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Comprehensive conservation assessments reveal high
extinction risks across Atlantic Forest trees
Renato A. F. de Lima1,2*, Gilles Dauby3, André L. de Gasper4, Eduardo P. Fernandez5, Alexander C. Vibrans6,
Alexandre A. de Oliveira7, Paulo I. Prado7, Vinícius C. Souza2, Marinez F. de Siqueira5,8, Hans ter Steege1,9

Biodiversity is declining globally, yet many biodiversity hotspots still lack comprehensive species
conservation assessments. Using multiple International Union for Conservation of Nature (IUCN) Red List
criteria to evaluate extinction risks and millions of herbarium and forest inventory records, we present
automated conservation assessments for all tree species of the Atlantic Forest biodiversity hotspot,
including ~1100 heretofore unassessed species. About 65% of all species and 82% of endemic species
are classified as threatened. We rediscovered five species classified as Extinct on the IUCN Red List
and identified 13 endemics as possibly extinct. Uncertainties in species information had little influence
on the assessments, but using fewer Red List criteria severely underestimated threat levels. We suggest
that the conservation status of tropical forests worldwide is worse than previously reported.

H
uman pressure on nature has increased
in recent decades, particularly in the
tropics, where most of the planet’s bio-
diversity resides (1, 2). Consequently, we
face a global biodiversity crisis (3). Re-

versing this crisis is a pressing challenge and
begins by classifying species based on extinction
risks, which are used to monitor biodiver-
sity and prioritize conservation actions (4, 5).
Also known as red listing, these conservation
assessments are a cornerstone of global con-
servation programs, such as the International
Union for Conservation of Nature (IUCN) Red
List, which categorizes species extinction risks
based on one or multiple criteria, including
population size decline (criterionA), geographic
range (criterion B), and very small populations
(criterion D).
Efforts to include species on the IUCN Red

List have grown in recent years, but much
remains to be done (4–7). Even for the well-
studied trees of Europe, red listing efforts have
been published only recently (8). One reason
why only a small part of global biodiversity
has up-to-date conservation assessments is the
difficulty in carrying out these assessments.

They require detailed species information and
the time, training, and resources to apply the
IUCN Red List Categories and Criteria on a
species-by-species basis (9), all of which are
limited, especially in the tropics (4, 5). There-
fore, automated assessments are increasingly
being proposed as complements or alterna-
tives to manual assessments (4, 10–13) to
provide fast-track conservation assessments
for megadiverse regions (14–16).
Assessments for tropical biodiversity hot-

spots, where most threatened species occur
(17), remain rare. One of these hotspots is the
Atlantic Forest in eastern South America,
which has more than 15,000 plant species, of
which half are endemic (18). With 35% of the
SouthAmericanhumanpopulation livingwith-
in its borders, about 80% of its original cover
has been lost, and deforestation and degrada-
tion remain high (19, 20). Species conservation
assessments are limited to about 25% of the
Atlantic Forest flora and are mostly being con-
ducted using few IUCNRed List criteria (21). A
comprehensive assessment at theAtlantic Forest
scale could provide insights into the conserva-
tion status of other tropical biodiversity hot-
spots, which do not all have the same amount
of information available as the Atlantic Forest.
We present the conservation status of the

Atlantic Forest tree flora, which represents a
third of the entire hotspot’s plant diversity and
is crucial to providing people with ecosystem
services (5, 7, 12). We automated the conser-
vation assessments for nearly 5000 species
using more than 800,000 herbarium records,
1.3 million tree counts from forest inventories,
and information on species life histories, com-
mercial uses, and long time-series of habitat
loss (fig. S1 and data S1) (22). We developed a
replicable workflow that strictly adheres to the
IUCN Red List Categories and Criteria (9) and
delivers conservation assessments based on
the IUCN criteria A to D (table S1). This work-
flow also evaluates the sensitivity of the assess-

ments to the number of IUCN criteria applied
anduncertainties in species information (tables
S2 to S4). Finally, we predicted the conserva-
tion status of tropical forests worldwide using
the relationship between species threat and
habitat loss observed in the Atlantic Forest.

