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The species—area relationship (SAR) has long been used to predict extirpation rates
from habitat loss, but these rates depend not only on habitat area but also on the
surrounding landscape and species’ habitat specialization. We collated global data
from forest islands created by river damming and forest fragments resulting from
clear-cut deforestation to examine the effects of matrix type (aquatic or terrestrial)
and tree cover on avian SARs. Unlike oceanic islands, which are often millions of
years old, anthropogenic forest islands provide a contemporary analog to forest frag-
ments to understand matrix effects on SARs and serve as a baseline for worst-case
scenarios of forest fragmentation. Our database comprises 50 datasets from 45 studies
conducted in tropical and subtropical regions, totaling 1,954 bird species detected
through 39,197 incidence records from 336 forest islands and 669 forest fragments.
We found that bird extirpation rates were lower in fragments than on islands, espe-
cially for forest-dependent species compared to all species. Species losses were further
reduced by increasing tree cover around forest remnants at local landscape scales of
300 m, highlighting the importance of small-scale conservation strategies. Moreover,
even small forest fragments with greater nearby tree cover held high conservation
value, emphasizing the crucial role of the surrounding landscape in mitigating avian
extirpations from forest remnants. Beyond protecting forest remnants themselves,
area-based conservation efforts would therefore be greatly enhanced by improving
matrix quality and expanding tree cover in otherwise hostile landscapes.

biodiversity conservation | biogeography | habitat fragmentation | species richness |
tropical forests

Biodiversity loss is a pressing challenge, with species extinctions and extirpations irrevers-
ibly altering ecosystems and threatening the many benefits they provide to society (1).
The magnitude of this biodiversity crisis is daunting, with nearly nine thousand terrestrial
vertebrate species showing signs of decline (2). The foremost strategies to mitigate this
ongoing mass decline in species are area based, including sparing wildlife habitat by
improving intensive farming practices (3) and setting aside large interconnected protected
areas (4). A complementary strategy is conserving biodiversity in human-modified land-
scapes—such as pasturelands and croplands, along with the interwoven wildlife habitats
that persist within them (5)—which cover over half of the global land surface (6). However,
the capacity for human-modified landscapes to conserve biodiversity depends on the

Significance

In fragmented forest landscapes,
species richness declines with
decreasing forest remnant size,
but the magnitude of these
declines depends on the quality of
the surrounding landscape and
species’ habitat specialization. By
examining the effects of matrix
type and tree cover near forest
remnants on species-area
relationships, we found that forest
fragments in terrestrial matrices
supported more bird species than
similar-sized forest islands
surrounded by water. Species
richness also increased with tree
cover within 300 m of forest
remnants, with stronger effects
for forest-dependent species
compared to all species. These
findings indicate that the
conservation value of forest
remnants could be boosted by
enhancing matrix quality—making
it less hostile, more permeable,
and richer in resources—and
expanding nearby tree cover.
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amount and quality of wildlife habitat available (7, 8), the characteristics of the intervening
matrix (9), and species’ habitat specialization (10).

The species—area relationship (SAR), which describes the number of species as a function
of habitat area, is fundamental to the conservation and management of fragmented habitats
(11-13). It has been widely applied to predict species extirpation (i.e., local extinction) rates
due to habitat loss (14) and is a cornerstone of protected area design (15-17). The SAR also
provides a framework to quantify the biodiversity importance of small habitat remnants
(18) and how the intervening matrix may affect species richness in adjacent wildlife habitats
(19, 20). This is because the SAR is often best described as a power-law function (21, 22),
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meaning that expanding small habitat areas accumulates species at
a greater rate than larger ones, all else being equal.

