Corrected 16 February 2023. See full text.
RESEARCH

L)

Check for
updates

agricultural expansion or demand for tim

CREDIT: ALEX ARGOZINO/STUDIO ARGOZINO

REVIEW SUMMARY

TROPICAL FOREST

The drivers and impacts of Amazon

forest degradation

David M. Lapola*, Patricia Pinho, Jos Barlow, Luiz E. O. C. Aragdo, Erika Berenguer, Rachel Carmenta,

Hannah M. Liddy, Hugo Seixas, Camila V. J. Silva, Celso H. L. Silva-Junior, Ane A. C. Alencar,

Liana O. Anderson, Dolors Armenteras, Victor Brovkin, Kim Calders, Jeffrey Chambers, Louise Chini,

Marcos H. Costa, Bruno L. Faria, Philip M. Fearnside, Joice Ferreira, Luciana Gatti, Victor Hugo Gutierrez-Velez,
Zhangang Han, Kathleen Hibbard, Charles Koven, Peter Lawrence, Julia Pongratz, Bruno T. T. Portela,

Mark Rounsevell, Alex C. Ruane, Riidiger Schaldach, Sonaira S. da Silva, Celso von Randow, Wayne S. Walker

BACKGROUND: Most analyses of land-use and
land-cover change in the Amazon forest
have focused on the causes and effects of
deforestation. However, anthropogenic dis-
turbances cause degradation of the re-
maining Amazon forest and threaten their
future. Among such disturbances, the most
important are edge effects (due to deforesta-
tion and the resulting habitat fragmenta-
tion), timber extraction, fire, and extreme
droughts that have been intensified by human-
induced climate change. We synthesize knowl-
edge on these disturbances that lead to
Amazon forest degradation, including their
causes and impacts, possible future extents,
and some of the interventions required to
curb them.
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ADVANCES: Analysis of existing data on the extent
of fire, edge effects, and timber extraction be-
tween 2001 and 2018 reveals that 0.36 x10° km?
(5.5%) of the Amazon forest is under some form
of degradation, which corresponds to 112% of the
total area deforested in that period. Adding data
on extreme droughts increases the estimate of to-
tal degraded area to 2.5 x10° km?, or 38% of the
remaining Amazonian forests. Estimated carbon
loss from these forest disturbances ranges from
0.05 to 020 Pg C year ' and is comparable to
carbon loss from deforestation (0.06 to 0.21 Pg C
year ). Disturbances can bring about as much bio-
diversity loss as deforestation itself, and forests
degraded by fire and timber extraction can have a
2 10 34% reduction in dry-season evapotranspira-
tion. The underlying drivers of disturbances (e.g.,

EDGE EFFECTS

L

generate material benefits for a restricted gl ..
of regional and global actors, whereas the bur-
dens permeate across a broad range of scales
and social groups ranging from nearby forest
dwellers to urban residents of Andean countries.
First-order 2050 projections indicate that the four
main disturbances will remain a major threat
and source of carbon fluxes to the atmosphere,
independent of deforestation trajectories.

OUTLOOK: Whereas some disturbances such as
edge effects can be tackled by curbing defor-
estation, others, like constraining the increase
in extreme droughts, require additional mea-
sures, including global efforts to reduce green-
house gas emissions. Curbing degradation
will also require engaging with the diverse set
of actors that promote it, operationalizing ef-
fective monitoring of different disturbances,
and refining policy frameworks such as REDD+.
These will all be supported by rapid and multi-
disciplinary advances in our socioenvironmental
understanding of tropical forest degradation,
providing a robust platform on which to co-
construct appropriate policies and programs
to curb it. m
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An overview of tropical forest degradation processes in the Amazon. Underlying drivers (a few of which are shown in gray at the bottom) stimulate disturbances
(timber extraction, fire, edge effects, and extreme drought) that cause forest degradation. A satellite illustrates the attempts to estimate degradation's spatial
extent and associated carbon losses. Impacts (in red and insets) are either local—causing biodiversity losses or affecting forest-dweller livelihoods—or remote, for
example, with smoke affecting people’s health in cities or causing the melting of Andean glaciers owing to black carbon deposition.
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The drivers and impacts of Amazon
forest degradation

David M. Lapola'*, Patricia Pinho?, Jos Barlow?, Luiz E. 0. C. Arag3o*®, Erika Berenguer>®,

Rachel Carmenta’, Hannah M. Liddy®°, Hugo Seixas’, Camila V. J. Silva>*'°, Celso H. L. Silva-Junior™213,
Ane A. C. Alencar?, Liana O. Anderson'*, Dolors Armenteras'®, Victor Brovkin'®, Kim Calders""2,
Jeffrey Chambers', Louise Chini?®, Marcos H. Costa®, Bruno L. Faria?, Philip M. Fearnside?,

Joice Ferreira®*, Luciana Gatti*, Victor Hugo Gutierrez-Velez?®, Zhangang Han?®, Kathleen Hibbard?,
Charles Koven™, Peter Lawrence®®, Julia Pongratz'®?°, Bruno T. T. Portela®®, Mark Rounsevell*>,

Alex C. Ruane®, Riidiger Schaldach®?, Sonaira S. da Silva®3, Celso von Randow®, Wayne S. Walker®*

Approximately 2.5 x 10° square kilometers of the Amazon forest are currently degraded by fire, edge
effects, timber extraction, and/or extreme drought, representing 38% of all remaining forests in the
region. Carbon emissions from this degradation total up to 0.2 petagrams of carbon per year (Pg C year™),
which is equivalent to, if not greater than, the emissions from Amazon deforestation (0.06 to 0.21 Pg C year™).
Amazon forest degradation can reduce dry-season evapotranspiration by up to 34% and cause as much
biodiversity loss as deforestation in human-modified landscapes, generating uneven socioeconomic burdens,
mainly to forest dwellers. Projections indicate that degradation will remain a dominant source of carbon
emissions independent of deforestation rates. Policies to tackle degradation should be integrated with
efforts to curb deforestation and complemented with innovative measures addressing the disturbances that

degrade the Amazon forest.

ropical forests are critical for Earth’s cli-

mate, biodiversity, local well-being and

livelihoods, and humanity at large (7).

