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Shifting agriculture is the dominant driver of forest
disturbance in threatened forest species’ ranges
Taku Kadoya 1,2✉, Yayoi Takeuchi1, Yushin Shinoda1 & Keisuke Nansai 1

Forest disturbance, including deforestation, is a major driver of global biodiversity decline.

Identifying the underlying socioeconomic drivers can help guide interventions to halt biodi-

versity decline. Here, we quantified spatial overlaps between the distributions of 6164

globally threatened terrestrial vertebrate species and five major forest disturbance drivers at

the global scale: commodity-driven deforestation, shifting agriculture, forestry, wildfire, and

urbanization. We find that each driver has a distinct relative importance among species

groups and geographic regions with, for example, the dominant disturbance drivers being

forestry in northern regions and shifting agriculture in the tropics. Overall, shifting agriculture

was more prevalent within threatened forest species’ ranges in the tropics, and some tem-

perate nations. Our findings suggest that, globally, threatened forest species are exposed to a

disproportional decrease in habitat area. Combining forest disturbance maps and species

ranges can help evaluate agricultural landscape management and prioritize conservation

efforts to reduce further biodiversity loss.
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Across the globe, forest ecosystems are increasingly altered
and fragmented by land uses, including agriculture, for-
estry, industry, and urban development1,2. Accordingly,

forest disturbance, including deforestation and other modifica-
tions, is one of the main causes of biodiversity decline3–5. Since
forest disturbance reduces species’ habitat availability, the spatial
relationships between forest disturbance and biodiversity have
received considerable empirical attention, especially for forest-
dwelling threatened species6. For conservation, understanding the
spatial co-distribution of drivers underlying forest disturbances
and species ranges is also critical because the effectiveness of
political and practical conservation measures is likely to differ
among drivers7, and the relative importance of indirect drivers
differs from species to species. Community-based forestry and
agriculture, for example, may require local-scale responses such
as building capacities for biodiversity-friendly operations and
improving livelihoods8,9. Commodity-driven agriculture and
plantations, in contrast, may require large-scale actions
and transboundary agreements on land use to regulate the bal-
ance between ecosystem provisioning services and global
demands that come through the supply chains10–13. These
examples suggest that the quantification of spatial overlaps
between biodiversity and drivers underlying forest disturbances is
essential, not only for assessing its effects on biodiversity, but also
for identifying appropriate conservation strategies. In particular,
the effectiveness of area-based conservation measures would
depend on the overlap patterns. Protected areas are one of the
most common area-based conservation measures14 and are
basically effective for preventing forests from disturbances.
However, for forests that have been already largely disturbed,
different mechanisms are likely to be essential to regulate and
manage the land use by incorporating conservation as one of the
targets in addition to the major driver of the land use. The other
effective area-based conservation measures (OECMs) that have
drawn international attention in their implementation recently15

would be one of such promising measures. Recent work by Curtis
et al.2 that clarified the spatial distribution of major drivers of
forest disturbances at the global scale provides a promising
opportunity to examine the spatial co-distribution of drivers of
forest disturbances and species ranges as well as how this
knowledge might affect the conservation strategies.

Here we examined how drivers of forest disturbances unevenly
overlap with biodiversity at the global scale. Specifically, we
overlaid global-scale forest disturbance drivers on the ranges of

6164 globally threatened forest species of mammals, birds, rep-
tiles, and amphibians. For each species, we spatially discriminated
the proportion of five major drivers of forest disturbances:
commodity-driven deforestation, shifting agriculture, forestry,
wildfire, and urbanization, as well as forest with zero or minor
loss, following the classification of Curtis et al.2. We then
examined how the proportion of forest disturbances is changed
within each species range compared with that in the baseline.
Since we targeted threatened forest species, we hypothesized the
proportion of forest with zero or minor loss within the species
ranges would be low. We also hypothesized that the bias in the
spatial overlaps would depend on geographic region and species
characteristics. We tested these hypotheses by an analysis that
examined how the quantified proportions of drivers within spe-
cies ranges are related to the species’ forest habitat specificity,
taxonomic class, IUCN Red List status16, and geographic dis-
tribution to generalize the global patterns of effects of the forest
disturbance drivers on biodiversity. Finally, we hypothesized that
species with higher proportions of drivers within their range
would be more threatened by drivers that have operated for
longer periods. We tested this hypothesis by analyzing how the
current proportions of drivers within species ranges have affected
the temporal patterns of changes in the species’ IUCN Red List
status among the multiple assessment times.