Comparisons of SARs between naturally formed islands (e.g., oce-
anic islands) and anthropogenic habitat remnants (e.g., forest frag-
ments) suggest that a less inhospitable matrix contributes to a decrease
in SAR slopes (21, 23) (i.e., the rate at which species richness increases
with area) and an increase in SAR intercepts (i.e., the species richness
in a 1-ha forest remnant area in log—log space) (21). For example, a
multitaxa comparison of 125 SARs from oceanic islands and 135
SARs from terrestrial-matrix habitat remnants found 118% higher
SAR intercepts and 37% lower SAR slopes in the latter, based on
median values (21). However, oceanic islands are often millions of
years old (24) and may not be appropriate for direct comparisons
with contemporary terrestrial-matrix habitat remnants. Moreover,
the biota in habitat remnants initially consists of relict species (present
before fragmentation) and is later supplemented by species from the
surrounding landscape, offering a distinct contrast to oceanic islands,
which start with no species and are colonized from large landmass
sources (25, 26). Recently isolated islands within reservoirs created
by river damming represent once-continuous habitat that becomes
fragmented into habitat remnants surrounded by an inhospitable
water matrix, forming an anthropogenic archipelago. Therefore, res-
ervoir islands serve as clear analogs for understanding the effects of
matrix type (aquatic or terrestrial) on SARs for habitat remnants in
human-modified landscapes.

In this study, we quantify the effects of the surrounding landscape
on species richness of tropical and subtropical forest remnants
embedded within either freshwater aquatic or terrestrial matrices.
Herein, the term surrounding landscape comprises both the matrix
type (“nonhabitat”) and the amount of tree cover (“habitat”) around
forest remnants within a given landscape size. We compare bird
species richness for all species and forest-dependent species from
50 datasets comprising either forest islands in water reservoirs or
forest fragments in anthropogenic terrestrial matrices (Fig. 1 and
SI Appendix, Table S1). Applying the SAR for forest remnants of
varying size (Type IV curve) (27), we hypothesize that terrestrial
matrices are less hostile, more permeable, and provide more resource
subsidies for terrestrial birds (28) than an aquatic matrix, resulting
in greater species richness in forest fragments than forest islands.
Additionally, we predict that the relative benefits of terrestrial matri-
ces will be more substantial in smaller versus larger forest fragments.
Specifically, we expect that species richness in small forest remnants
(SAR intercept) will be higher and predicted extirpation rates (SAR
slope) lower in forest fragments than on similar-sized forest islands,
particularly for forest-dependent species.

[

-\‘w

Bird species
richness

600

400

Matrix type
© Aquatic
O Terrestrial

200

We also examined two alternative predictions that may account
for variation in SAR intercepts and slopes. First, metapopulation
dynamics theory predicts that SAR intercepts and slopes are affected
by isolation from the source of individuals (e.g., large forest rem-
nants) subsidizing nearby sinks (e.g., small forest remnants) (29, 30).
Accordingly, we tested whether isolation from potential sources of
individuals affected SAR intercepts and slopes using SAR models
that included the effect of the amount of tree cover in the surround-
ing landscape. This approach reflects isolation as habitat availability
within a given landscape size, which has been shown to outperform
distance-based metrics in fragmented landscapes (31). Thus, forest
remnants surrounded by higher tree cover are considered less iso-
lated and more likely to receive immigrants than those surrounded
by lower tree cover (7). Second, extinction debt theory predicts that
forest remnants undergo delayed extinctions, which may only be
realized many years after isolation (32, 33). Such extinction debrt is
expected to steepen SAR slopes and reduce intercepts compared to
more recently isolated forest remnants. Thus, we additionally mod-
eled the effects of both forest remnant area and time since isolation
on species richness.

Results

For all species, the best-fit model in the candidate set included an
interactive fixed effect of matrix type on the SAR intercept and
slope (81 Appendix, Table S2; AICcWt = 0.90). Accordingly, a
terrestrial matrix increased the intercept (i.e., more species in 1-ha
forest remnants) and decreased the slope (i.e., species richness less
sensitive to reductions in forest remnant area). In general, bird
species richness within any given 1-ha forest fragment increased
by 139% (95% CI: 112 to 157%; from 11 to 26 species), and
species loss due to forest shrinkage decreased by 52% (95% CI:
43 t0 58%; from 0.27 to 0.13), compared to forest islands (Fig. 24
and SI Appendix, Table S3). Moreover, the matrix effect was sig-
nificant for forest-dependent species, with forest fragments show-
ing an intercept 143% higher (95% CI: 111 to 165%; from 7 to
18 species), and a slope 52% lower (95% CI: 43 to 58%; from
0.32 to 0.15) than forest islands (Fig. 2B and S/ Appendix,
Table S4). Importantly, our models were fitted primarily to data
from relatively small forest remnants (upper quartile = 146.8 ha;
n = 1,005; S Appendix, Fig. S1).