They are also a hotspot for CO, emissions

to the atmosphere, largely as a result of
deforestation and other anthropogenic distur-
bances (2). Most analyses of land-use and land-
cover changes in tropical forests have focused
on the causes and effects of deforestation (3-5).
However, other, less-well-studied anthropogenic
disturbances also threaten the future of tropical
forests. These disturbances include edge effects,
selective logging, fire, and extreme drought,
which have been intensified by human-induced
climate change.

In the Amazon forest, the extent and long-
term effects of such anthropogenic disturbances
on the terrestrial carbon cycle, ecosystem func-
tioning, and livelihoods of local populations are
beginning to be understood and differentiated
from deforestation impacts (6). These distur-
bances often co-occur and repeat multiple times

and greatly increase the impact on forest con-
dition and biodiversity (7). Many of the effects
of these disturbances also occur over longer
time scales. For instance, ongoing tree mortal-
ity after disturbance means that forests can
continue to emit more carbon for decades after
the disturbance (8, 9), such that current esti-
mates of the total carbon loss tied to degra-
dation are comparable to, if not greater than,
carbon loss from deforestation (10-16). More-
over, the reduced provision of ecosystem services
resulting from such anthropogenic distur-
bances appears to disproportionately affect
local livelihoods (17-19).

A recent study of the Amazon showed that
only 14% of degraded forests were later defor-
ested over a period of 22 years (1), suggesting
that these are partially independent processes.
Understanding and representing degradation
as a process separate from deforestation is thus
critical for improving observation networks, cli-
mate change and conservation policies, as well

as modeling the resilience of the Amazon for-
est and its human populations, in light of
ongoing land-cover and land-use changes and
increased frequency of climate extremes.

In this Review, we (i) identify proximate and
underlying drivers of disturbances related to
pan-Amazon forest degradation; (ii) provide
estimates of uncertainties in the total de-
graded forest area; (iii) assess the ecological
impacts of degradation; and (iv) discuss the
distribution of benefits and burdens among
stakeholder groups. We then (v) examine our
current ability to project Amazon degradation
with existing data on disturbances and (vi)
highlight the scientific advances required to
understand and address forest degradation in
Amazonia and other tropical forests.

Defining degradation and disturbance

Although many distinct definitions of forest
degradation exist (20, 21), for this Review we
consider tropical forest degradation as a tran-
sitory or long-term (10™ to 10%-year time scale)
deleterious change in forest condition. Condi-
tion includes functions, properties, or services
such as, but not restricted to, carbon storage,
biological productivity, species composition,
forest structure, local atmospheric moisture,
or uses and values of the forest to humans.
Changes in forest condition can be determined
through comparisons with a previous undis-
turbed baseline or inferred spatially using
comparable undisturbed forests. Here, we focus
on degradation driven by four human-induced
disturbances (Fig. 1): extreme droughts, edge
effects resulting from habitat fragmentation,
timber extraction, and forest fires.

Extreme droughts have become increasingly
frequent in the Amazon as land-use change
and human-induced climate change progress
(22), affecting tree mortality, fire incidence, and
carbon emissions to the atmosphere (23-25).
Deforestation leads to habitat fragmentation,
including the edge, area, and isolation effects
that are known drivers of changes in ecolog-
ical condition (12, 26). We focus mostly on edge
effects, which are the changes in ecological and
biophysical parameters that occur in forests
adjacent to anthropogenic land uses (9). Timber
extraction includes the legal and illegal selec-
tive logging that takes place in standing forests
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Fig. 1. A conceptual model of the drivers, impacts, and feedbacks of Amazon
forest degradation. Some of the underlying drivers of disturbance (outer edge of
the circle) are also directly related to deforestation processes (blue), whereas
others are not (olive). The four main disturbances leading to degradation—extreme
drought, fire, timber extraction, and edge effects—are intrinsically interrelated
and can feed back to each other (see “Underlying drivers of disturbance” section).

(27, 28). Forest fires include all fires in stand-
ing forests (29); these cause degradation as
Amazonian species have little or no evolu-
tionary adaptations to fire. This list is not
comprehensive; for example, heat stress, iso-
lation effects, nontimber forest product ex-
traction, and defaunation could all alter forest
condition. However, the four disturbances
that we focus on can all be studied across the
Amazon by using available satellite data and
image processing methods, and have the best-
quantified links with forest structure and
carbon stocks. We do not consider natural
disturbances (e.g., blowdowns) to be degrada-
tion unless they interact with anthropogenic
disturbances (30).

