land that has once been cleared,
are an increasingly dominant feature of many tropical landscapes. In some regions, they comprise
the vast majority of remaining native vegetation [e.g., the Atlantic Forest of Brazil (100) and Puerto
Rico (111)]. Estimating the extent of second-growth forest in the tropics is fraught with difficulty
owing to confounding interpretations of both primary and plantation forests in satellite imagery
and their highly dynamic nature in agricultural landscapes (112).
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Second-growth forests can recover aboveground biomass relatively quickly, with rapid rates
of recovery in the first few decades, and biomass has been estimated to reach levels comparable
to that of undisturbed primary forests in 80 years or less (113). However, biotic recovery occurs
over considerably longer timescales than structural recovery. Although species richness may reach
levels comparable to a primary forest in only a few decades, the reestablishment of old-growth
specialist species (e.g., canopy trees and associated fauna) is likely to take centuries (114, 115) and
the recovery of ecological dynamics, such as trophic interactions and seed dispersal, even longer.

The conservation of old-growth species in second-growth forests is maximized in areas where
(@) extensive tracts of old-growth forest remain within the wider region; (b) post-conversion land
use was of limited duration and low intensity; (¢) post-abandonment anthropogenic disturbance
is relatively low, and older regenerating forests have persisted; and (d) seed-dispersing fauna are
protected (116). By contrast, multiple studies have reported that long periods of intensive use
can significantly impede or arrest succession. In a Bornean rainforest landscape under long-term,
shifting cultivation, biomass accumulation was significantly lower in sites cultivated six times or
more because of a loss in regenerative capacity from seed banks and a loss of resprouting species
(117). In the most disturbed landscapes, invasive species may come to dominate the forest canopy
(118).

Despite such generalized patterns and instructive case studies, recovery trajectories of second-
growth forests are anything but deterministic. Convergent trends may be apparent in changes
in structural features and functional groups, but an array of unmeasured or seemingly stochastic
factors can lead to idiosyncratic differences in trajectories of species composition for similarly
aged stands (119, 120), undermining the generalizations that we are often tempted to draw from
chronosequence work (112). Moreover, and on a more practical note, second-growth forests are
highly ephemeral phenomena across much of the tropics, and many exist only as short-lived
patches of fallow land (the average age of second-growth forests in the Brazilian Amazon is less
than five years) (121). The difficulty of predicting processes that drive decisions around vegetation
clearance makes it hard to estimate their contribution to the maintenance of viable populations of
long-lived species (122).

3.7. Biotic Mixing

There has always been some transfer of species across continents through wind, water, and flying
animals, and most modern tropical forest flora and fauna include descendants of individuals that
have dispersed across oceans and continents over millions of years. However, the Anthropocene
is leading to greatly increased connectivity and much more rapid transfer and mixing of species
between previously largely isolated regions. This sometimes deliberate process also often occurs as
a by-product of the sheer volume and extent of human travel and of goods transferred around the
world. It has been suggested that the long-term consequences of such shifts may mark the creation
of a new Pangaea (123). For the foreseeable future, however, the flora and fauna of most major
tropical continents will be determined more by biogeographical history than by Anthropocene
biotic mixing.

Small-island tropical forest communities are particularly susceptible to biotic invasion, given
that their unique forest communities have developed from slow rates of immigration and subse-
quent diversification. Such forests can have high levels of endemic diversity, but a smaller breadth
of ecological interactions (e.g., they lack natural enemies to keep invaders in check). A notable
example is the introduction of the brown tree snake (Boiga irregularis) into Guam (124), probably
inadvertently though cargo from Australia. Freed from predation pressure, the snake has boomed
in population, leading to the extinction of virtually all the native bird, bat, and lizard species. The
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ensuing breakdown in mutualistic ecological interactions (e.g., loss of bird pollinators) has also
had a cascading effect on the reproduction of native plant species (125).

Continental and large-island tropical forest communities, with a broader range of ecological
interactions, are less susceptible to invasion. Old-growth humid tropical forests have been relatively
unaffected by plantinvasion to date, perhaps because most introduced species tend to lack the shade
tolerance necessary to invade closed-canopy forests (126). The effects of plant invasion are most
evident in disturbance-prone systems, such as the dry and fire-susceptible peripheries of forests,
forest edges, hurricane-prone forests in the Caribbean, and areas of secondary growth and road
expansion (e.g., 76, 127, 128). Land-use intensification is likely to enhance the spread and impact of
exotic species on the mainland (129), such as the case of the yellow crazy ant (Anoplolepis gracilipes)
in oil palm plantations and agroforests (130) in Southeast Asia.

The Anthropocene has also heralded a marked increase in the dispersal of pathogens into new
regions with naive populations. This increased connectivity has also increased the potential for
mixing of previously isolated strains to create new, hypervirulent strains. Fungi are particularly
potent pathogens because of their broad host range and flexibility in their ability to undergo genetic
recombination (131). A particularly striking example of this is the case of the skin-infecting fungus
Batrachochytrium dendrobatidis, which has played a major role in amphibian declines worldwide,
including in remote regions removed from any direct anthropogenic pressures (e.g., 132). It has
probably been spread by worldwide trade in infected but disease-tolerant species, such as African
clawed frogs (Xenopus lnevis), which were used for early pregnancy tests, and North American
bullfrogs (Rana catesbeiana), followed by spillover into susceptible species. Population genomics
analyses suggest its spread has been facilitated by the generation of a globalized hypervirulent
lineage (133). Effects of B. dendrobatidis have been particularly devastating in the tropical montane
regions of Australia and the Americas. A study of an infected tropical montane region in Panama
showed a loss of 40% of the amphibian species following the arrival of B. dendrobatidis (134). Such
losses have cascading effects on stream ecosystems, driven by the loss of tadpoles that graze and
restrict algal biomass (135).