Conservation status of the Atlantic Forest
tree flora

We classified two-thirds of the 4950 tree spe-
cies populations that occur in the Atlantic
Forest as threatened following the IUCN Red
List Categories and Criteria (Fig. 1A). The per-
centage of threatened species increases to 82%
when only endemic species are considered
(Fig. 1B), with 2025 endemic Atlantic Forest
trees globally threatened with extinction (data
S2). The Atlantic Forest’s Red List Index (RLI),
whichmeasures the overall conservation status
for a list of species and ranges from zero (all
species are extinct) to one (no threatened spe-
cies) (23), was 0.542 [95% confidence interval
(CI): 0.534 to 0.550]. These numbers are worse
than the global averages of threatened species
(25%) andRLI values (95%CI: 0.55 to 1) reported
for other groups of organisms (2), indicating
that threat levels in highly modified regions,
such as the Atlantic Forest, can bemuch higher
than global averages.
Many emblematic endemic trees of the

Atlantic Forest were classified as threatened in
this work. The iconic Paubrasilia echinata
(brazilwood), the tree that gave its name to
Brazil, was listed as Critically Endangered (CR)
owing to an estimated 84% drop in its pop-
ulation size over the past three generations.
The once common Araucaria angustifolia
(Paraná pine), Euterpe edulis (palm heart),
and Ilex paraguariensis (yerba mate) also ex-
perienced declines in their wild populations
of at least 50% and are thus classified as En-
dangered (EN). Endemic timber species, such as
Cariniana legalis,Dalbergianigra,Melanoxylon
brauna,Myrocarpus frondosus,Ocotea odorifera,
Ocotea porosa, Parapiptadenia rigida, and
Paratecoma peroba, also experienced declines
ranging from 53 to 89% and are thus classified
as EN or CR.
Most species (75%) were classified as threat-

ened under IUCN criterion A, which evaluates
population decline in the past three gener-
ations. The high deforestation of the Atlantic
Forest led to 57% of endemic tree species having
estimated population declines above the IUCN
threshold of 30% (9). By contrast, only 7% of
the endemics showed declines below 30%. An-
other important IUCN criterion to detect threat
in the Atlantic Forest was B2 (28% of the
cases), which is related to small areas of oc-
cupancy (AOO). AOO was below the thresh-
old of 2000 km2 for most species (median of
208 km2), but more than two-thirds of these
species occurred in more than 10 locations
or were not severely fragmented (figs. S2 and
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S3) and hence did not meet the conditions
necessary to be classified as threatened under
criterion B (9). Only 5% of all species were
classified as threatened under the IUCN crite-
ria C and/or D (small and declining popula-
tions or very small populations; fig. S4), with
most species (94%) exceeding the critical size
of 10,000 mature individuals.

Comparison with previous IUCN assessments

We found previous assessments for 59 and
49% of the Atlantic Forest tree flora at global
(24) and national levels (21), respectively. We
thus present the first assessments for 1120
species, 456 of which are Atlantic Forest en-
demics. We rediscovered five species previously
classified as Extinct (EX) on the IUCN Red
List: Campomanesia lundiana, Chrysophyllum
januariense, Myrcia neocambessedeana, Pouteria
stenophylla, and Pradosia glaziovii. These spe-
cies were classified as EX because they were
known only from their type specimens at the
time of the previous assessments (1998). We
found taxonomically and geographically vali-
dated herbarium records for 2008 or later for
all five species. Only C. lundiana had no recent
taxonomically vetted record, suggesting that it
could indeed be assessed as EX or that its tax-
onomic delimitation remains uncertain. All five
species remained classified as threatened in
this work but under different categories, which
emphasizes the importance of new information