To evaluate degradation, it must be differ-
entiated from deforestation. Conceptually, this
is simple. Deforestation involves a change in
land cover (e.g., loss of canopy cover to below
a certain threshold) and generally a change
in land use (e.g., from forest to agriculture or

urban land use) (31). By contrast, whereas

Lapola et al., Science 379, eabp8622 (2023)

to food insecurity). These i

causing increased fire incid

land use may or may not change during the
process of degradation, land cover does not
(i.e., forest remains forest). However, this
conceptual clarity can break down when moni-
toring at scale. First, satellite-based monitor-
ing of forests cannot easily discern changes
in land use—areas affected by severe distur-
bances, such as thrice-burned forests, can be
classified as deforested even though the land
use has not changed. Second, some deliberate
deforestation may be confused with degrada-
tion, with actors aiming to escape legal pros-
ecution by using successive fires and other
disturbances to gradually reduce tree cover
over time. Although we do not attempt to in-
tegrate these nuances in this Review, future
monitoring would benefit from considering
four land-cover classes within the degradation-
deforestation continuum: (i) undisturbed for-
est; (ii) degraded forest, where forest cover
remains above a critical threshold and land-
use change has not occurred; (iii) deforesta-

« Loss of carbon stocks and
increased emissions

« Change in ecosystem functions,
composition and structure

* Loss of forest biodiversity

« Changes in microclimate

These disturbances cause economic, social, and ecological impacts that can be
directly linked to each other (e.g., reduced forest resource availability leading

mpacts can also feed back to influence both the

underlying and proximate drivers (respectively exemplified by revenue related to
degradation causing local migratory movements and changes in microclimate

ence).

where forest cover falls below a critical thresh-
old of forest canopy structure but land-use
change does not occur; and (iv) clear-cut de-
forestation, where forest cover falls below a
critical threshold as a result of land-use change.
Differentiating between the latter three classes
is key for applying legal processes and can be
supported by longer-term assessments, con-
sideration of the geometric patterns of change
(burned edges are rarely linear), and ground
visits.

Underlying drivers of disturbance

The disturbances that cause degradation share
a range of underlying drivers operating at the
regional or landscape scale (e.g., lack of gov-
ernance, presence of roads, or demand for local
foods) or stemming from national or global
influences (e.g., market demand for commod-
ities, credit, and climate change) (Fig. 1). Many
of these drivers are linked with deforestation
(5). For example, agricultural expansion into

tion caused by successive or severe disturbances,

27 January 2023
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remaining forests to edge effects, timber ex-
traction, and the agricultural ignition sources
that start many forest fires (32). Other key drivers
of forest disturbance are, however, largely inde-
pendent of the Amazonian deforestation process.
Some timber extraction occurs in remote regions,
far from the deforestation frontier; fires can
extend deep into forested areas in drought years
(25); and droughts are widespread across the
basin (22, 33).

The underlying drivers of forest disturbance
frequently co-occur and interact. Timber extrac-
tion, for instance, is driven by market demand
but is facilitated by corruption and weak gov-
ernance (34); forest fires are often caused by
agricultural practices but can be exacerbated
by extreme droughts (23). Furthermore, there
are important and multiscale feedbacks be-
tween the drivers of disturbances and their
impacts. At the landscape scale, deforestation or
degradation-related disturbances cause warm-
ing and alter precipitation, potentially increas-
ing drought (8, 35). At the global scale, carbon
dioxide emissions from forest disturbance are
major contributors to climate change, driving
extreme droughts that cause or amplify degra-
dation (24, 36). Anthropogenic disturbances in
Amazonian forests are therefore the result of
the interplay between a broad suite of drivers
that are expressed and interact across a range
of spatial scales (Fig. 1). Understanding their im-
pacts is no less complex and requires quantify-
ing the intensity and severity of disturbances
and their distribution and interplay over time
and space (Box 1).

Spatial extent and severity

Over the past decades, uncertainty in deter-
mining the extent of degradation (Box 1) has
been minimized by advances in remote-sensing

technology. The increased availability of time-
series information from the Terra, Aqua (MODIS
sensor) and Landsat (TM sensor) satellites
has helped demonstrate the widespread oc-
currence and impact of tropical forest degra-
dation (12, 15, 16, 37-39). The only existing
pan-Amazonian direct estimate using a Landsat
time series (11) indicates an area of 1,036,800 +
24,800 km? affected by human and natural
disturbances between 1995 and 2017 (47,127 +
1127 km? year™?), corresponding to 17% of the
total forest area in 2017. Disentangling the spa-
tial extent and severity of the multiple drivers
of degradation is critical for understanding
the impact of disturbances on tropical forests.
Each disturbance type is driven by distinct
factors, leading to great variation of their spa-
tial extents from year to year. To capture the
patterns of multiple disturbances, we compiled
published data of the four main drivers of for-
est degradation, using the most up-to-date,
spatially explicit datasets on burned area (40),
timber extraction (41), edge effects (9), and
drought (42). We assessed the period from
2001 to 2018. Data for the four disturbances
had spatial resolutions of 0.5, 27, 0.03 and 55 km,
respectively. We show that in that period fires
alone affected 122,624 km?, timber extrac-
tion 119,700 km?, edge effects 188,531 km? and
drought 2,740,647 km? (Fig. 2), representing, re-
spectively, 1.8, 1.8, 2.8, and 41.1% of the remain-
ing Amazon forest cover (6,673,908 km?) (43).
Forest fires intensify during drought years
(10, 28, 24, 44, 45), leading to acute peaks in
burned area: 14,584 and 32,815 km? in the dry
years of 2005 and 2010, respectively. This is
two to four times the mean total forest area
burned in all other years in the 2001-2018 pe-
riod (7701 km?). Although the extent of Amazo-
nian fires during recent droughts has already

Box 1. Defining Amazonia’s degradation regime.