3.8. Rising T'emperature

One of the defining features of the current phase of the Anthropocene is the long-term rise in
surface temperature, caused by the increased concentration of atmospheric greenhouse gases.
Land-surface temperatures in tropical rainforest regions have risen by ~0.25°C decade™! since
the mid-1970s (136) and are expected to increase by 3-6°C this century (137), depending on
greenhouse gas emissions scenarios and the degree of global biosphere feedback through carbon
absorption or emission. In deforesting regions, warming is also exacerbated by the direct loss
of tree cover, which results in a decrease in land-surface evapotranspiration and in changes in
cloud formation, persistence, and reflectance (138, 139). Tropical continental regions will likely
experience higher rates of warming than maritime regions, such as Southeast Asia (Figure 1).
An emerging area of debate and concern is the suggestion that many tropical organisms appear
to have narrow thermal niches (a consequence of the stable climate of the tropics on seasonal
to millennial timescales) and may be close to a thermal threshold where a moderate degree of
warming would lead to a marked decline in fitness (140). Indeed, this becomes a major source
of uncertainty in predicting tropical forest biodiversity responses to the Anthropocene under
scenarios of warming exceeding 2°C. Simple application of climate envelope models predicts
large declines of tropical diversity in a warming world, leading to biotic attrition of the lowland
tropics (141, 142). Such an interpretation is potentially misleading, however, because the observed
upper thermal boundary for tropical lowland species may simply reflect the maximum observed
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temperature, rather than provide any insight into fundamental niche boundaries (143). That said,
if many tropical forest species are indeed close to a thermal limit, lowland tropical forests could
be set to experience widespread species losses. Indeed, laboratory studies of the thermal fitness
curves of insects, lizards, and birds suggest that many tropical organisms do have narrower thermal
niches than closely related temperate organisms and would likely exhibit declines in fitness as a
result of a few degrees of warming (144). By contrast, paleoecological evidence shows that tropical
forests clearly persisted and, in at least some cases, had higher biodiversity in warmer periods of
the Cenozoic (145). In fact, many modern tropical tree taxa have their origin in the mid-Miocene
(15 Mya) when temperatures were ~3°C warmer, suggesting that they may be able to tolerate
higher temperatures than they currently experience (146).

A critical aspect of the effect of rising temperatures is the pace of warming (2-4°C century~!),
which is thought to be one to two orders of magnitude faster than previous periods of rapid
tropical warming. Such previous periods include the Paleocene-Eocene thermal maximum warm-
ing event, when the world warmed by ~5°C over 10,000-20,000 years (145), and the end of the
last glaciation, when the tropics warmed from a cooler state at about 1°C per millennium (147).
The anticipated Anthropocene pace of warming means that long-lived organisms, such as trees,
will experience several degrees of warming within a single lifetime. Organisms and communities
can respond to warming through physiological acclimation, behavioral change (for fauna), evo-
lutionary adaptation (for high generation turnover species), or, if these previous responses are
insufficient, through migration and dispersal. However, migration and dispersal are challenged
by the high velocity of climate change (~1-10 km decade™!) (148) in the lowland tropics, where
latitudinal temperature gradients are particularly shallow or even nonexistent (149). As a conse-
quence, tropical montane regions may play a particularly important role as potential refugia for
heat-intolerant species, although low mountains may also be potential traps as retreating islands
of cool in a warming tropical world. Field studies in tropical mountain transects suggest that there
has been an upward shift in mean species distributions of trees and insects (142, 150), although
this may be driven more by attrition at low elevations than by immigration at high elevations
(151). Ultimately, the realized thermal niche of many organisms is probably determined more
by biotic interactions (e.g., competition, predation, pollination) than by direct ecophysiological
thresholds. For example, if a plant pollinator cannot adapt to higher temperatures, the host plant
would undergo a decline in fitness irrespective of its ability to acclimate its own physiology. The
long-term consequences of such changes in ecological interactions remain poorly understood.

3.9. Rising Atmospheric Carbon Dioxide

In addition to its role as a greenhouse gas, atmospheric CO; is a direct agent of Anthropocene
change. Atmospheric CO, has risen from preindustrial concentrations of 280 parts per million
(ppm) (and Ice Age concentrations of ~230 ppm) to ~400 ppm in 2014 and is expected to rise
to 600-1,000 ppm by 2100 under the most likely emissions scenarios. CO, is a raw material for
photosynthesis, and a key question in understanding Anthropocene change is whether plants, and
which types of plants, will be able to take advantage of CO, fertilization to enhance productivity
and also to act as a global sink of atmospheric carbon.