While these results allow us to draw inferences about frag-
mented forest landscapes across the tropics, where forest remnants
are typically smaller than 17 ha (34), SAR slopes for larger islands

and fragments are more uncertain. For example, it seems unlikely

Fig. 1. Location of the 50 datasets from tropical and subtropical regions. These datasets were used to examine the effects of the surrounding landscape on
avian SARs. Birds were surveyed in forest remnants created by either river damming (aquatic matrix) or clear-cut deforestation (terrestrial matrix). The overall
sampling effort included data obtained from 1,005 forest remnants, comprising 336 forest islands and 669 forest fragments. The map was produced using
global bird species richness raster data from BiodiversityMapping.org (Materials and Methods).
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Fig. 2. Matrix effect on avian SARs. The Linear Mixed-Effects Models (LMMs) included forest remnants surrounded by either an aquatic or terrestrial matrix
based on 50 datasets from tropical and subtropical regions. Compared to forest islands (aquatic matrix), forest fragments (terrestrial matrix) showed higher
species richness in a 1-ha forest remnant (i.e., higher regression intercept) and lower predicted extirpation rates (i.e., lower regression slopes), indicating that
the terrestrial matrix reduces species’ minimum habitat area requirements and mitigates species loss due to forest loss. This pattern held true for both (A) all
species and (B) forest-dependent species. Data are from 336 forest islands and 669 forest fragments (see S/ Appendix, Fig. S1 to visualize the distribution of
areas of islands and fragments). Blue regression lines are truncated at the size of the largest island. Shaded areas indicate 95% Cl. Note that both axes are on
a base-10 logarithmic scale, as indicated by the inner tick marks. Regression coefficients were derived from a LMM [log,,(Bird species richness) ~ log,,(Forest
remnant area) x Matrix type] with dataset identity as a random factor. The estimated parameters displayed in the Top-Left corner of panels A and B are

backtransformed to the power-law function.

that islands harbor more species than fragments, as predicted for
all species beyond 510 ha and for forest-dependent species beyond
216 ha (Fig. 2). Indeed, above the intersection of the SAR regres-
sions up to the largest island (2,551 ha), islands harbored, on
average, fewer species than fragments for all species (mean + SD =
50 + 34 and 58 + 42, respectively) and forest-dependent species
(38 + 24 and 45 + 33). However, these differences were not sta-
tistically significant (# test: all species, 2 = 0.419, n = 21 islands
and 47 fragments; forest-dependent species, P = 0.151, n = 40
islands and 124 fragments). Overall, this indicates that, beyond
a certain size (e.g., approximately 300 ha), islands and fragments
do not differ in their species richness and behave similarly to a
continuous habitat (35).

For forest-dependent species, the best-fit model in the candidate
set included an interactive fixed effect of tree cover in the sur-
rounding landscape on the SAR intercept and slope (S7 Appendix,
Table S5; AICcWt = 0.97). Accordingly, as tree cover around forest
remnants increased, the intercept increased while the slope
decreased (Fig. 34 and SI Appendix, Fig. S2A and Table S6). For
all species, tree cover had a significant effect on the SAR intercept
but not on the slope (Fig. 38 and SI Appendix, Fig. S2B and
Table S7). This indicates that tree cover primarily elevates overall
richness rather than altering the rate of species loss as forest rem-
nant area decreases. For example, for a 5-ha forest remnant, one
SD of additional tree cover within 300 m increases the expected
forest-dependent species richness by 16% (95% CI: 11 to 22%;
from 19 to 23 species) and of all species by 9% (95% CI: 4 to
13%; from 26 to 29 species). The same increase in tree cover
reduced the SAR slope by 10% (95% CI: 4 to 17%; from 0.19
t0 0.17) for forest-dependent species but had no significant effect
for all species.