The important factors determining impact can be understood by extending the concept of a fire

regime to the disturbances that cause degradation.

Extent: The area of forest affected by disturbances. Severe disturbances that affect canopy cover
can be assessed using remote sensing; more subtle changes resulting from droughts can be inferred
from anomalies in water deficit (130) (see “Spatial extent and severity” section).

Intensity: A measure of the strength of a disturbance, such as logging offtake, fire radiative power,
the strength of the water deficit anomaly, or degree of exposure to edges.

Severity: A measure of the impact of the disturbance on ecosystem-level or social conditions. This
is a function of disturbance intensity and the sensitivity of the ecosystem or of societal groups that

depend on forest resources.

Frequency: The number of disturbance events. The severity of disturbance often increases with the
number of disturbance events, and recurrent fires or logging can bring about dramatic changes in

ecological condition on decadal time scales.

Co-occurrence: The incidence of different forms of disturbance occurring in the same location (Fig. 2),
in part encouraged by the interactions among them (see “Underlying drivers of disturbance” section).
Co-occurring disturbances can amplify the severity (e.g., fire effects are more severe near edges). Co-
occurrence can also be important at the landscape level, even if disturbances are not precisely super-
imposed. Their combined effect can contribute to significant losses of biodiversity (7) and of ecosystem
services that are valuable to human populations (see “Social and economic dimensions” section).

Lapola et al., Science 379, eabp8622 (2023)
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been large, much larger megafires are also
possible (46). Edge creation is strongly and
positively correlated with deforestation at
the basin level (9), although further defores-
tation could reduce the area of forests exposed
to edges in regions with low levels of forest
cover.

Despite remaining stable over time in the
analyzed dataset, timber extraction extent re-
mains highly uncertain. The product used here
(41) shows an annual rate of 6623 km? year™
affected by timber extraction from 2001 to 2018
in the Brazilian Amazon. The first Brazilian
Amazon-wide study estimated a rate of 11,537
km? year™ between 1999 and 2002 (27), which
coincides with a period of high deforestation
rates in the region. The other Brazilian Amazon-
wide estimate assessing the extent of timber
extraction from 1992 to 2014 showed an an-
nual rate of 4479 km? year™ (72). This is 32%
lower than the timber extraction estimate shown
in Fig. 2, a difference that may be related to
the frequency of the temporal series analyzed
by Matricardi et al. (12), or the difference be-
tween the timber extraction product used here—
which is based on national census statistics—
and a remotely sensed approach. Estimates
suggest that ~50% (or even more) of the timber
extraction in the Amazon is illegal (47), meaning
that this does not appear in either the national
census or the product used here.

The complexity of quantifying degradation
impacts increases with the frequency of over-
lap among different disturbances. Using the
two highest spatial resolution datasets (burned
and edge areas), we found that 25% of the total
burned forest area was within 120 m of an edge,
affecting 17% of the total edge area. Addition-
ally, 6% of the area affected by both edges and
fire was also affected by drought. Accounting
for the spatial extent of forests hit by fire, tim-
ber extraction and edge effects, and the over-
laps between them, the degraded area due to
these three drivers affected at least 364,748 km?
(5.5% of all remaining Amazonian forests) from
2001 to 2018. This corresponds to 112% of the
total area deforested during this same period
(325,975 km?) (15, 48, 49), and is within the same
magnitude of a previous estimate of degrada-
tion in the Brazilian Amazon of 337,427 km?
in the 1992-2014 period (12). Estimating over-
lap between timber extraction and other drivers
is not trivial because the data used for timber
extraction provide a percentage cover by area
within the 27-km-resolution grid cell, rather
than a precise delimitation of the area affected
by these events. Here, we assumed a propor-
tional distribution of logged forests within the
grid cell to account for the timber extraction
overlaps with other drivers, as logged forests
can be more flammable than undisturbed
forests (50), and the extraction of timber is
often associated with edges (51). Not all the
extreme droughts observed in the Amazon
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Edge (km?)
47

Fig. 2. Current (2001-2018) spatial distribution of the four main drivers of forest degradation in the Amazon forest, excluding deforestation and savanna
areas. (A) Extreme drought occurrence, (B) burned area, (C) timber extraction, (D) area within a forest edge. The datasets employed (23, 40-42, 129), processing
steps, and numerical estimates are shown in the supplementary materials.

in the analyzed 2001-2018 period have been
unequivocally attributed to human-induced
climate change (22). Nevertheless, when con-
sidering all the four main drivers, and all pos-
sible overlaps between them, the estimate of
total degraded area increases to 2,542,593 km?,
or 38% of the remaining Amazonian forests.
This total degraded area includes 628,909 km?
of forest where two or more of the four dis-
turbances overlap (table S1).

This assessment indicates a broad range of
estimates, varying from 5.5% (considering only
fire, timber extraction, and edge effects) to
38% (considering all four disturbances). Such
a large range of estimates of the extent of deg-
radation is mainly determined by the types
of disturbances considered (with much larger
area estimates if less-severe disturbances, such
as droughts, are included; Fig. 2), the spatial
and temporal ranges of the studies, and their
distinct methods (16, 37-39, 52). All recent
studies, however, consistently agree that the
extent of degraded forest is growing, and the

Lapola et al., Science 379, eabp8622 (2023)

total area is either equal to or greater than
the Amazon’s deforested area (10-12).