Most global biosphere models assume a CO, fertilization response and predict enhanced trop-
ical productivity in a high-CO, world (152). Such a response may be greater in the tropics than at
high latitudes because of greater sensitivity of photosynthesis to CO; at high temperatures (153).
First-order ecophysiological sensitivity studies suggest that high atmospheric CO, has increased
tropical forest productivity by 18% from preindustrial values and would increase it by a further
60% under a scenario of 800 ppm atmospheric CO; in 2100 (5). High atmospheric CO, may
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offset other climate change factors and enhance the resilience of the tropical biome as a whole
(152). However, a key uncertainty is whether plants can sufficiently use such an abundance of
CO; by increasing availability and access of other limiting factors such as nutrients. Phosphorus,
in particular, is thought to be limiting in many tropical forest soils, and phosphorus supply is
not yet incorporated in any global biosphere model. In addition, some model studies suggest that
elevated CO; may not increase net rates of photosynthesis but rather merely compensate for the
effects of higher leaf-to-air vapor pressure deficits that occur at higher temperatures (154, 155). By
contrast, elevated CO; may also increase water-use efficiency and decrease seasonal water stress
(156, 157).

Field observations from long-term plot networks across Amazonia and Africa have suggested
increases in tree growth rates and biomass in recent decades, potentially caused by increasing
CO; (158, 159), although the influence of recovery from both stochastic and past large-scale
disturbances on observed increases of biomass has been debated (160, 161). Such an increase in
tropical forest biomass carbon has consequences for global climate by slowing down by about 15%
the annual rate of atmospheric CO; increase (162). A key additional feature of these results has
been the observation of increasing turnover (decreasing tree life span), suggesting that the most
significant long-term consequence of any CO,-driven increase in growth rates may be increased
ecosystem dynamism rather than increased biomass (163).

Increased CO, may alter the competitive balance of forest communities, as some taxa or func-
tional groups are able to exploit higher CO, at the expense of other taxa, thus changing the
reproduction, recruitment, and mortality patterns that ultimately drive forest species composition
(164). One notable instance of such a change is the observed increase in dominance of tropical
lianas (also linked to fragmentation, fire, overhunting, and other disturbances) and the accompa-
nying increase in tree mortality as canopies struggle to compete for light (165). Shifts in dynamism
and community composition would also cascade through higher trophic levels to affect patterns of
plant defense, herbivory, frugivory, and forest habitat quality. Our understanding of the effects of
increased CO, on ecological interactions (as opposed to directly on ecophysiology alone) remains
very poor, yet changes to such interactions may be more important than changes in ecophysiology
in shaping the composition of tropical communities in a high-CO, world.

In addition to changes in CO,, other changes in atmospheric composition and chemistry are
likely to have effects, especially in areas close to urban, industrial, transport, or fire activity. For
example, increases in nitrogen dioxide concentrations lead to increased nitrogen deposition and
supply, possible acidification, and ozone formation near forest canopies (166). Although potentially
important, the effects and scale of such changes on tropical biogeochemistry, physiology, and
competitive balance are very poorly understood.

3.10. Changes in Tropical Precipitation and Cloudiness

The two primary Anthropocene drivers for changes in patterns of tropical precipitation and
cloudiness are changing atmospheric composition and changing regional vegetation cover. Global
climate change is increasing the moisture and convective energy in atmospheric circulation
because of enhanced evaporation from warmer oceans. Climate models consistently predict a net
increase in global precipitation but also intensified spatiotemporal variability of rainfall, with more
intense dry seasons and stronger, more frequent droughts. There is less climate model agreement
on which regions will see net reductions in total rainfall, as such patterns are driven by regional pat-
terns of change in tropical sea surface temperatures, which are hard to predict. Rainforest regions
susceptible to reductions in dry-season rainfall include Central America, eastern Amazonia,
West Africa, and peninsular Southeast Asia (Figure 1) (137). Vegetation cover change affects
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precipitation patterns by altering the amount of water returned to the atmosphere via transpi-
ration through deeper-rooted trees (167). Such recycling can account for >50% of rainfall in
western Amazonia and western tropical Africa (168). Additionally, forest loss tends to increase
the dustiness, smoke haze, and aerosol content in the atmosphere, leading to a decrease in cloud
droplet size and changes in the duration of clouds and the intensity and frequency of precipitation.
There is already direct, observational evidence of changes in the tropical hydrological cycle: The
tropics as a whole have become more seasonal and unpredictable in rainfall patterns (169), and
Amazonia has experienced intensified wet and dry years (170), as well as a long-term increase
in the dry season along its southern fringe (171). Because the tropics are the engines of the
global atmospheric circulation, changes in tropical land cover can also feed back to affect global
atmospheric circulation and precipitation patterns in midlatitudes—an example of the global
entanglement that is characteristic of the Anthropocene.