to keep the IUCNRed List up to date (25–27) and
how approaches like the one we used can facil-
itate a higher frequency of reassessments (13).
Overall, our reassessments rarely resulted in

up-listing species by more than two threat cat-
egories (4%) or down-listing species previously
assessed as threatened (also 4%), mainly when
comparisons considered assessments using only
criterion B (table S5). This confirms that auto-
matedassessments canprovideaccuratepictures
of species conservation statuses for tropical re-
gions (14, 15). About 3% of the species moved
fromtheLeastConcern (LC) orNearThreatened
(NT) IUCN Red List categories to CR. These spe-
cieswere previously classified asLCowing to their
large extent of occurrence (EOO) (>20,000 km2),
but we estimated population reductions greater
than 80%, which is the IUCN threshold to clas-
sify species as CR. Another 3% that were pre-
viously classified as threatened were assessed
in this work as LC or NT. For these species, we
found no indications of population declines
≥30%, severe fragmentation, or occurrence in
fewer than 10 locations (figs. S2 and S3), which
are the necessary conditions to detect threat un-
der the IUCN criterion A or B (9).
TheRLI value for the endemicAtlantic Forest

tree flora deteriorated from 0.74 (95% CI: 0.73
to 0.76) in the assessments that are available on
the IUCN Red List to 0.50 (95% CI: 0.49 to 0.51)
in our reassessments (Fig. 2). Only 18% of the
species previously assessed as LC remained so

in our reassessments (Fig. 2). This deterioration
may be due to differences in the amount of in-
formation available, the number of IUCNcriteria
used, or a genuine decline in the species’ con-
servation statuses (28). To separate these causes,
we compared changes for 1170 endemic species
that we reassessed using only IUCN criterion B.
About 31% of these species had changes in their
assessments, resulting in a significantly better
RLI value (95% CI: 0.82 to 0.85) than the pre-
vious one (95%CI: 0.74 to 0.78). This unexpected
finding is likely due to the inclusion of new
occurrences, which tends to classify species
under lower levels of threat (29). Thus, the
observed RLI deterioration is more related
to the inclusion of more IUCN criteria in our
reassessments than to a genuine decline in
the Atlantic Forest conservation status (see
next section).

The influence of the number of IUCN criteria
on species assessments

Around 69% of the plants on the IUCN Red
List are assessed using only criterion B (spe-
cies geographic range) (24) owing to limited
data on population size and trends for most
organisms (6, 28, 29). To evaluate the impact
of using multiple IUCN criteria on conserva-
tion assessments, we compared the results for
a subset of 2698 species that were assessed in
this work using four IUCN criteria (A, B, C,
and D; table S1). We found that assessments
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Fig. 1. The proportion of populations classified under each threat category
and the corresponding IUCN criteria assigned to the categories. (A and
B) Results are presented for the populations of (A) all tree species occurring
in the Atlantic Forest (n = 4953) and (B) only endemic species (n = 2464).
The proportion of populations classified under each threat category and the
corresponding IUCN criteria (indicated by letters) are shown in the central pie
chart and external donut chart, respectively. Populations classified as NA mainly

correspond to the Not Applicable category of IUCN regional assessments,
including vagrant species. For clarity, panels do not include the Data
Deficient category (too few species). Here, we define “population” as a group
of individuals of the same species that inhabit the same geographical
area (the Atlantic Forest, in our case). CR, Critically Endangered (red); EN,
Endangered (orange); LC, Least Concern (dark green); NA, Not Applicable (gray);
NT, Near Threatened (green); VU, Vulnerable (yellow).
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would be substantially different if only crite-
rion B, C, or D was used (Table 1), with six
times fewer species found to be threatened if
we had used only criterion B. This discrep-
ancy is likely due to the fact that criterion B
does not consider population declines with-
in species ranges. Common endemic species
with large ranges (>300,000 km2) and pop-
ulation sizes (>2,000,000 mature individu-
als), such as Metrodorea nigra or Picramnia
ramiflora, had estimated population declines
greater than 90%. Therefore, assessments that

use only criterion B can severely underestimate
the conservation status of regional biotas, espe-
cially in highly modified regions such as the
Atlantic Forest and other biodiversity hotspots.