PNAS 2026 Vol.123 No.14 2521783123

Elevation, latitude, and the size of the regional species pool were
all uninformative in explaining the variation in the SAR intercepts
and slopes for either all species or forest-dependent species
(81 Appendix, Tables S2 and S5). Similarly, we found no evidence
that isolation time affects the coefficients of avian SARs in a sub-
analysis of 29 (58%) of the 50 studies for which isolation time is
known (81 Appendix, Tables S8 and S9).

Discussion

Avifaunas in forest fragments can benefit from the intervening
terrestrial matrix, leading to smaller patch-scale habitat area
requirements for species (higher SAR intercept) and a reduced
effect of forest remnant area shrinkage on species richness (lower
SAR slope) compared to forest islands. Remarkably, the number
of species was more than twice as high in small-sized (~1 ha) forest
fragments compared to forest islands, reinforcing the notion that
terrestrial matrix habitats do contribute to biodiversity persistence
in small forest remnants (36). Likewise, the magnitude of species
loss with decreasing area was reduced by over 50% in forest frag-
ments relative to forest islands, highlighting the potential of ter-
restrial matrices to moderate area-driven biodiversity loss. The
number of species in forest remnants increased along the gradient
from low- to high-quality matrix (9, 37), represented by aquatic
and terrestrial matrices, respectively. This pattern is influenced by
three core matrix effects associated with species’ dispersal, resource
availability, and the abiotic environment (28).

Regarding dispersal through the matrix, species exhibiting more
gap-crossing movements also occupy a larger number of forest
fragments in southern Amazonia (38). Such movements can be
enhanced by the matrix type, as demonstrated in a translocation

https://doi.org/10.1073/pnas.2521783123 3 of 8
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Fig. 3. Tree cover effect on avian SARs. The LMMs included forest remnants surrounded by different levels of tree cover within a 300-m buffer around the
point location of each of the surveyed forest remnants. Because tree cover and log,,-forest remnant area are expected to be positively related, we used the
residuals of the linear regression model between these two variables as the interactive predictor variable. For simplicity, we refer to these residuals as tree
cover, as this approach removes the contribution of forest remnant area to the total tree cover in the local landscape. (A) For forest-dependent species, greater
amounts of tree cover around forest remnants increased the regression intercept and decreased the slope. (B) For all species, only the regression intercept
was significantly influenced by tree cover. Data are from 1,005 forest remnants. Regression lines represent the effect of forest remnant area on bird species
richness for the mean value of tree cover surrounding forest remnants (average), while lower and higher values correspond to -1 and +1 SD from the mean,
respectively. The 95% Cl were omitted here to enhance visualization, but they are shown in S/ Appendix, Fig. S2. Note that both axes are on a base-10 logarithmic
scale, as indicated by the inner tick marks. Regression coefficients were derived from a LMM [log,y(Bird species richness) ~ log,,(Forest remnant area) x Tree

cover] with dataset identity as a random factor.

experiment in Jamaica, where passerine species showed lower
movement capacity across a bauxite mining matrix compared to
a periurban matrix (39). Moreover, recolonization of previously
extirpated species from forest fragments has been documented at
the Biological Dynamics of Forest Fragments Project in the
Brazilian Amazon as the secondary forest matrix becomes struc-
turally more similar to old-growth forest habitat (40). Collectively,
the evidence suggests that more permeable matrices increase spe-
cies richness in forest remnants by enhancing landscape connec-
tivity, which is undoubtedly greater in terrestrial than in aquatic
matrices. Such greater connectivity is expected to lower SAR slopes
by reducing extinction risk through the rescue effect, as the demo-
graphic and genetic contributions of immigrants of species already
present in forest remnants increase their population size and fitness
(41). However, the contribution of matrix type to the rescue effect
depends on the presence of nearby sources of individuals for forest
remnants. For example, in Chile, highly isolated relict forest frag-
ments exhibited higher SAR slopes for birds than land-bridge
islands near the mainland (42).