There is significant concern regarding the response of tropical forests to severe drought. Pos-
sible Amazon forest dieback has become one of the iconic tipping points in the Earth system,
although recent studies have suggested that such a scenario is based on oversensitive climate and
vegetation models (152) and that any tipping point in the Amazon system is likely to come only
from the synergistic effects of climate and land-use (particularly fire) change (96, 136). Research
on drought has benefited from a range of observational and experimental approaches from the
scale of the plant to that of the landscape. Two large-scale rainfall exclusion experiments in Brazil
have demonstrated that large trees are particularly vulnerable to drought (172), and field surveys
across Amazonia following the 2005 drought demonstrated a widespread increase in tree mor-
tality and a decrease in rates of carbon sequestration (158). The extent to which tree mortality
during drought is driven directly by hydraulic failure, by access to carbon (e.g., nonstructural car-
bohydrates) for metabolic processes, or by the interaction of the two is poorly understood (173).
Although the mechanisms are unresolved, changes at the individual and community scales clearly
affect ecosystem processes, particularly with respect to above- and belowground components of
biogeochemical cycling: Drought reduces carbon sinks (158), changes aboveground nutrient cy-
cling (174), and alters stand transpiration and thus the return of water to the atmosphere (175).
Cloud cover patterns also affect ecosystem processes by mediating changes in both the quantity
and quality (direct versus diffuse) of light (176). Even though much research has focused on trees,
it is also important to consider the direct effects of drought on other tropical biota and on key
biotic interactions, such as herbivory, pollination and pathogen pressure (177).

4. TROPICAL FORESTS IN THE ANTHROPOCENE: TRAJECTORIES
OF ENVIRONMENTAL CHANGE

None of the world’s tropical forests are free of human influence. Large swaths of tropical dry and
wet forests have already been converted to agriculture, and frontier forests across the world are
highly fragmented and typically subject to high levels of extraction of both timber and nontimber
resources, as well as being increasingly susceptible to fire and invasion by exotic species. Even
the more remote forests typically lack their full complement of large vertebrates and associated
ecosystem processes such as large seed dispersal. Pervading the entire tropical realm is a process
of ongoing and projected atmospheric change and its cascading influence on species growth,
mortality, and distribution through changes in temperature, rainfall patterns, and atmospheric
chemistry. As we navigate the early Anthropocene, we bear witness to a world where the effects of
human activities on the tropical biosphere are undergoing a rapid change not only in their extent
and rapidity, but also in their interconnectedness—with the legacy of human influence in one
place being borne out in distant places as well as over decades and centuries to come.
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In the context of such pervasive human influence, the future of tropical forests, like so many
elements of the Earth system (178), stands at something of a crossroads. Choices made regarding
the local, regional, and global stewardship of these biomes in the coming few decades are likely
to be critical in determining the efficacy and feasibility of future management and, hence, longer-
term trajectories of environmental change. Understanding what choices are available first requires
understanding the complex interplay of multiple drivers that have been reviewed here.

4.1. Divergence and Convergence of Tropical Forests in the Anthropocene

As the preceding sections have demonstrated, human influence is resulting in myriad environmen-
tal responses in tropical forests worldwide. Understanding the combined and interacting effects of
these different drivers, operating heterogeneously across different scales, is aided by consideration
of five emergent observations.

Observation 1: Drivers of environmental change manifest very differently in different parts
of the tropics. This is the result of several factors. Biogeographical history matters. For example,
logging intensities are particularly high in Southeast Asia, where the dominance of high timber-
yielding dipterocarps is a peculiarity of Earth’s tectonic and ecological history. Also, previously
isolated tropical islands are particularly susceptible to biotic invasion. Human prehistory and
history matter because differences in human history (population collapse and colonial history)
have resulted in lower present-day rural population densities in Amazonia than in Africa and Asia,
and differences in prehistory (hominid and human dispersal from Africa) may have resulted in
higher remaining pre-Anthropocene animal biomass in Africa and Asia than in other regions.
The resulting variation in rural population density and animal biomass is largely responsible for
higher levels of fuelwood and animal biomass extraction in much of Africa and rural Asia than,
for example, in Amazonia. Human cultural factors matter as these vary geographically, with some
traditional and modern cultures placing higher value than others on maintaining forest cover
and placing taboos or cultural preferences on consuming bushmeat. Physical geography matters
because increased spatial and temporal rainfall variability and land-atmosphere feedback effects
from changing patterns of land use have resulted in uneven patterns of both drought and flooding.
Finally, economic and political factors matter inasmuch as economic drivers, governance, conflict,
and management responses themselves are highly variable in space, as evidenced, for example, by
the uniquely rapid decline of deforestation rates in Brazil during the past decade and the lack of
extensive deforestation to date in the Congo Basin.