Results
Global patterns of driver proportions. To illustrate the differ-
ences in the effects of the major driver proportions, we quantified
two types of driver proportions: original and within-species-range
(our proxy for a driver’s proportional effect on each species). To
calculate the original driver proportion we overlaid subregion
polygons on the global driver map2 and summarized the pro-
portions of drivers within each subregion polygon. We then
calculated driver proportions within each species range and
averaged them among species (see Methods).

We found a dramatic increase in the effect of shifting
agriculture on species (49.19% for the mean driver proportion
within species ranges) from baseline at the global scale (vs.
13.83% for the original driver proportion; Fig. 1; Supplementary
Table 1). To examine regional patterns, we assessed seven
subregions: Russia/Asia, South-East Asia, Oceania, Europe,
Africa, North America, and Latin America, following Curtis
et al.2. Distinct increases in shifting agriculture were found in four

Fig. 1 Comparison between map-based original driver proportions (inner ring) and driver proportions within species ranges (outer ring). Values in
parentheses are the numbers of threatened species analyzed.

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00434-5

2 COMMUNICATIONS EARTH & ENVIRONMENT |           (2022) 3:108 | https://doi.org/10.1038/s43247-022-00434-5 | www.nature.com/commsenv

www.nature.com/commsenv


subregions: Latin America (from 30.75% to 62.58%), Africa
(from 49.85% to 75.18%), South-East Asia (from 26.05% to
39.02%), and Oceania (from 5.03% to 22.28%). Striking increases
in forestry were found in the other three regions: Europe (from
24.29% to 58.44%), North America (from 21.66% to 42.62%), and
Russia/Asia (from 22.22% to 44.66%). Note that this map-based
pattern was robust even after the accuracy of driver classification
was accounted for (Supplementary Fig. 1; Supplementary
Table 1).

Differences in driver proportions among species groups and
regions. Through Dirichlet regression analysis17, we found con-
trasting differences in the effect of IUCN threatened status (near
threatened, NT; vulnerable, VU; endangered, EN; or critically
endangered, CR), forest habitat specialization (forest specialist or
generalist; see Methods for definition), taxonomic class (mammal,
bird, reptile, or amphibian), and subregion (Russia/Asia, South-
East Asia, Oceania, Europe, Africa, North America, or Latin
America) on the proportion of the five forest disturbance drivers
and forest with zero or minor loss within each species range at the
global scale (Fig. 2; Supplementary Fig. 2). Specifically, forest
habitat specialists tend to be exposed to forest disturbance irre-
spective of driver type, and CR species (all drivers) and EN species
(shifting agriculture and wildfire) have higher proportions of dis-
turbance drivers within their distribution ranges than NT species
(Fig. 2; Supplementary Table 2). Among taxonomic classes,
amphibians are exposed to larger proportions of drivers of all types,
and reptiles have a higher proportion of shifting agriculture as a
disturbance driver. By subregion, each driver had distinct differ-
ences: species in South-East Asia, Oceania, Africa, and Latin
America, for example, tend to have higher proportions of shifting

agriculture when Russia/Asia is considered as the control (Sup-
plementary Fig. 2; Supplementary Table 2). The patterns in the
map-based proportions reported above were unchanged or even
strengthened by considering driver classification accuracy (Sup-
plementary Table 2; also see Methods for details).

Driver effects at a national scale. To highlight the differences in
effects of the major driver proportions among nations and of
shifting agriculture, in particular, we quantified two types of
driver proportions at the national level: driver proportion in each
nation (original driver proportion) and driver proportion within
species ranges in each nation (driver proportion within species
range). The original driver proportion is calculated by overlaying
country polygons on the global driver map2; the driver propor-
tion within species ranges is calculated by overlaying species
range polygons intersected by national borders on the global
driver map.