Uncertainty in species information
and identifications

Much of the species’ information that is needed
to apply IUCN criteria A, C, and D is missing
for tropical regions. Therefore, we had to make
generalizations of species’ generation lengths
(GLs) and proportions of mature individuals

in the population (p) (tables S2 and S3), based
on a combination of species’ growth forms
(e.g., large trees) and ecological groups (e.g.,
pioneers; data S3). To assess the sensitivity
of our assessments to these generalizations,
we compared them with assessments that
were generated using varying values of GL and
p. We found that only the use of GLs smaller
than 25 years could considerably change the
overall proportion of threatened species (fig.
S5). This occurred because, for most species,
the peak of Atlantic Forest loss (1950–1980) is
more recent than the three GLs defined by the
IUCN to evaluate population size decline. So, 57
and 92% of species threatened under criterion
Awould have remained so if we had considered
only one or two GLs, respectively. We also found
that using smaller values of p changed few as-
sessments under criteria C and D (figs. S6 and
S7) because populationsmostly remained well
above the IUCN critical population size of 10,000.
Our group-specific approach is biologicallymean-
ingful because it is based on species life histories
and evidence from long-term monitoring of
tropical trees (22).
Only recordswith species identifications that

were vetted by taxonomists should be included
in conservation assessments (25). In our data-
set, only 38% of the recordswere taxonomically
vetted, whichwould lead to fewer records avail-
ableper species andthus less-reliableassessments
(10, 30). Therefore, we implemented an approach
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Fig. 2. A comparison between previous conservation assessments and the
new ones presented in this work. (A and B) A comparison between previous
assessments (left arcs) and the assessments in this work (right arcs) is
presented at (A) global and (B) regional levels. The widths of the linking lines
correspond to the proportion of species shared between categories of threat

of the two assessments. Previous conservation assessments were obtained
at the global level from version 2022-2 of the IUCN Red List (www.iucnredlist.
org) and from the national red lists from Argentina, Brazil, and Paraguay.
The color legend is the same as in Fig. 1. DD, Data Deficient (gray);
EX, Extinct (black).

Table 1. A comparison of the assessments based on individual and multiple IUCN criteria for
the populations of all species and only endemic species. A comparison was conducted for a subset of
Atlantic Forest populations that had enough information available to assess criteria A, B, C, and D. For the
RLI, values in brackets represent the 95% CI around mean estimates obtained from 50,000 bootstraps;
different superscript lowercase letters indicate differences of RLI means among categories based on
the 50,000 bootstraps that were run for the same set of populations. We define “population” as a group of
individuals of the same species that inhabit the same geographical area (the Atlantic Forest, in our case).

Criteria
Populations of all species (n = 2698) Only endemic species (n = 1586)

Threatened (%) RLI Threatened (%) RLI

A 91.4 0.471 (0.464‒0.479)a 90.3 0.498 (0.488–0.507)a
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

B 10.7 0.951 (0.945‒0.956)b 16.5 0.924 (0.915‒0.932)b
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

C 2.5 0.993 (0.991‒0.995)c 3.2 0.992 (0.990‒0.995)c
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

D 2.3 0.994 (0.993‒0.996)c 3.2 0.993 (0.991‒0.995)c
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