Observation 2: Drivers of environmental change rarely, if ever, operate in isolation. Feed-
backs, dependencies, and synergistic effects among drivers are commonplace. In more severely
modified forest landscapes, they may be the norm rather than the exception (179). Logged forests
are frequently also hunted, and fragmented forests are invariably more prone to fire, logging, and
hunting. Because of the spatially and temporally heterogeneous nature of such interaction effects,
the impact of a particular driver is likely to be especially pronounced in specific landscapes or
moments in time. For example, tropical forest wildfires very rarely occur in isolation from other
drivers. Instead, increases in fire frequency and intensity commonly result from the juxtaposition of
multiple exacerbating pressures, including increased flammability owing to selective logging and
fragmentation, the spread of ignition sources from agricultural expansion and road building, and
increased forest flammability and physiological stress during periods of severe drought (96, 180).
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Observation 3: Regional differences in historic forest conditions can strongly mediate
biotic resilience to forest disturbance, land use, and climate change. Such regional differ-
ences have emerged over evolutionary timescales and can result in similar disturbances having
strikingly divergent ecological consequences (181). The resilience of regional biota can be condi-
tioned by a variety of factors, including differences in the relative stability of biome extent during
the Pleistocene and Holocene; the frequency of natural disturbance events, such as hurricanes
and fire; and seasonality. As such, species from areas that have been subject to high levels of past
climate variability (e.g., Central Africa compared with Amazonia), frequent disturbances, and/or
distinct seasons may be more tolerant to the increasing human-induced variability in climate and
land use during the early Anthropocene (31). Other emergent properties of historical differences
in biophysical and climate conditions are that some areas are more species rich (e.g., northwest
Amazonia or Borneo) and that some have higher levels of endemism (e.g., Madagascar or small
tropical islands, and montane tropical forests, such as the Andes and Eastern Arc Mountains in
Africa) than others. By simple virtue of having more species and/or more endemic species such
areas may suffer concomitantly higher biodiversity impacts.

Observation 4: Drivers of environmental change, and responses to such change, can often
have larger-scale and distant effects. It is well known that changes in socioeconomic condi-
tions in one location can have marked consequences for land use elsewhere (182). Similarly, the
modification of one area of tropical forest can have cascading effects on biophysical processes and
biodiversity persistence in another. This can happen at multiple scales. Locally, the persistence of
many forest species in fragmented landscapes depends on access to key food resources and breed-
ing habitat that, owing to high spatial heterogeneity in habitat, may exist only in separate patches
(183). At larger scales, tropical forest cover can have a pronounced effect on regional and even
global climates through changes in energy balance, transpiration, and atmospheric aerosol load.
For example, extensive forest and savanna clearance around eastern Amazonia can affect rainfall
patterns across Amazonia, and vegetation-atmosphere feedbacks could decrease rainfall in some
regions past a tipping point to a permanently drier state (184).

Observation 5: The full ecological consequences of environmental change and disturbance
are never immediate and instead play out through cascading effects on species interactions
that can last for centuries, if not millennia. Such delayed effects can have severe mediating or
exacerbating consequences for the implications of any future disturbance or management inter-
vention (181). Yet we are only starting to understand the long temporal shadow of many human
impacts on the ecology of tropical forests, including impacts from changes in fragmentation,
logging, faunal communities, and fire (68, 185, 186). A multitude of subtle changes in species
interactions can have potentially severe legacy effects on myriad biological interactions and eco-
logical processes, such as herbivory, predation, dispersal, productivity, and decomposition. These
cascading effects resound across all areas of forest ecology and can lead to profound and long-term
shifts in species composition (16, 68, 79). It is possible that many tropical forests and drier biomes
are still responding to the distant echo of megafaunal extinctions in the late Pleistocene following
potentially drastic reductions in the nutrient transport and large seed dispersal functions once per-
formed by these animals across tropical landscapes (17). If such predictions are true, then this loss
of nutrient transport could have had cascading effects on nearly all aspects of forest ecosystems,
from composition and productivity to interactions in soil and communities of natural enemies (61,
79). If we consider a different aspect of Anthropocene-induced changes, the response of tropical
forests to atmospheric change has been treated and modeled primarily as an issue of ecophysi-
ological response to abiotic climate and CO, drivers. In fact, it is likely that biotic interactions
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(e.g., tree and liana competition for light and the consequent effects on tree turnover rates, or
the impact of higher temperature and drought on predation, pollination, and dispersal, as well
as on pathogen and soil microbial communities) will play a more important role in determining
long-term shifts in forest structure, function, and species composition.

Taken together, these observations give rise to several implications regarding the opportunities
and challenges facing the future stewardship of these biomes.

Implication 1: The heterogeneity of many partially disturbed tropical landscapes can help
maintain critical ecological resilience. The manifold human influences acting on forests, cou-
pled with differences in underlying environmental gradients, have resulted in many modified
tropical forest landscapes being best characterized as highly heterogeneous mosaics. Indeed, it is
often impossible to talk meaningfully about logged versus nonlogged or burned versus unburned
forest because the effects of disturbance vary enormously in extent, timing, and intensity and
very rarely occur in isolation (e.g., 45, 71). Even small initial differences in disturbance regimes
can precipitate marked and cumulative divergences in species composition and ecosystem func-
tioning of different landscapes through time (72). The consequence of such heterogeneity is that
ecological resilience can be temporarily maintained (pending further and more severe distur-
bances): Different compositional and functional tropical forest elements may be locally impaired
or extinct yet persist in other places—thus providing opportunities for both ecological recovery,
through either natural (passive) processes or strategic interventions, and adaptation to a changing
climate.