Commodity-driven deforestation, shifting agriculture, and
forestry are the strongest drivers and, as suggested by Curtis
et al.2, their proportions are distinctly different among nations
(Supplementary Figs. 3, S3, S4). Specifically, the original driver
proportion for shifting agriculture tends to dominate nations in the
tropics (Fig. 3a). Moreover, the mean driver proportion within
species ranges over all threatened species revealed that the
dominance of shifting agriculture was increased in all tropical
nations and in some temperate and boreal nations (Fig. 3b, c).
Drastic increases in shifting agriculture proportions were found for
forest habitat specialists, especially in central Africa (Fig. 3d); for
amphibians in several nations in central and northern Africa
(Fig. 3e); and for critically endangered species in a few nations in
Latin America and central Africa (Fig. 3f). The map-based driver
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Fig. 2 Comparison of driver proportions among species groups. a–e forest habitat specialization (generalist or specialist); f–j threatened status on IUCN
Red List (NT, near threatened; VU, vulnerable; EN, endangered; CR, critically endangered); k–o taxonomic class (mammal, bird, reptile, amphibian). Center
line, median; box limits, upper and lower quartiles; whiskers, 1.5× interquartile range. In the Dirichlet regression, all categorical variables were considered at
the same time as explanatory variables (i.e., multiple regressions), and each category on the left (i.e., generalist, NT, mammal) was treated as the control.
For the IUCN status, NT was selected as the control since it is the lowest risk category. Note that effect of subregion was also considered in the regression
(Supplementary Fig. 2). Asterisks represent statistically significant positive effect of the category against the control category (*P < 0.05, **P < 0.01,
***P < 0.001) in the Dirichlet regression using the proportion of zero/minor forest loss as baseline (see also Supplementary Fig. 2; Supplementary Table 2).
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proportions at the national level are provided in an open repository
(https://doi.org/10.6084/m9.figshare.19471001). Because the effects
of classification accuracy on the driver proportions may not be
trivial at national scale (Supplementary Figs. S5, S6), we have also
provided the accuracy-adjusted mean and 95% confidence interval
of all driver proportions.

Effects of current driver proportions on temporal change in
IUCN Red List status. In tropical subregions (South-East Asia,
Africa, and Latin America), the current proportions of three
major drivers—commodity-driven deforestation, shifting agri-
culture, and forestry—within a species range had comparable
negative associations with the change in IUCN Red List status of
2129 forest species (Supplementary Table 3) from 1988 to 2018
quantified by moving a 10-year window by 1-year steps to cover
the period (see Methods). Note that each Red List category was
transformed to a category weight prior to the analysis (i.e., 1.0 for
Least Concern (LC), 0.8 for NT, 0.6 for VU, 0.4 for EN, 0.2 for
CR, and 0 for EX), such that negative change indicates worsening
of the status (see Methods).

We also found that the proportions of all three drivers
significantly interacted with year trends in the change of Red List
status but in different ways (Fig. 4). For commodity-driven
deforestation, the negative impact on the status change of the
driver’s larger proportion tended to remain throughout the period
(Fig. 4a). For shifting agriculture, however, the larger proportion

brought more negative effects on the status change especially
earlier in the period (Fig. 4b). The pattern for forestry was similar
to that of shifting agriculture, but the negative impacts of the
larger proportion was more limited to the beginning of the period
(Fig. 4c). The patterns were robust regardless of the width of time
window, as we obtained qualitatively the same patterns when we
used 7- and 13-year windows instead of a 10-year window
(Supplementary Table 3).

Discussion
Our results show that the effects of the forest disturbance drivers
on biodiversity are likely to be different from those simply
expected from the baseline proportions of the forest disturbance
drivers if we take into account the threatened species’ distribu-
tions. The amount of forest habitat is a primary factor for species
diversity of many taxa, including mammals, amphibians, reptiles,
birds, insects, and plants18. Indeed, our results revealed that
threatened forest species have been exposed to a disproportional
decrease in their habitat amount globally (i.e., lower proportions
of forest with no or minor loss in all regions when species ranges
were considered). Although this finding may be intuitive
as population size and/or species range are part of the criteria in
the IUCN assessment19, the detected pattern supports the validity
of our approach of combining a forest disturbance map and
species ranges for evaluating the impact of forest disturbances on
threatened species. Moreover, we found that the dominant drivers