Ecological impacts
Changes in carbon stocks and basin-wide emissions

Disturbance type and intensity are strong pre-
dictors of the magnitude of change in above-
ground carbon stocks (i.e., severity; Box 1).
Carbon losses are often greatest in burned for-
ests, compared to the other disturbances (53).
Sixty-nine percent of the burned area shown
in Fig. 2 has been affected by a single under-
story forest fire, reducing aboveground carbon
stocks by 13 to 50% (17, 54, 55) (Fig. 3). Tree
mortality following understory fires varies
spatially: The highest levels of tree mortal-
ity and the greatest biomass losses have been
recorded in the Brazilian state of Para (29, 56).
Smaller effects have been recorded in drier
Amazonian regions (44) where trees are pro-
tected by thicker bark (57) and in less-seasonal
regions where fire intensity may be limited by
high fuel moisture content (54). Carbon losses

27 January 2023

in logged forests are also highly variable and
range from 4 to 35% (Fig. 3), depending on
extraction intensity and the management of
collateral damage (28). The severity of edge
effects varies in relation to the distance to the
forest edge, with severity decreasing from the
edge to the interior, and over time, with most
losses occurring within 5 years of edge forma-
tion. Even when these factors are controlled,
the impacts vary substantially: Carbon losses
within 120 m of an edge range from 23 to 35%
in the first 4 years after the edge formation
(6, 26), with the severity potentially related to
exposure to fire (9) (Fig. 3). Edge effects may
also vary over much larger spatial scales and
could be less severe in forests on the richer
soils of western Amazonia (58). Finally, extreme
droughts bring about short-term carbon losses
of 1 to 8% (23, 59) (Fig. 3).

Time since disturbance is an important de-
terminant of aboveground carbon stocks. When
forests are burned, the recovery of carbon stocks
from tree recruitment and growth is offset by
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high rates of ongoing tree mortality (23, 56, 60),
such that burned forest can be a net source of
carbon emissions for up to 7 years after the
fire and hold ~25% less carbon after 30 years
(45, 55, 60). Biomass recovery times after log-
ging are almost directly proportional to the
volume of timber extracted, such that ex-
traction of 10, 25, or 50% of prelogging above-
ground carbon stocks would require 12, 43, or
75 years to recover (28). These rates also vary
across the Amazon, depending on soil fertil-
ity and climate (50). Carbon losses from edge
effects are most pronounced after the first
4 years (9, 26). As 66% of current edges are older
than this (6), most will have incurred these
losses. Longer-term assessments of drought
impacts show mixed results, with plot-based
studies reporting both rapid recovery (61) and
sustained effects lasting at least 3 years (23).

Repeated disturbances are often associated
with the greatest losses of aboveground car-
bon. Recurrent fires can lead to losses of over
80% of aboveground carbon (17) (Fig. 3), which
is important as almost one-third of the burned
area has been burned either twice (18%) or
three or more times (13%) (Fig. 2). Similarly, the
impacts of timber extraction are far greater in
forests that have suffered multiple extraction
events (53), and edge effects are greater when
forests are exposed to multiple edges (62). The
cumulative impact of multiple droughts on
aboveground carbon is not known but could
be important given that over one-third of the
drought-affected area was affected by two (26%)
or more (10%) events in an 18-year period (Fig. 2).
Co-occurring disturbances can also amplify ef-
fects, with windstorms resulting in much higher
biomass losses in thrice-burned forest (31%)
than in unburned forests (15%) (30).
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Our overview of the extent (Fig. 2), severity
(Fig. 3), and longevity of these four disturbances
demonstrates that they are likely to be a sub-
stantial source of long-term carbon emissions
from Amazonian forests. However, at present
there is insufficient information on disturbance
recurrence and recovery to make a reliable
estimate of their combined influence on the
Amazon’s carbon balance. Studies that have
attempted this using remote sensing, or mix-
ing field assessments with estimates of extent,
estimate annual emissions of between 0.05
and 0.2 Pg C year ™ for a different combination
of disturbances (10-16), which are comparable
to deforestation emission estimates of 0.06 to
0.21 Pg C year™ (49, 63). Yet comparisons re-
main confounded by the different spatial and
temporal scales of assessments and the different
types of disturbance that are being assessed—
studies inferring degradation from canopy open-
ness are likely to miss some of the degradation
resulting from edges or low-intensity logging,
while airborne air sampling is unable to ac-
curately separate emissions from deforesta-
tion and degradation (8).

Other climate processes

Beyond carbon, forest disturbances influence
a range of atmospheric processes. Within the
forests themselves, tree mortality from forest
fires, timber extraction, and edge effects in-
crease temperatures and lower the humidity
of the understory (26, 29, 35, 50). Reductions
in forest biomass and changes in species com-
position also affect water cycling (64). Forest
edges generate 5% less evapotranspiration (ET)
than forest interiors (65), and degraded forests
provide between 2 and 34% less ET than intact
forests in normal dry seasons, with stronger
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reductions in southern drier sites (35). How-
ever, the magnitude of change for ET seems to
be far less than that for carbon stocks (35, 66),
with recovery occurring within 7 years of re-
peated forest fires (66). Amazonian fires also
reduce air quality many thousands of Kilo-
meters from the source (67), while soot deposits
are accelerating glacier melt in the Andes (68).