Implication 2: Multiple, severe, and compounding disturbances can lead to highly sim-
plified and homogeneous landscapes. Such landscapes can become highly resilient to further
changes, thus impeding attempts to promote recovery. Tropical forests abound with examples of
such shifts toward alternate and often highly stable states, including changes in faunal communities
(74), severe fragmentation and prolonged edge effects (76), repeat burnings (99), domination by
pioneer species in logging gaps (187), landscape-wide deforestation and the loss of connectivity
(107), domination by invasive plant and animal species (127), and the overextraction of fuelwood
(41). Common to all these situations is the presence of positive feedback dynamics driving a sys-
tem from one state to another and of the additional feedbacks that hold the system in a state
of persistent degradation, such as the invasion by highly flammable understory trees and grass
species in burned areas or the disruption of key interactions (e.g., the erosion of recolonization
processes) in highly deforested landscapes. Feedbacks can also operate at regional and even global
scales; e.g., regional deforestation can reduce downwind precipitation to a degree that precludes
persistence of humid forest vegetation. Many severely degraded landscapes are typically domi-
nated by early successional species and lack functionally important elements that are necessary
to support any future attempts to promote ecological recovery. As such, the management effort
needed to turn around positive feedback cycles and reintroduce depleted elements can quickly
become prohibitively expensive.

Implication 3: Most tropical forests of the early Anthropocene are altered ecosystems or
are on a trajectory to become them. This review has demonstrated that most remaining areas
of forest, save for the last tropical wildernesses, have experienced a notable loss or gain of key taxa,
caused by local extinctions or invasions, the creation of dispersal barriers, or changes to system
productivity that alter the relative abundance of resident biota. Given global changes in climate,
CO,, and biogeochemical cycling of key nutrients, the trajectory of forest change in even the most
remote wilderness regions is toward increasing divergence from pre-Anthropocene conditions. As
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we have seen, many disturbed forest landscapes continue to host diverse biological assemblages
and support key functional processes. They also offer unquestionably better prospects for the
recovery of regionally depleted and ecologically extinct biota than areas completely transformed
to agriculture. Nevertheless, an increasing number of disturbed forests are characterized by species
assemblages and biotic interactions that are unlikely to have evolutionary precedents, underscoring
the difficulty in estimating the possible cascade effects and secondary extinctions.

In contemplating the range of diversity of human-modified tropical forests that exist today, we
can identify a mosaic of (#) relatively undisturbed forest landscapes with a full complement of bio-
diversity and ecological interactions, removed from most direct anthropogenic influence yet still
subject to the effects of climate and atmospheric change, the reduction of some large animal popu-
lations and the introduction of novel pathogens and species; (#) highly variegated landscapes where
the varying impact of different disturbances has allowed much biodiversity to persist, albeit with
reduced distributions and altered ecological interactions; and (¢) highly simplified, homogeneous
landscapes where multiple, severe disturbances have led to severe biodiversity loss, functional
extinction, and a convergence in the biotic composition of remnant forests. Depending on the
region in question and the amount of native vegetation remaining, all three systems have critical
roles in safeguarding the future of tropical forests.

4.2. Shaping the Transition of Tropical Forests
Through the Early Anthropocene

There are many utilitarian reasons for protecting tropical forests, and some of these have been
outlined above. Yet we must also not lose sight of the fact that tropical forests merit attention as
the most exuberant celebration of the miracle and diversity of life on Earth. This rich tapestry of
life can be an incalculable source of wonder and discovery for untold generations to come. As we
navigate the early Anthropocene, we are faced with a clear yet narrowing window of opportunity
within which we can still play an effective role in positively influencing the future trajectories of
this magnificent biome.

Despite widespread deforestation and forest degradation, relatively few tropical forest species
are known to have gone globally extinct (although estimates of global extinctions are nothing
more than educated guesses). Moreover, the heterogeneous nature of disturbance means that
many modified forest ecosystems retain sufficient ecological resilience such that—should humanity
succeed in making an eventual shift toward a stabilizing climate and atmospheric composition and
a more judicious governance of natural resources—they are capable of retaining their current
diversity and recovering most, if not all, of their depleted elements. Yet the potential for such a
change depends critically on our ability to limit the severity and duration of the bottleneck that
tropical biomes are currently passing through (Figure 2). The more species that are lost and the
more ecological processes that are disrupted or altered, the harder and more costly it will be and the
longer it will take to recover the diversity that we cherish and on which we depend. A failure to act
now, and to implement a more sustainable approach to the stewardship of these ultimately fragile
biomes will severely compromise the effectiveness of conservation efforts of generations to come
and will precipitate unpredictable yet potentially significant consequences for the evolutionary
trajectories of surviving biota.

Averting the worst effects of this bottleneck requires concerted effort across three main fronts.
First, increased protection and incentives are needed to preserve the remaining areas of relatively
intact forests as the only sources of recolonization for species that have been lost from elsewhere
and as a vital source of comparative information for understanding the significance of changes
in more disturbed areas. Second, renewed efforts are needed to stem continued deforestation
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through improvements in tropical agriculture and forest management systems and through im-
proved monitoring of forest frontiers. Vast swaths of varyingly fragmented and disturbed forest
in older landscapes and frontier regions urgently need proactive management to avert further
pressures. Such management includes the avoidance of repeated logging cycles, wildfires, and re-
duction of hunting pressure, as well as efforts to rehabilitate degraded areas and avoid large-scale
feedback effects, such as local and regional reductions in precipitation. These forests often pro-
vide the only serious prospect for biodiversity persistence and the maintenance of key ecosystem
processes in parts of the world with little structurally intact forest remaining (e.g., West Africa
or many parts of Southeast Asia). Yet they are often disregarded by conservation agencies and
remain highly vulnerable to further degradation and clearance (e.g., 188). Third, opportunities
for large-scale restoration of native forest on marginal and abandoned agricultural land following
large-scale rural-urban migration need to be carefully nurtured. There is some evidence for such
forest transitions already occurring in some tropical nations [e.g., Puerto Rico and Costa Rica (189,
190)]. However, it cannot be viewed as a passive process because continued and rising demand
for agricultural commodities, such as palm oil, can drive deforestation even in areas with very low
population densities and low soil fertility (191). Restoration is a particularly urgent priority for
regions where tropical forests currently occupy a mere fraction of their pre-Anthropocene extent
(e.g., much of Southeast Asia, the Atlantic Forest of Brazil, Mesoamerica, West Africa, and the
Eastern Arc Mountains of East Africa). Moreover, in a world very likely to experience several
degrees of warming, the restoration and maintenance of ecological connectivity between remnant
areas of forest are critical in allowing species distributions to shift in accordance with changes in
climate (192).