A, B, C, and D 91.7 0.470 (0.463‒0.478)a 90.6 0.489 (0.479‒0.499)a
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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to add records while losing as little taxonomic
confidence as possible (fig. S8 and table S4).
We compared this approach to assessments
using only taxonomically vetted records (fig.
S8A) and found that our approach resulted in
fewer threatened species (17%) than the latter
approach (27%). Consequently, the RLI was
significantly higher here (0.906; 95% CI: 0.900
to 0.912) than when using only taxonomically
vetted records (0.843; 95% CI: 0.841 to 0.855).
Differences between approaches were larger
for assessments that used less than 60% of
taxonomically vetted records (fig. S8B). These
differences emerge from the different number
of records available: Assessments that use more
records often yield higher EOO and AOO esti-
mates (30, 31). Alternatively, adding misiden-
tified records outside species’ natural ranges
overestimates their EOOandAOO (25). Together,
these explanations suggest that we likely under-
estimated the threat status of species that have
fewer taxonomically vetted records.

Threatened species in time and space

Of the 815,000 valid herbarium records, the
first dates from the 17th century, but 79%were
made after the 1980s.We foundno valid records
over the past 50 years for 41 endemic species.
Thirteen species are only known from their
type specimen (fig. S9), which is one of the
criteria for tagging threatened species as pos-
sibly extinct (9). These are priority species for
new studies (data S2) to assess whether they
have limited sampling and/or taxonomic treat-
ment or are probably extinct in nature (9).

The spatial distribution of threatened spe-
cies in the Atlantic Forest was similar when
considering all species or only endemic ones.
We found that thewestern, central, and north-
ern regions had the worst RLI values (Fig. 3)
and the highest proportions of threatened spe-
cies (figs. S10 to S13). Previous studies have
shown that the western and northern regions
have fewer species and endemism than the
central region (18, 32), but they all share the
highest fragmentation levels of the Atlantic
Forest (19), except for the Misiones region in
Argentina. In addition, we found that the Serra
doMar and Araucaria regions, which are home
to the largest Atlantic Forest remnants and
systems of strictly protected areas (19, 20), had
smaller proportions of threatened species. This
highlights that threatened species are concen-
trated where habitat loss and fragmentation
are greater. Therefore, in situ conservation ac-
tions in theAtlantic Forest (e.g., reverting forest
degradation, fostering landscape restoration,
and the creation and strengthening of pro-
tected areas) should target not only areas with
high species richness and endemism (18, 33)
but also highly modified areas where threat-
ened species are less likely to sustain their pop-
ulations owing to low habitat quantity, quality,
and connectivity (34, 35).
We found that most threatened endemic

trees (82%) had at least one confirmed occur-
rence inside strictly protected areas. However,
75% of them had less than a quarter of their
records and one-tenth of their EOO inside
protected areas (fig. S14). Species classified as

CR had fewer occurrences in protected areas
than those in other threat categories, which is
partially explained by the smaller proportion
of protected areas within their EOO (fig. S14).
Also, the terrestrial area of habitat (AOH) that
remained in 2018 was significantly lower for
species classified as CR (median of 19%) than
for those in other threat categories (fig. S15).
These results indicate that many threatened
Atlantic Forest tree species occur mostly in
unprotected areas and have limited habitat
left. A comprehensive study on the type, design,
and extent of conservation actions that are able
to increase habitat availability, quality, and
protection of threatened Atlantic Forest trees
is needed. Maps of regions with higher con-
centrations of threatened species (figs. S11 and
S13), especially CR endemics (fig. S16), are cru-
cial for prioritizing those conservation actions.

Implications for tree species conservation

The conservation status of the Atlantic Forest
tree flora is alarming but probably worse in
reality. Our assessments focused more on the
decline of habitat quantity (i.e., deforestation)
rather than quality (i.e., forest fragmentation
and degradation). Estimated population de-
clines would have been greater if only the
intact Atlantic Forest was considered (3.5 to
7% instead of the 12 to 28% of all forest cover)
(19, 36). Additionally, we used conservative
values of GL, p, and exploitation levels for
valuable species and incorporated as much
data as possible for the assessments of species
with fewer occurrences. These choices likely