Biodiversity and ecosystem functioning

Fires, timber extraction, and edge effects re-
duce the number of forest species (7, 69) and
species with the highest conservation values
(7). In landscapes with ~80% forest cover in
the eastern Amazon, the combined influence
of forest disturbances in remaining forest
results in about as much biodiversity loss as
the loss of habitat in the deforested areas (7).
In fragmented landscapes, patch area is an
important determinant of species persistence;
conserving the full suite of forest birds requires
maintaining large patches (e.g., >10,000 ha) of
good-condition forest (70). The impacts of for-
est disturbance extend to aquatic biota, and even
reduced-impact logging affects the composi-
tion and functional traits of stream fishes (7).
Disturbance also disrupts multitrophic pro-
cesses such as pollination, decomposition, seed
dispersal, and herbivory (72) and drives sub-
lethal changes in the morphology or physiol-
ogy of birds (73) and dung beetles (69).

The postdisturbance recovery of forest fauna
can be slow, and understory forest-specialist
birds do not recover their original abundances
even 10 years after a single fire event (74). Re-
covery can be further impeded where forests
have been affected by previous disturbances (72)
or where succession is dominated by lianas,
palms, bamboos, or invasive grasses (45, 75).
Finally, fauna can support postdisturbance
forest recovery, with birds, terrestrial ungulates,
and primates all helping disperse seeds (76).
Some of these taxa are resilient to low-intensity
disturbance (77) and contribute to forest regen-
eration where hunting is controlled and there is
connectivity with undisturbed forests (78).

Social and economic dimensions

‘Whether initiated by chainsaws, fire, or drought,
people drive forest degradation (2I). Its prev-
alence and persistence (Fig. 2) are largely ex-
plained by the (short-term) economic benefits
driving the four disturbances (Fig. 4A). A broad
range of human actors generate these distur-
bances, from local forest communities that use
fire for subsistence agriculture, regional com-
mercial businesses extracting timber, to distant
city-dwellers consuming commodities originat-
ing in forest landscapes, the fossil fuel con-
sumption of the international community, and
investment banks contributing to geopolitical
and market forces (79). These actors are influ-
enced by the outcomes of disturbances (e.g.,
smoke from fires), and the resulting degraded
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forest states, in distinct [i.e., material, subjec-
tive (quality of life), and relational impacts]
and unevenly distributed ways across multi-
ple spatial scales (Fig. 4). Crucially, the flow of
benefits (which are related to proximate driv-
ers of forest degradation) and burdens (which
are related to degradation outcomes) is mis-
aligned. Benefits often accrue to external stake-
holders, whereas burdens are concentrated
locally, creating socioecological injustices
(Fig. 4B). To achieve more just and sustainable
outcomes, the benefit seeking that ultimate-
ly drives degradation needs to be balanced
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against the multitude of burdens that arise
from it.

Material benefits of degradation

Many of the disturbances driving degrada-
tion deliver material benefits (i.e., money and
goods) to privileged elites living outside of
forest landscapes (80, 81). For example, a small
fraction of (large-scale) landholders account
for most forest loss (82), contributing to de-
gradation via edge creation through defor-
estation, escaped pasture renewal fires (32),
and reduced regional rainfall (8) and ultimately
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contributing to global climate change itself via
carbon emissions (83). Forest loss is strongly
associated with commodity production, with
material benefits accruing to wealthy regional
and international actors (84). For instance, even
omitting the sizable clandestine market (34, 47),
timber extraction in the Brazilian Amazon gen-
erated US$459.5 million in 2018 (85), which
was not well distributed (4).

At local scales, small-holder farmers con-
tribute to forest degradation, either direct-
ly through small-scale timber extraction or
hunting, or indirectly via agricultural fires that
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may escape into forests. Notably, benefits of
local drivers are retained locally (e.g., support-
ing household incomes) or regionally (e.g.,
food security) (86) (Fig. 4A). Other benefits
accruing locally include income from hired
labor in logging camps (87). However, these
economic benefits tend to be short term (4),
poorly negotiated, and disproportionately small
and do not compensate for the local damages
that forest disturbances inflict (88, 89).

Multidimensional burdens exacerbate
the vulnerabilities of marginalized groups

Forest disturbances driving degradation cre-
ate burdens to multidimensional human well-
being that are predominantly concentrated on
local communities (Fig. 4B). The most severe
material impacts are borne by small-scale
farmers, Indigenous people, and traditional
communities who rely on a diverse set of for-
est resources to underpin resilient livelihoods
and cultural practices (90). Timber extraction
reduces the availability of species that contrib-
ute to nutritional diversity or provide oils or
medicines (89, 90). Reductions in diversity of
host species undermine the “dilution effect”
(where low-quality host abundance buffers
parasite dispersal), increasing vector-borne
diseases (e.g., Chagas disease) (9I). The dense
understory of fire-affected forests makes hunt-
ing harder (mobility in Fig. 4B) and reduces
availability of preferred game species (92). For-
est disturbances related to degradation can
alter fish abundance in streams, rivers, and
floodplains, with implications for the nutri-
tional diversity and food security of local com-
munities (77). Some of the material changes
extend beyond local communities, as reductions
in forest resources can affect peri-urban house-
holds that maintain strong links with forests
(88), compounding existing vulnerabilities asso-
ciated with structural marginalization (93).