A benign matrix can help maintain or increase species’ popu-
lation sizes in forest fragments via landscape supplementation or
complementation, providing resources similar to or different from
those found in forest fragments, respectively (9, 28). This was the
case for Amazonian hummingbirds surveyed by mist-netting in
forest fragments before and 9 y after isolation (43). Of the three
species studied, capture rates in forest fragments remained con-
stant for two species over time but nearly doubled for the third
species, despite a decrease in forest area. This outcome likely relates
to the ability of the hummingbird species to forage in a variety of
habitats, including young second growth (43). As the extirpation
risk decreases with increasing population size (26), the ability of

https://doi.org/10.1073/pnas.2521783123

species to exploit resources available in the intervening matrix will
ensure their persistence in forest fragments, ultimately mitigating
species loss over time, as predicted by extinction debt theory (32).
Opverall, as more species in forest fragments are able supplement
or complement their metabolic requirements from resources in
the matrix, their minimum forest area requirements will be lower,
resulting in higher forest fragment SAR intercepts compared to
those of forest islands.

The quality of the matrix also affects the microhabitat structure
and abiotic environment in forest fragments, which in turn affects
species” persistence. For instance, among several microclimatic
variables examined along the edge to forest interior distance gra-
dient, light intensity was the most important predictor of bird
assemblages in Mesoamerican forests (44). Furthermore, popu-
lation declines of species restricted to shaded environments point
to the effects of greater light intensity as a plausible reason for
extirpation of light-sensitive species in fragmented tropical forest
landscapes (44). Distance to the forest edge also alters vegetation
density, canopy cover, and leaf litter depth in forest fragments,
thereby degrading the microhabitat structure for forest specialist
species, precluding them from persisting in small forest fragments
or near forest edges, as shown for terrestrial insectivorous birds
in the Brazilian Amazon (45, 46) and Peninsular Malaysia (47).
Since the magnitude of edge-associated effects is strongly medi-
ated by the intervening matrix (48), forest fragments within a
terrestrial matrix are exposed to weaker edge effects than forest
islands within an aquatic matrix (49). Our study extends this
finding by examining multiple landscapes across the globe, cor-
roborating that forest fragments retain higher habitat quality
than similar-sized forest islands, thereby supporting more
bird species.

pnas.org
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The matrix effect on both the slope and the intercept of SARs
appears to be a general finding (21), with responses varying among
different taxonomic groups. For example, a comparison between
anthropogenic forest islands and fragments found a positive SAR
slope for bats on islands, but a flat slope in fragments (50). Matrix
type was also the only factor explaining variance among 28
amphibian SARs from 441 forest remnants surrounded by either
an aquatic matrix or five types of terrestrial matrices (20). Despite
our coarse matrix classification into either aquatic or terrestrial,
SARs derived from avian surveys in Amazonian forest remnants
within open matrices—water and pastureland—yielded a much
steeper SAR slope for forest islands (z = 0.316) (51) than for forest
fragments (z=0.191) (52). However, we acknowledge that a more
refined assessment of terrestrial matrix quality—e.g., covering the
spectrum from bare ground to old secondary forest—is essential
to determine the degree to which any terrestrial matrix shapes the
SARs of forest fragments.

Beyond matrix effects on the SAR in patchy ecosystems (25), the
effect of habitat shrinkage on species loss is determined by the hab-
itat specialization of the focal species group. Indeed, depending on
species” habitat specialization, a SAR may have a positive, flat, or
negative slope (53). Therefore, the effect of forest remnant area on
species richness will be underestimated if the loss of forest-dependent
species is counterbalanced by any gain of non-forest-dependent
species, particularly in forest fragments due to the influx of
matrix-derived species (25, 54), which stresses the need to assess
habitat specialist species separately (55). Likewise, forest-dependent
species are more severely affected by forest shrinkage than the overall
avifauna, and this effect is more pronounced in forest remnants
surrounded by an aquatic than a terrestrial matrix. This suggests
that forest-dependent species, which are typically of greatest con-
servation concern, will benefit the most from matrix enhancement
in fragmented forest landscapes.