Fig. 3 Global pattern of shifting agriculture proportions at the national level. a Original shifting agriculture proportion calculated on a 10-km × 10-km-grid
forest disturbance driver map2. b Shifting agriculture proportion within all species ranges (see Methods for details). c Difference between proportions
(b minus a). d Difference between proportions with forest habitat specialist range and all species. e Difference between proportions with amphibian
species range and all species. (f) Difference between proportions with critically endangered (CR) species range and all species range. Gray: no
available data.
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differ among regions: the proportion of forestry, for example,
increased in northern regions such as North America and Europe,
whereas that of shifting agriculture increased in tropical regions
when threatened species’ distributions were considered. These
facts indicate although several influential international schemes
for conservation have been implemented for regulating
forestry20,21, different mechanisms aiming to directly tackle the
over land use for local agriculture may increase their importance
when we consider conservation in tropical regions. Our findings
suggest that the social and economic drivers underlying the forest
disturbance that impacts biodiversity differ among regions or
nations, and it is important to establish specific conservation
strategies in order to be effective.

Based on the findings, we further emphasize that the combi-
nations of multiple interacting drivers are likely to vary among
regions. For example, the frequency and extent of stand-replacing
natural disturbances such as wildfires have clearly been magnified
by climate change, particularly in the Northern Hemisphere
(e.g.,22). After such natural disturbances, societal demand for
timber and/or pest reduction compels forest managers to ‘salvage’
timber by logging before it deteriorates, a common practice even
in locations otherwise exempt from conventional green-tree
harvesting, such as national parks or wilderness areas23. Thus,
salvage logging clearly mediates the interaction between dis-
turbances by forestry and wildfires and is likely to further affect
biodiversity under climate change. Especially in regions where
infrastructure (e.g., irrigation systems) has not been well devel-
oped, unpredictable changes in precipitation due to climate
change was reported to increase forest disturbance by unregulated
increases of agricultural land use24. Such regions largely over-
lapped with regions where shifting agriculture was identified as a
dominant disturbance driver for threatened species in this study.
Moreover, species themselves shift their ranges in response to
climate change25, which would also shift major disturbance dri-
vers and influential interactions of drivers to which the species are
exposed, given the region-specific driver patterns. These examples
clearly suggest the necessity to understand both the region-
specific interrelations among multiple drivers and species’
responses for better prediction of land-use change and thus its
effects on biodiversity.

Shifting agriculture was the most dominant driver in all tro-
pical regions corresponding to the recent estimates suggesting
that the cover of regenerating secondary forest is increasing

worldwide26. We demonstrated that this tendency is more drastic
especially within the range of threatened species. The effect of
shifting agriculture per unit area might be more limited than that
of commodity-driven deforestation, which permanently alters
forests into other land uses, since habitat structure might recover
as the forest vegetation regenerates to a secondary state following
the abandonment of the small clearings. However, ample evi-
dence shows that many types of agricultural activities significantly
degrade the conservation value of primary forest, especially in the
tropics27, which often recovers very slowly if ever28 with the loss
of irreplaceable conservation values. Therefore, given the wide
areas of dominance of shifting agriculture across all tropical
regions, its effect is likely to be pervasive. Consistently, our results
show that species extinction risk (i.e., IUCN Red List status) is
positively related to the proportional coverage of shifting agri-
culture (Fig. 2). In addition, as expected, a larger current pro-
portion of shifting agriculture within a species range worsens the
change rate in IUCN Red List status of the species (Fig. 4b).
Furthermore, the effect is anticipated to be magnified for forest
specialists because they are exposed to larger proportions of
shifting agriculture than are forest generalist (Fig. 2), and they are
also reported to recover more slowly than do forest habitat
generalists27,28.