Although less well understood than mate-
rial impacts, burdens related to forest distur-
bance also affect the relational and subjective
dimensions of people’s lives, which make im-
portant contributions to human well-being
(94). Further, some of the disturbances that
cause degradation (e.g., burning, presence of
logging operations) themselves reduce the
quality of life of local peoples—for example, by
increasing the exposure of forest peoples to
infection (e.g., COVID-19) (95). Public-health
burdens accrue from the smoke associated
with fires and include premature deaths as
well as school closures that potentially reduce
the learning lifetime of local children (public
education in Fig. 4B) (67, 96, 97). Incidence of
violence rises when land conflicts associated
with forest degradation occur (98), and with-
in temporary settlements created for logging
operations (99).

The loss of forest resources following dis-
turbances can negatively influence relational
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dimensions of people’s lives, including socio-
cultural reproduction, cohesion, and cultural
practices. For example, forest degradation
can erode communal sites, impair place attach-
ments, and affect interactions with the forest
and ways of knowing and of using its resources.
Degradation can also heighten perceptions of
vulnerability and risk owing to place disloca-
tion, transformation, and threat of potential
resettlement (100).

Diffuse and indirect burdens accrue
to external actors

Amazon forest disturbances that drive degra-
dation also burden regional and international
actors, though often in more indirect and diffuse
ways. For instance, people living large distances
from forests may be affected by disturbance-
induced changes in the carbon and water cycle
(835). These impacts extend to regions surround-
ing the Amazon, with implications for material
gains and revenue within the agriculture sector
(83). Fires can influence the sustainability of
water availability in distant (e.g., Andean) cities,
with the deposition of black carbon accelerat-
ing glacial melt (68). Fire also causes material
damage to the timber sector, affecting commer-
cially unexplored forests (17, 101), and other
losses to potential revenue and to the region’s
economy (e.g., through airport closures) (96).
Forest degradation precludes discovery of
new pharmaceutical, nutritional, and bio-
based products and can precipitate the emer-
gence of pandemics with global consequences
for health, economies, and well-being (102, 103).
Further, the relationship between ecosystem
degradation and regional public health has
the potential to be important (104). Estimates
suggest that the loss of ecosystem services as a
result of extreme climate change in the Ama-
zon may induce regional economy losses of US
$7.7 trillion in a period of 30 years (18), and
this excludes the substantial intangible rela-
tional and quality-of-life impacts. Better under-
standing of the multifaceted suite of burdens
extending from degradation across scales could
help to inform appropriate policy responses
and galvanize support in society for a shift
toward more sustainable use of the forest.

Projecting Amazon forest degradation

Most studies assessing future scenarios for the
Amazon focus on deforestation and its rela-
tionship with prospective road development,
agricultural expansion, and conservation poli-
cies (3, 105-108). Only five studies have projected
future Amazon forest degradation in a spa-
tially explicit way, either covering the entire
Amazon biome (109) or focusing on the Co-
lombian (710), Brazilian (111, 112), or southern
Brazilian Amazon (44). Modeling approaches
include mechanistic (111), statistical (110, 112)
and hybrid (44, 109) methods. Studies assess-
ing the proximate causes (Fig. 2) focused on
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fire occurrence driven by deforestation and
climate change (44, 109), fire intensity driven
by climate change (111), edge effects due to
forest fragmentation (110), or mixed causes
(112). Two further studies modeled degrada-
tion in a nonspatially explicit way using fixed
degradation-to-deforestation ratios (113) or
statistical relationships of carbon loss caused
by logging and fire (114). Despite the variation
in methods and study areas, these modeling
studies reinforce many of the findings emerg-
ing from empirical studies, including that (i)
feedbacks between different drivers are key
for Amazon forest degradation (109); (ii) deg-
radation can occur independently from de-
forestation [e.g., control of deforestation can
reduce fire activity, but only under weak to
moderate climate change scenarios (109)]; (iii)
climate change can boost fire intensity and
ignition sources, promoting fire-driven degra-
dation (11I); (iv) roads promote degradation
as well as deforestation (51); and (v) carbon
dioxide emissions from degradation can over-
whelm those from deforestation (44, 110), and
the carbon uptake from regeneration (713).

Combining previously published projections
of the individual main disturbances that cause
degradation (43), we project potential future
patterns of degradation of the Amazon forest
and their effects on carbon stocks under two
alternative deforestation scenarios: “gover-
nance” (GOV) and “business-as-usual” (BAU).
These projections show (Fig. 5) that halting
deforestation, as pledged by Amazonian na-
tions in the Glasgow declaration and in their
nationally determined contributions to the
Paris Agreement, does not necessarily curb
degradation across the Amazon. Projected
2050 annual carbon emissions are 0.06 Pg C
year ' in the GOV scenario and 0.42 Pg C year ™
in the BAU scenario. This upper limit is con-
siderably higher than the upper limit of 0.2 Pg
C year™* observed in the 2001-2018 period,
owing to a stronger contribution of more fre-
quent droughts in the future, but still lower than
another projection restricted to the Brazil-
ian Amazon (712). Indeed, the degradation-
to-deforestation ratio for carbon emissions
remains high both in a scenario where illegal
deforestation is stopped after 2030 (GOV, 1.04)
and in the BAU scenario, which extrapolates
the land-use dynamics of the early 2000s (BAU,
0.74). To some extent, these findings are to be
expected, given that halting deforestation leaves
a larger forest area that is subject to fires, log-
ging, or droughts (115). However, our assessment
also indicates the importance of designing and
implementing intervention strategies that ad-
dress degradation and deforestation as dis-
tinct processes (116, 117).