The amount of tree cover around forest remnants was an impor-
tant factor affecting the SAR, particularly for forest-dependent
species. The SAR for forest-dependent species showed that forest
remnants in landscapes with greater tree cover support more spe-
cies in 1-ha forest remnants (higher intercept) and reduce extir-
pation rates (lower slope), while only a higher intercept was
observed for all species. The limited size of the local landscape
(i.e., 300-m buffer) suggests that the influence of tree cover on
avian SARGs is largely restricted to the immediate vicinity of focal
forest remnants. This local landscape may be even smaller if spe-
cies’ vagility in the landscape is reduced due to dispersal limitation
and low matrix permeability to movements (56).

The steeper slope of SARs on oceanic islands compared to con-
tinuous habitats (57) implies the operation of not only the sample
area effect (18) but also the island effect, with greater extirpation
rates on smaller islands due to small population sizes and coloni-
zation constraints on more isolated islands (26). However, accord-
ing to the Habitat Amount Hypothesis (7), habitat remnants in
fragmented landscapes are not discrete spatial units. As a result,
species richness would be primarily influenced by the amount
of habitat in the landscape rather than by habitat patch size (7).
Arguably, forest remnants are neither as discrete as expected
under the Theory of Island Biogeography nor as continuous as
expected under the Habitat Amount Hypothesis (56). However,
the effect of tree cover on the SAR suggests that species living
in forest remnants may exploit resources available in the surround-
ing forest habitat (increasing the SAR intercept) and that sur-
rounding forest habitat may serve as a source of immigrants
(decreasing the SAR slope), thereby supporting metapopulation
dynamics theory. In other words, the more forest habitat available
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in the local landscape, the lower the influence of forest remnant
area on species richness.

Isolation time, elevation, latitude, and the size of the regional
species pool had no appreciable effects on the SAR parameters,
although this does not imply that they are unimportant. Species
extirpations are expected to accumulate over time following hab-
itat shrinkage, thereby steepening the SAR slope (33). However,
this trend can be reversed by species turnover, where habitat spe-
cialists are replaced by habitat generalists, and by recolonization
events by previously extirpated species (18, 40, 54). The impor-
tance of extinction debt, which may take place over decades or
centuries, still requires further attention, with larger habitat rem-
nants remaining in “debt” over longer timescales compared to
smaller ones (32). Forest remnants of known age in our dataset
spanned 1 to 200 y since isolation, with most (83%) younger than
50y (SI Appendix, Fig. S3), perhaps precluding statistical resolu-
tion of the effect of isolation time on the SAR slope. Similarly,
elevation and latitude, both associated with a decrease in species
richness (57, 58), also spanned only a short range of variation
(59). Additionally, most reservoirs were located at low latitudes
and always at low elevations, partly confounding the effects of
matrix type and landscape geography. The SAR intercept was also
unaffected by the regional bird species pool, supporting the notion
that surrounding landscape effects are consistent across different
biogeographic realms.

In sum, we provide empirical evidence that matrix type and the
amount of tree cover around forest remnants affect the SAR,
demonstrating that high-quality surrounding landscapes boost
species richness while mitigating species extirpation, particularly
for forest-dependent species in small forest fragments. This finding
further corroborates that small forest fragments can play a critical
role in biodiversity conservation and meeting sustainability goals
(60, 61). Moreover, beyond protecting forest remnants themselves,
area-based conservation efforts would be greatly enhanced by
improving matrix quality (62) and expanding tree cover (63) in
otherwise hostile surrounding landscapes. Aligned with this, a
global synthesis demonstrated that matrix condition strongly
modulates biodiversity outcomes and may even outweigh the
effects of habitat loss and fragmentation (64). Finer-scale com-
parisons are needed to understand how and which resources in
the matrix affect and support biodiversity in forest remnants in
the long term, especially in the context of different land uses and
restoration pathways (3, 65). Conceptualizing human-modified
landscapes as potentially benign (5, 66, 67), rather than inhospi-
table, may reconcile biodiversity conservation with the imperative
of agricultural and grazing lands that dominate the Anthropocene.