One consistent observation from all areas of study of tropical forest responses to Anthropocene
changes is that drivers of change affect species in many different ways, with the result that future
trajectories are difficult to predict. Moreover, given the complexity of the Earth system, it is
unlikely that we will ever acquire the information needed to make precise predictions of ecosystem
change. Therefore, it is critical that we focus investigation and conservation efforts on making
forest systems resilient, even in the face of unknown changes and hidden nonlinearities (193).
Central to this challenge is the need to preserve not only species but also species interactions,
as well as to maintain communities with large portfolios of functional types so they are buffered
against change.

Figure 2

The early Anthropocene bottleneck and the future of tropical forests. The composition, condition, and dynamics of future tropical
forest landscapes will be largely determined by the size of the bottleneck that forests are experiencing. The severity and duration of this
bottleneck, influenced by the current state and heterogeneity of tropical forests and ongoing pressures and management responses, will
lay the groundwork for how viable and effective future management actions are likely to be in restoring and conserving native biota and
ecological interactions, and hence will influence the likely trajectories of environmental change in tropical forests around the world.
Pressures (red belts) include both interacting land- and forest-use-associated drivers (including forest clearance and fragmentation,
overexploitation of natural resources, and fire), exacerbated by the effects of biotic mixing and cascading species interactions, and
coupled with atmosphere- and climate-associated drivers (including increasing temperatures, CO, concentrations, and changes in
precipitation patterns). These are offset by management interventions (blue hooks) that act to avoid and mitigate ongoing pressures (e.g.,
through reduced deforestation, responsible forest management, global climate change mitigation) and to rehabilitate degraded areas
(e.g., through restoration and enrichment plantings, landscape connectivity, invasive species eradication) to maximize the biological and
functional diversity, and therefore long-term ecological resilience, of human-modified landscapes. Our ability to maintain the resilience
and diversity of tropical forests around the world depends critically on our ability to foster multiple transitions in the way in which these
forests are exploited, managed, and restored—thus avoiding severe bottlenecks, turning around positive feedback cycles of
environmental degradation, and facilitating the recovery of elements that have already been depleted. A high-resolution version of the
figure is available at http://dx.doi.org/10.6084/m9.figshare.1018765.
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Averting a severe and protracted bottleneck in the degradation of tropical forests, while ensuring
that protected and restored forests are safeguarded in the long-term, requires a concerted and
coordinated effort across all of these fronts and at multiple spatial scales. The continued loss
of forests across the tropics (27), coupled with the pervasive threats described in this review,
including climate change—induced shifts in species distributions and the specter of major new
infrastructure projects in some tropical forest regions (e.g., massive dam-building plans in the
Amazon Basin), illustrates that there is no room for complacency. Nevertheless, conservation
success stories can be found across the tropics, including the sharp decrease in deforestation rates
in Brazil since 2004, a major increase in the coverage of protected areas (with a disproportionately
greater increase in tropical nations compared with richer countries in the northern hemisphere)
(194), large-scale passive regeneration of forests in abandoned agricultural areas across the world
(189), and a limited expansion in the area of native tropical forests that are considered to be under
sustainable management (with an increase of 20% between 2005 and 2010) (195). Such evidence
demonstrates that it is indeed possible to turn around historically negative trajectories.

4.3. The Challenges Facing Tropical Forest Science

The early Anthropocene heralds an era of profound environmental change in tropical forests
that is unprecedented for possibly millions of years. Understanding the nature, dynamics, and
implications of these changes—and hence where interventions through policy, conservation, and
management can assist in adapting to new situations and in recovering from undesirable states—
sets the challenge to which the tropical forest science community must rise. The extent of our
current understanding, when confronted with such dynamic and complex systems, is severely
lacking on multiple fronts. Our review has argued that there is a need to better encompass the
geographical and ecological heterogeneity and history of Anthropocene tropical forests and that
there are large differences across regions in both the drivers of change and the likely ecological
responses to change across regions. Yet the vast majority of environmental research on tropical
forests to date is focused on relatively undisturbed areas and is heavily biased toward certain
regions, especially the tropical Americas, particularly Mesoamerica (Figure 3), although even in
these areas investigative effort is typically concentrated in a small number of research stations
(181). Of the major tropical forest regions, Africa especially is woefully understudied. Research
that addresses an aspect of Anthropocene change (which represents just under half of papers on
tropical forest science published between 2009 and 2013; see Figure 3), has largely focused on
structural disturbance and climate change, with little attention to understanding the importance of
ubiquitous interaction effects among disturbances, particularly those caused by faunal disruption.
Seasonally dry tropical forests are also greatly understudied compared with humid forests, despite
being more affected by most aspects of Anthropocene change. There is also a need to expand our
temporal scale by incorporating a long-term understanding of the histories and prehistories of
different tropical forest regions to better understand how such history influences contemporary
drivers and responses to change. That said, important new advances in scientific methods and
technologies, information access, and organizational capacity and vision offer the potential for
significant improvements in the contributions science can make to improving our understanding,
and hence ability to govern, tropical forests in the coming decades.