A guideline for forest restoration suggested that appropriately
sized landscapes should contain ≥40% forest cover (higher per-
centages are likely needed in the tropics), with about 10% in a
very large forest patch and the remaining 30% in many evenly
dispersed smaller patches and semi-natural wooded elements
(e.g., vegetation corridors)29. Importantly, the guideline also
suggests that the patches should be embedded in a high-quality
matrix. Although younger secondary forest cannot be a substitute
for pristine forest until 50 years or more after a disturbance, it can
help to improve the quality of matrix in agricultural landscapes30.
Indeed, we show that the negative impacts of shifting agriculture
and forestry on IUCN status change have improved over time
(Fig. 4b, c), presumably corresponding to the forest regenerating
and recovery process. In contrast, the pattern of commodity-
driven deforestation, a land use accompanied with permanent
forest loss, showed a prolonged negative impact on IUCN status
change (Fig. 4a). Notably, whether regenerating forests can move
towards a highly diverse and structurally complex state or
towards a state of low to intermediate levels of biodiversity and
structural complexity depends on the amount of remaining intact

Fig. 4 Temporal trends of IUCN Red List status in tropical subregions (South-East Asia, Africa, and Latin America) interacting with the proportion of
focal current forest disturbance driver. a commodity-driven deforestation, b shifting agriculture, and c forestry. The change in species’ Red List status was
measured as a mean status change within a 10-year window sequentially moved to cover 1988–2018. Positive and a negative changes represent improving
and worsening of the status, respectively. Black, orange, and red solid lines represent status change predicted by a generalized linear mixed model (GLMM;
see Methods for details) when proportion of focal disturbance driver was assumed to be mean, 10th percentile, and 90th percentile of observed
proportions, respectively, keeping all other drivers at the mean level. Each polygon represents a 90% prediction interval based on fixed effects of the
GLMM, and the color of each polygon corresponds to the prediction shown as a solid line.
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mature forest in the landscape29. Therefore, a promising direction
for future research would be to develop our analysis further to
include spatiotemporal relationships among mature forest rem-
nants, secondary forests, disturbance drivers, and threatened
species populations.

For conserving the core patches of mature forests, the estab-
lishment of protected areas (PAs) is one of the most effective legal
measures that has been widely used to regulate land use for
biodiversity31. On the other hand, for improving matrix quality,
balancing conservation and use of the ecosystem would be criti-
cally important; shifting agriculture, for example, causes forest
degradation, but it also contributes to food supply chains sourced
from smallholder farmers and to food security of local
communities8. In fact, establishing mechanisms for managing
biodiversity-friendly landscapes has been intensively discussed
recently, given the large potential influence of these landscapes on
conservation32. These mechanisms include setting an interna-
tional target on OECMs15. Our finding of a disproportional
decrease in forest proportions with minor or no loss within
species ranges supports the urgency of the discussion. At the same
time, our results highlight an opportunity because large portions
of the disturbed forests for threatened species are dominated by
shifting agriculture at the global scale, especially in the tropics. As
suggested above, if manged properly, such landscapes can still
retain or improve functions as essential habitats and/or matrix for
a variety of forest-dwelling species. Our analytical method pro-
vides a tool set to identify and prioritize areas where such
attempts are urgently needed.

Global demands for natural resources and ecosystem services
drive land use in forests33 and thus affect biodiversity. Therefore,
connecting the supply chains to the five major drivers of forest
disturbance and their spatial overlaps with biodiversity is essential
to inform how we should regulate and design material flows from
forest ecosystems to keep them sustainable by minimizing the
effects on biodiversity. Existing studies examining the impacts of
resource consumption on biodiversity through supply chains of
various sectors have often been assessed at the country scale
(e.g.,12), partly because the availability of statistics needed to
estimate material flows in supply chains is usually limited at finer
(i.e., subnational) scales (but see34). We believe that our study
provides the first basis for filling the resolution gap between trade
statistics and local biodiversity effects by identifying patterns of
the local co-occurrence of biodiversity and the forest disturbance
drivers that can be directly linked to resource production at the
national scale. Note, however, that downscaling a remotely sensed
global data set into finer scales inevitably propagates errors and
biases which include both those in the original maps and those in
the processed data produced by analyses. Thus, preparation of
more high-resolution data sets is essential, especially for dis-
turbance drivers and threatened species’ distributions in our case,
to keep the errors and biases at a reasonable level at focal spatial
scales.