Fig. 3. The spatial distribution
of tree species threat in the
Atlantic Forest biodiversity hot-
spot. (A and B) Maps present the
spatial interpolation of the RLI
across the Atlantic Forest bio-
diversity hotspot, considering the
populations of (A) all tree species
and (B) only endemic species. The
RLI interpolation was obtained
based on the list of species
recorded (and their threat
categories) across the cells of a
grid covering the entire region.
The RLI ranges from zero (all
species are classified as extinct)
to one (all species are not threat-
ened). The color scale ranges
from lower, or worse, RLI values
(dark red) to higher, or better,
values (yellow).
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led to more conservative estimates of species
threat (i.e., smaller species ranges, population
sizes, and/or declines), particularly for late-
successional species (37). This is less the case for
early-successional species, whose population de-
clines due to habitat loss are often mitigated by
changes in habitat quality (e.g., increase of forest
edges). These changes were accounted for in
our assessments (22), but there are still un-
certainties related to their population declines.
Furthermore, most Atlantic Forest loss occurred
in the past 50 to 70 years, which, formany tree
species, falls within two to three GLs into the
past. So, despite the smaller Atlantic Forest
deforestation today, the effects of past hab-
itat loss, fragmentation, and selective logging
on these long-lived species may not have had
enough time to fully express themselves (38),
which suggests an extinction debt yet to be
paid in the coming decades (39, 40).
The status of the Atlantic Forest tree flora

has direct implications for the Global Tree
Assessment initiative (5, 7) and the IUCN post-
2020 global biodiversity framework. We pro-
vide all the IUCN-required information to ease
the incorporation of our assessments into their
Red List (data S4), seeking to bridge the gap
between research and its integration into con-
servation practice (13). We also highlight hab-
itat loss as the main threat to tropical tree
diversity, which raises the question about its
impact on other tropical forests (14, 16, 17,41–43).
Thus, based on the present forest cover of 18
main tropical forests and the relationship be-
tween species threat and Atlantic Forest loss
(fig. S17) (22), we roughly estimate that 20,504
to 24,910 tropical tree species are likely threat-

ened because of habitat loss alone (Fig. 4 and
tables S6 and S7). This represents 35 to 43% of
tree species worldwide (7, 14) and confirms
that tropical forests shelter most of the global-
ly threatened species (17). Despite its assump-
tions and limits, this prediction includes only
tree species that are endemic to these 18 trop-
ical forests (22). Therefore, it is higher than the
present estimate of 30% of threatened tree
species (7) and closer to the 43% that is
estimated using artificial intelligence (12).
If we account for temperate species and trop-
ical species that are shared among tropical
forests or woodlands (i.e., nonendemics),
threats of habitat loss to global tree diversity
will be even greater than previously recog-
nized, making trees one of the most threat-
ened groups of organisms on the planet (2).
Considering the ecological and sociocultural
importance of tree species (5, 7) and the con-
tinued pressure on tropical forests (1–3),
fighting tropical deforestation and effectively
implementing both in situ and ex situ conser-
vation must be prioritized if we are to prevent
the extinction of thousands of tree species in
the next decades.
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world. Predictions are based on the relationship between population size
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values (green). See supplementary materials and tables S6 and S7 for details
and the full tropical forest names that correspond to the numbers in the map.
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Editor’s summary
Efforts to set conservation priorities and evaluate protection activities often depend on assessments of species’
conservation statuses, such as the International Union for Conservation’s Red List of Threatened Species.
Assessments require detailed data, considerable time, and expertise. de Lima et al. used an automated, quantitative
method to assess species based on the Red List criteria and applied it to nearly 5000 tree species from the Atlantic
Forest, a relatively data-rich biodiversity hotspot in South America. They classified over 80% of endemic species as
threatened and 13 species as possibly extinct. Data to estimate population reductions, which are not available in many
tropical areas, were key to assessing threatened status for many species. —Bianca Lopez
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