Materials and Methods

Data Collation. We collated data from 45 studies (51, 52, 63, 68-109), resulting
in 50 datasets that featured landscapes created by either river damming (n = 12)
or clear-cut deforestation (n = 38) (Fig. 1 and S/ Appendix, Table S1). Bird surveys
were conducted using a variety of methods, including point counts, transect sur-
veys, walkabout surveys, mist-netting, and passive acoustic monitoring. In total,
1,954 bird species were detected through 39,197 incidence records from 336
forest islands and 669 forest fragments, including five Critically Endangered,
12 Endangered, 44 Vulnerable, 83 Near Threatened, and 1,810 Least Concern
species, according to the [UCN Red List of Threatened Species (110). The selection
criteria for the datasets included a minimum of five fragments or islands located
in tropical or subtropical regions (S/ Appendix, Table S1).

To examine how forest-dependent species affect species richness trends in
forest remnants, and whether non-forest-dependent species reduce the slope
of the SAR through colonization from the terrestrial matrix (i.e., mass effects)
(111), we examined trends for either forest-dependent species or all species.
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Forest dependency was attributed based on BirdLife International (https://data-
zone.birdlife.org/home, Accessed on 25 July 2024). The "forest-dependent”
subgroup (76.5% of all species) included species with either "high” (496 spe-
cies) or "medium” (999 species) forest dependency. Although 48 species could
be classified as water birds, as they are assigned to the trophic niches "Aquatic
predator” or "Herbivore aquatic” (112), their exclusion from the analysis did not
change the results, so we present the results including them.

The effects of the surrounding landscape on SARs were quantified by consid-
ering the matrix type and the amount of tree cover around forest remnants. The
matrix type was classified as either aquatic or terrestrial, with the terrestrial matrix
assumed to be less hostile regarding environmental conditions, more prone to
species dispersal between forest remnants, and more likely to provide resources
for terrestrial birds than the aquatic matrix (28, 50). The amount of tree cover
around forest remnants was calculated using 30-m-resolution global maps of
forest extentand change from 2000 through 2023, version 1.11(113). Each pixel
value represents the percentage of canopy closure for all vegetation taller than
5min height for the year 2000, which was classified as either forest (=50% tree
cover) or nonforest (114). This binary classification is used loosely, as tree cover
can comprise both natural forests and tree plantations (e.g., monocultures of oil
palm, rubber, pine, or eucalypt) (115). However, tree cover mostly represented
natural forests, and tree plantations can be a high-quality matrix for forest spe-
cies in certain contexts (116), given the structural similarity between the habitat
(forest) and the matrix (tree plantation) (117). When bird surveys were conducted
before 2002, we used the tree cover map for the year 2000. For surveys conducted
from 2002 to 2017 (the year of the most recent bird survey in our database), we
updated the tree cover map by subtracting the cumulative tree cover lost from
2001 up to the year prior to the first year of the field survey (118). Tree cover gain
was not considered, as the year in which gains occurred is unavailable.

The calculation of the amount of tree cover around forest fragments (hereaf-
ter, tree cover) involved several steps. First, since tree cover is a landscape-scale
variable, it was necessary to determine the most appropriate landscape scale for
measurement (i.e., the local landscape) for the predictive models (119). Hence,
we calculated tree cover within 40 different buffer sizes around the point location
of each surveyed forest remnant, ranging from 50 to 2,000 m at 50-m intervals
(56). Second, because tree cover and log,-forest remnant area are expected to be
positively related, we used the residuals of the linear regression model between
these two variables across the 40 buffer sizes. This approach removes the contri-
bution of forest remnant area to the total tree cover in the local landscape. Third,
for each buffer size, we fitted LMMs using i) species richness for all species and
forest-dependent species separately as the response variables, ii) the residuals
of tree cover relative to forest remnant area as the predictor variable, and iii) the
dataset identity as a random factor, allowing the intercept and the slope to vary
across datasets. Next, models were ranked using Akaike's Information Criterion
corrected for small sample sizes (AICc) (120). The size of the local landscape was
determined based on the model with the lowest AlCc value, which corresponded
to the model with the predictor variable measured in a 300-m buffer for all spe-
cies and forest-dependent species (S/ Appendix, Fig. S4). Finally, we used the
residuals of the relationship between tree cover within the 300-m buffer and
logq,-forest remnant area as our measure of tree cover, since the residuals indi-
cate the amount of tree cover independent of forest remnant area. Accordingly,
positive values indicate that the observed tree cover exceeds the predicted values
forthe corresponding forest remnant area, whereas negative values indicate that
it falls below the predicted values.