The effectiveness of area-based conservation measures to reg-
ulate land use for conservation including PAs and OECMs also
depends strongly on social and ecosystem conditions. For
example, a few studies show that the effectiveness of PAs in
halting or slowing forest disturbances depends on PA char-
acteristics such as size and history, as well as on the management
entities such as subnational governments or indigenous
peoples35–37. Moreover, there has been no attempt to elucidate
whether PAs and OECMs are effective at regulating supply chains
as a supply-side measure by balancing resource production,
ecosystem services for local communities, and biodiversity con-
servation; to tackle this issue, it will be necessary to conduct
extensive analyses integrating spatial and temporal patterns of
biodiversity, forest loss, its drivers, and material flows in global

food supply chains. Though it is challenging and beyond the
scope of this paper, solving this issue is urgent and raises a
promising opportunity for future research.

Methods
Global data of species range and forest disturbances. We obtained range maps
for amphibians, reptiles, and mammals from the IUCN Red List16 and those for
birds from BirdLife International38. For each species, we used only range polygons
where presence was not classified as ‘Extinct’ and origin was classified as ‘Native’ or
‘Reintroduced’. The dataset consisted of 28 139 species, 7752 of which are listed as
threatened: those classified as near threatened (NT), vulnerable (VU), endangered
(EN), or critically endangered (CR) on the Red List. We classified species as ‘non-
forest’ or ‘forest’ according to the IUCN Red List habitat classification data16. We
treated species using only forest habitat as forest specialists, those using forest
habitat and at least one other habitat type as forest generalists, and those not using
forest at all as non-forest species. We excluded non-threatened (including ‘Data
deficient’ and ‘Extinct in the wild’) species, non-forest species, and species that have
no overlaps with the forest driver maps (explained in the next paragraph) from the
subsequent analysis, resulting in 6164 threatened forest species: 1227 mammals,
1855 birds, 881 reptiles, and 2201 amphibians.

We calculated two types of driver proportions for comparison and mapping:
original and within species range. The original driver proportion is based solely on
the global driver map2, whereas the within-species-range driver proportion is
calculated by overlaying species range polygons on the global driver map.
Specifically, within each species range, we calculated the areas of each of five major
drivers of forest disturbances2: (i) commodity-driven deforestation, defined as the
long-term, permanent conversion of forest and shrubland to a non-forest land use
such as agriculture (including oil palm), mining, or energy infrastructure; (ii)
shifting agriculture, defined as small- to medium-scale forest and shrubland
conversion for agriculture that is later abandoned and followed by subsequent
forest regrowth; (iii) forestry, defined as large-scale forestry operations occurring
within managed forests and tree plantations with evidence of forest regrowth in
subsequent years; (iv) wildfire, defined as large-scale forest loss resulting from the
burning of forest vegetation with no visible human conversion or agricultural
activity afterwards; and (v) urbanization, defined as forest and shrubland
conversion for the expansion and intensification of existing urban centers, as well
as forest areas with zero or minor loss. Note that grid cells with no forest cover
have no data in the driver map. We then took the mean of each driver proportion
among species as a proxy for the driver’s effect on biodiversity (within species
range). Note that all of these calculations can be conducted at national and
subregion scales as well as at the global scale, because we also took summaries at
the national scale by overlaying the nation polygons on the species range polygons
and the global driver maps.

Subregional classification accuracy and error matrix of the drivers were
provided in the original study2 and Supplementary Table 6 therein. To consider the
classification uncertainties, the original driver proportion was recalculated using
the user’s accuracy (proportion of correctly classified areas within the total
classified areas as a driver) of each subregion randomly drawn from its 95%
confidence interval. A “misclassified area” according to the drawn accuracy was
redistributed to the other four drivers proportionally to their error rates in the
classification error matrix thereby we considered the full error matrix for each
subregion including both omission and commission errors. Similarly, we
recalculated the within-species-range driver proportion. We applied the same
procedure for driver proportions within each species range and then took the mean
of each of the recalculated driver proportions among species. We repeated the
recalculations of the accuracy-adjusted original driver proportion and the within-
species-range driver proportion 1000 times at global, subregion, and nation scales.
We then used the 1000 replicated data to quantify uncertainties due to the
classification errors in the results of subsequent analyses.