To capitalize on this momentum, the tropical forest natural science community, in partner-
ship with colleagues across the social and political sciences and stakeholders at all levels, has both
the opportunity and the need to deliver significant progress in several broad directions: (#) the
expansion, improved coordination, and long-term support of data collection, as well as the long-
term monitoring efforts across broad gradients of disturbance and environmental heterogeneity to
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inform recommendations at scales relevant to management and to permit the scaling up of more
detailed, site-based, and experimental work; (4) resolution of key uncertainties in biodiversity re-
sponses to global climate change, particularly an in-depth focus on the understandings of plant
and animal responses to changes in temperature; and (c) improved utilization of new technologies,
such as advanced airborne and space-borne remote sensing, cheap DNA sequencing, and bar cod-
ing that permits rapid species identification and deep-time evolutionary insights into responses
to contemporary change. These new technologies should be integrated with ground observa-
tions, improved data access (most vitally in tropical nations themselves), and data management
tools to understand change at sufficient scales and at rapid enough timescales to facilitate aware-
ness, advocacy, policy, and management responses. Progress is also needed in following areas:
(d) the connection of understanding and interpretations of past changes with current observations
and future projections; (¢) understanding the cascading effects on species interactions and forest
ecology that are precipitated by the loss or depletion of functionally important flora and fauna;
and (f) improved integration of individual scientists and groups into connected research networks
to facilitate the rapid and effective exchange of ideas, knowledge, and technical capacities. Critical
to this challenge is the need to dramatically increase opportunities for local capacity building
and scientific leadership of research networks in tropical nations. The open-access Global Forest
Cover Change Project is a superb example of what is becoming possible (27), bringing together
the recent open availability of Landsat imagery with advances in cloud computing to provide
open-access, global, high-resolution maps of forest cover change on an annual basis.

In conclusion, this review has demonstrated the multifaceted and complex nature of the changes
being experienced by tropical forests. There is much that we do not know about the future state
of the tropics, and we may never know as much as we would like. However, in broad terms, it is
virtually inevitable thatall the forest systems emerging from the early Anthropocene will be altered
in their composition and functioning in some way. Yet the widespread and long-lasting loss and
degradation of tropical forests are not inevitable. It is conceivable that the tide of Anthropocene
pressures will begin to recede, especially where the pressures are linked to rural population density,
poor governance, inadequate monitoring capacity, and unsustainable economics. At the global
level, there is still an opportunity to chart a course toward less carbon-intensive economies and
to mitigate against the more devastating effects of climate change. What types of tropical forest
biomes emerge through this early Anthropocene bottleneck, and how narrow and protracted the
bottleneck is, depend on the science, policy, and management decisions that are implemented
now.

SUMMARY POINTS

1. Tropical forests across the world are changing owing to a diverse array of drivers, includ-
ing clearance and fragmentation for agriculture, unsustainable exploitation and defau-
nation, increased prevalence and intensity of wildfires, rising temperatures and carbon
dioxide concentrations, and altered precipitation patterns. Multiple drivers invariably op-
erate in unison and play out in different combinations and intensities across the tropical
realm.

2. The species composition and ecosystem functioning of many tropical forests are be-
coming altered in response to local and regional extinctions, shifting species abundance
distributions, and the cascading effects of invasive species, including the impacts of pests
and pathogens that often lack natural enemies in their new environments.
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. Tropical forests are highly dynamic systems. The effects of human activities today are

mediated by legacy effects of past disturbance regimes that play out across ecological and
evolutionary timescales to determine the nature and resilience of contemporary biota.
Ongoing changes in the structure, composition, and function of forests can have profound
effects on future trajectories of change.

. The spatially discrete nature of human-associated disturbances and associated ecological

cascades mean that modified tropical forests often appear as highly heterogeneous mo-
saics. This heterogeneity confers vital ecological resilience by maintaining connectivity
and providing refugia for source populations.

. Globally, the nature and extent of human impacts on tropical forests determine the size

and longevity of a bottleneck that is central to determining the fate of tropical forest
biodiversity and functioning in the Anthropocene.

FUTURE ISSUES

1. Natural sciences have vital roles to play in mitigating the severity of the Anthropocene
bottleneck on tropical forests by helping prioritize and guide effective conservation
strategies.

2. Addressing these challenges requires a focus on the study of disturbed and regenerating
forests, neglected geographic regions, and the structures necessary to foster collaborative
and multidisciplinary work across multiple scales.
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