We defined isolation time for each forest remnant as the year the first sampling
took place minus the year forest remnants were created or the approximate year
deforestation occurred in the region where each source study was conducted. We
obtained isolation time for all 336 forest islands from the 12 datasets, and 282
forest fragments from 17 datasets using information from the source studies,
additional literature (121) and discussions with coauthors.

We also assessed whether SARs were affected by variables commonly used
to explain biogeographic patterns: elevation (meters above sea level), latitude
(absolute distance in decimal degrees from the Equator), and the size of the
regional species pool of each study region. Values for these three variables
were obtained for the geographic coordinates of the point location of each for-
est remnant (n = 1,005). Elevation was extracted from the Copernicus Digital
Surface Model at a 30-m resolution (GLO-30), version 2023-1. The regional
species pool was extracted from BiodiversityMapping.org (122), representing
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the total number of bird species (excluding seabirds) potentially occurring in each
10 km x 10 km grid cell after spatially overlapping species range maps from
BirdLife International, version 7.0 (Fig. 1).

Statistical Analysis. To test our predictions, we applied the SAR theoretical
framework to bird data to estimate SAR intercepts and slopes based on the lin-
earized power relationship:

10g40(S) = 10g45(¢) + zlog,,(A),

where S = species richness, A = forest remnant area in hectares, logo(c) =
intercept, and z = slope. Because the SAR slope describes the rate of species
loss caused by the reduction in forest remnant area, we estimated matrix effects
on this rate by comparing the SAR slopes of forest fragments to those of forest
islands. Similarly, we further examined matrix effects by testing whether forest
fragments had higher SAR intercepts than forest islands. Since species richness
and the number of individuals in a habitat area are positively related (123-125),
a higher SAR intercept could imply that species may momentarily spillover into
the adjacent terrestrial matrix-but not into the adjacent aquatic matrix-to supple-
mentor complement their minimum habitat area requirements, thereby leading
to more individuals and, thus, more species per unit area.

We fitted LMMs to quantify the effects of the surrounding landscape (matrix
type and tree cover around forest remnants) and other predictor variables (iso-
lation time, latitude, elevation, and regional species pool) on the slope (i.e., the
rate at which species richness increases with area) and intercept of SARs (i.e.,
the species richness in a 1-ha forest remnant area in log-log space). LMMs were
built separately for all species and forest-dependent species, using 50 datasets
(excluding isolation time) and 29 datasets (including isolation time). For each
fixed effect, three model structures were compared: i) an interactive fixed effect
on the SAR, ii) an additive fixed effect on the SAR, and iii) a SAR without any
other fixed effects beyond forest remnant area. To account for variation in avian
sampling techniques and regional idiosyncrasies among studies, we included
dataset identity as a random factor in all SAR models, allowing the intercept and
the slope to vary across datasets.

To select among the set of competing candidate models, we used an
information-theoretic approach (120). Models were ranked using Akaike's
Information Criterion corrected for small sample sizes (AICc), which favors model
fit and simplicity based on the principle of parsimony (avoid adding parameters
unless they improve model performance). Lower AlCc values indicate a better
model fit relative to alternative models in the same candidate set. Next, we cal-
culated an Akaike weight (AICcWt) for each model in the candidate set based on
AICc. The designation of the best-fit model was determined by AICcWt = 0.50.
Finally, we assessed the robustness of the selected models using a leave-one-out
sensitivity analysis, which showed that excluding any single dataset did not alter
the direction or significance of the effects.

Data, Materials, and Software Availability. Raw data and the R code used
in the analysis are included in the supporting information.
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