Emissions in the GOV scenario are dominated
by fire (59%), followed by droughts (38%) and
logging (3%). However, in the BAU scenario,
under Representative Concentration Pathway
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Fig. 5. First-order 2050 projections of Amazon forest degradation through
its main drivers. Projections of 2019-2050 changes in the main proximate drivers
of Amazon forest degradation. (A and F) Edge effects (108); (B and G) fire
occurrence (111); (C and H) timber extraction (41); (D and I) extreme drought (in
number of occurrences in 2019-2050) (33); and resulting combined carbon

losses (E and J) under climate and deforestation governance (GOV) and business-

(RCP) 8.5 climate, droughts become the domi-
nant cause of carbon emissions associated with
degradation (63%), followed by fire (30%) and
logging (5%). The high relative contribution of
drought demonstrates that the mitigation of
Amazon forest degradation also depends on con-
certed international (i.e., extra-Amazonian) efforts
to abate global climate change. These findings are
aligned with observational data regarding the
hierarchy of each disturbance in terms of car-
bon loss and affected area (Fig. 3 and table S2).

Although these projections demonstrate the
potential importance of future degradation,
they have probably been underestimated as
they do not include feedbacks and interac-
tions between disturbances (see “Underlying
drivers of disturbance” section). For example,
degradation from timber extraction, extreme
droughts, and edge effects alter the forest micro-
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climate, making future fires more likely (29).
The feedbacks between Amazon forest degra-
dation and regional climate change are partic-
ularly relevant for determining the likelihood
of an Amazon tipping point (718, 119).

Degradation and the future of the forest

Although our understanding of degradation
has improved markedly, important uncertain-
ties remain regarding the quantification of the
area affected by the different disturbances,
their longer-term impacts, and how distur-
bance severity is modified by co-occurrence,
repeated events, or changes in management
practices (e.g., toward integrated fire man-
agement, or sustainable logging protocols).
Our understanding of the drivers of distur-
bance would be improved by more in-depth
analyses of underlying causes and better iden-
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Carbon Loss (Pg)
17.52

12.89

as-usual (BAU) scenarios (43, 108). Inset charts in (E) and (J) show resulting carbon
emissions in the 2019-2050 period resulting from deforestation (DFT) and
degradation (DGR) (notice the different scales). The share of C emissions per driver
is shown in the DGR bar and follows map colors. Black map areas denote
deforestation in the 2019-2050 period, whereas gray areas depict deforestation
prior to 2019. See supplementary materials for methods and numerical results.

tification of the actors and funding chains, as
has been extensively investigated for defor-
estation (3-5, 82). Further, research is essential
into what forms of governance, co-responsibility,
and valuation can best, and most realistically,
balance the environmental, social, and economic
imperatives associated with forest resource
management (120, 121).

From the policy perspective, the distinct na-
ture of proximate drivers, the range of stake-
holders that benefit from them, and the
challenges in monitoring disturbances all
make curbing forest degradation considera-
bly more complex than reducing deforestation.
The Reduction of Emissions from Deforestation
and Degradation (REDD+) framework is the
only existing international policy mechanism
that aims to address tropical forest degrada-
tion (6). Nevertheless, only a small minority
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of REDD+ projects are targeted at preventing
degradation (717), and the identification of
key actors and drivers in REDD+ projects is
confusing, even when those address the well-
known process of deforestation (122). Moreover,
although leakage effects (displacement of defor-
estation from a REDD+ covered area to another
area not covered by that program) are a major
concern for deforestation-based projects (123),
they remain unquantified for displaceable dis-
turbances such as timber extraction.

Although our intent here is not to be policy
prescriptive, this Review has nonetheless re-
vealed some key priorities for policy-makers
and practitioners. Preventing further defor-
estation remains a key objective for stabilizing
the climate system, preserving biodiversity, and
ensuring sustainable development; deforesta-
tion is itself a major driver of greenhouse gas
emissions and biodiversity loss and a driver of
several forms of degradation (Fig. 1). The integ-
rity of the basin also depends on maintaining
sufficient forest cover (719). Preventing addi-
tional degradation will also benefit from the con-
ditions required to curb deforestation, such as
the strengthening of land tenure, environment-
oriented credit concession, and the provision of
sustainable income and livelihood alternatives
that can attenuate social inequalities (124).

But it is also clear that actions taken to pre-
vent deforestation are not enough and must
be supported by other interventions, such as
preventing illegal logging (34), implementing
large-scale investments and capacity building
for a shift to fire-free cattle ranching, and sup-
porting smallholders to reduce, eliminate, or
better control the use of fires in agriculture.
Initiatives to curb degradation (and stimu-
late restoration) arising from the private sec-
tor should be encouraged by public policies,
learning from previous initiatives such as the
efforts to avoid deforestation in the Amazo-
nian soybean production sector (125, 126). All
these actions will benefit from improvements
in the monitoring of tropical forest degra-
dation. As spaceborne light-detecting and
ranging (LiDAR) technology becomes increas-
ingly cost-effective (127), the combination of
its ability to detail canopy structure with opti-
cal imagery is a promising avenue for oper-
ationalizing the monitoring of disturbances
linked to degradation (728). Other innova-
tive ground-based monitoring initiatives such
as the “smart forests” concept could be useful
in contexts where disturbances such as timber
extraction are key threats (an example is
given by the Rainforest Connection initiative,
https://rfcx.org/). Finally, efforts to reduce deg-
radation will all be supported by rapid and
multidisciplinary advances in our socioenvi-
ronmental understanding of tropical forest
degradation that can provide a robust platform
on which to co-construct appropriate poli-
cies and programs to curb it (6).
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