Temporal change of IUCN Red List status. To examine temporal change in Red
List status in relation to driver proportions, we collected the assessment history
records of the Red List status of each species between 1988 and 2018 using the R
package rredlist39. The IUCN Red List categories were transformed into an index
by applying the RLI calculation method40. Specifically, each Red List category was
transformed to a category weight (1.0 for LC, 0.8 for NT, 0.6 for VU, 0.4 for EN, 0.2
for CR, and 0 for EX). We calculated the mean temporal change of the weight for
each species by moving a 10-year window sequentially from the 1988–1997 win-
dow to the 2009–2018 window. Within each time window, the difference in the
category weights between the nearest neighboring assessments were calculated and
divided by the interval between the assessments to obtain annual change. When
there were more than two assessments within a time window, we took the mean of
annual changes as a proxy for the temporal change for the time window. We
excluded species that did not have multiple assessments in any time window. We
then extracted species in subregions where shifting agriculture is a major driver
(i.e., South-East Asia, Africa, and Latin America). Consequently, we obtained
temporal changes of IUCN Red List status for 2129 threatened forest species: 633
mammals, 900 birds, 98 reptiles, and 498 amphibians. In order to evaluate the
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sensitivity of the result to the width of time window, we conducted the same
calculation for 7-year and 13-year time windows.

Statistical analysis. To examine how the areas of the five forest disturbance
drivers as proportions of total forest area differed among regions and species
groups, we conducted a Dirichlet regression analysis17. Each species was treated as
a sample, and the proportions of the five drivers and zero/minor loss within the
species range at the global scale are response variables that are assumed to follow a
Dirichlet distribution. We used the ‘alternative’ parameterization17, where mean
and precision parameters are explicitly modeled. We assumed that the mean of
each proportion is a function of four categorical variables (i.e., explanatory vari-
ables): forest habitat specialization (forest specialist or generalist), status on IUCN
Red List (NT, VU, EN, or CR), taxonomic class (mammal, bird, reptile, or
amphibian), and subregion (Russia/Asia, South-East Asia, Oceania, Europe, Africa,
North America, and Latin America). We used the same classification of subregions
as used in Curtis et al.2; for species whose range contains more than two sub-
regions, the subregion that has the largest area in the species range was assigned. In
Dirichlet regression, since a separate model for each category (driver proportion
here) is over-determined, only C−1 models are fitted, and the Cth category is
treated as a baseline category and modeled implicitly as the ‘residual’ category after
the others are accounted for. We set the proportion of zero/minor forest loss as the
baseline category. We estimated the parameters of the Dirichlet regression using
the DirichletReg v. 0.741 package for R software with its default settings, except as
explained above. In addition, to consider the uncertainties due to the driver clas-
sification errors, we conducted the same Dirichlet regression analysis using each of
the 1000 replicated data sets that incorporate the classification accuracy, and thus
we obtained 1000 regression results. We then summarized the 1000 replications for
each regression coefficient to calculate its mean and 95% confidence interval.

We analyzed the relationships between the temporal change of IUCN Red List
status and the current driver proportions in South-East Asia, Africa, and Latin
America by using a generalized linear mixed model (GLMM). In the GLMM,
temporal change of IUCN Red List status within time windows for each species was
the response variable and proportion of major drivers in the subregions (i.e.,
commodity-driven deforestation, shifting agriculture, and forestry) within the
species range were used as explanatory variables. In addition, we included the
initial year of each time window and square of the year (centralized before squared)
as explanatory variables to control temporal trends across the focal period
(1988–2018). We also considered the interaction between year and each driver
proportion. The species’ subregion (South-East Asia, Africa, and Latin America)
and species ID nested in taxonomic class (mammal, bird, reptile, or amphibian)
were incorporated as random intercepts. The GLMM was estimated using the lmer
function42 in the R software package.

Data availability
Source data used for generating figures were provided in supplementary information and
deposited to a repository (https://doi.org/10.6084/m9.figshare.19471097).
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