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12 Summary

13 Global biodiversity is increasingly threatened by anthropogenic environmental change. At

14 present, 25% of comprehensively assessed species are threatened with extinction. While

15 there is mounting evidence that habitat loss is a key threat to biodiversity, global assessments
16 typically ignore additional threats from habitat fragmentation. Here, we present a new

17  species-area model that integrates habitat size and habitat connectivity, accounting for

18 species habitat preference, patch size, inter-patch distances, landscape matrix permeability
19  and species’ dispersal capacity. We applied the model to predict the combined threat from

20 habitat loss and fragmentation to non-volant mammal species richness in 804 of the world’s
21 terrestrial ecoregions. We predict that on average across the ecoregions, 10 mammal species
22 are committed to extinction due to habitat loss and fragmentation combined (range 0-86). On
23  average, 9% of the predicted species loss is due to fragmentation (range 0-90%). Considering
24 bot habitat loss and fragmentation, our model can be used for large-scale explorative

25 assessments to inform and evaluate strategies for minimising biodiversity loss due to the

26 expansion of human land use and for optimizing habitat conservation and restoration.
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Introduction

Due to the increasing human pressure on the natural environment, current species extinction
rates are significantly higher than background rates, suggesting that we have entered a sixth
mass extinction event 2. At present 25% of the species comprehensively assessed by the

International Union for the Conservation of Nature (IUCN) are threatened with extinction .

Habitat conversion has been identified as the predominant threat to biodiversity 3. Time
series of satellite observations reveal a rapid expansion of human land use at the cost of
natural land cover 4-8. Currently, over 77% of the terrestrial land cover has been affected by
human activity °, severely reducing the intactness of natural habitat 78, and scenario

projections point at imminent further habitat conversion °.

Global effects of habitat loss on biodiversity have been assessed in various recent studies, for
example by synthesising local field observations 0, applying habitat suitability models 12, or
by using species-area relationships (SARs) '3. These assessments, however, generally
ignore potential additional effects of habitat fragmentation, which may exacerbate biodiversity
loss because populations in smaller and more isolated fragments are typically less viable 14.15.
As measures to combat habitat loss and fragmentation may differ 6, methods to estimate
relative and combined effects of habitat loss and fragmentation globally are imperative to
inform strategies to halt or reverse global biodiversity loss. This, in turn, is particularly relevant

against the background of the upcoming post-2020 Global Biodiversity Framework 7.

Assessing effects of habitat loss and fragmentation on species diversity is complex, mainly
due to variability in species’ responses '8. Fragmentation effects on species diversity are
commonly studied via regression analyses relating empirical data on species diversity to
habitat fragmentation variables (e.g., 41%-2'). These empirical relationships can be combined
with global land use maps to estimate global effects of fragmentation on local species
diversity (e.g., ). Global estimates of assemblage-level responses to habitat loss and
fragmentation can complement local, species-specific assessments to underpin large-scale

strategies to combat negative biodiversity trends .

SAR models are commonly used to obtain global estimates of the threats from habitat loss to

regional species diversity, generating estimates of imminent and longer-term future
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extinctions of species that cannot persist given the size of the remaining habitat '-13. Although
SAR models are continuously being refined 2324, they generally ignore connectivity between
habitat fragments 325, Recently, Garcia-Ulloa et al. 26 proposed to combine species-area
models with the equivalent connected area (ECA) concept ?7. The ECA is a measure of area
weighted by its connectivity based on habitat fragment sizes and the probability of species’
dispersal between the fragments. The probability of dispersal is derived from the distance
between the fragments, permeability of the intermediate landscape matrix, and species’
dispersal capacity 28. The ECA equals the total habitat area if all fragments are fully
connected, while it approaches the size of the largest single fragment if the fragments

become increasingly isolated.

Here, we present and apply a new SAR model that incorporates the ECA into the countryside
SAR (c-SAR) 23, This integrated model, from hereon called the species-habitat relationship
(SHR), allows to systematically evaluate and compare threats from habitat loss and
fragmentation as it accounts for both habitat suitability (via the c-SAR model) and habitat
connectivity (via the ECA concept). By incorporating the ECA concept, the SHR considers
various relevant aspects of habitat fragmentation, including patch size, connectivity, and

matrix quality. Other fragmentation aspects, such as edge effects, are however not captured.

We applied the SHR model to evaluate threats from habitat loss and fragmentation on non-
volant mammal species diversity across the world’s ecoregions ecoregions. We find that
threats from habitat loss are generally dominant over fragmentation threats, but that
fragmentation has a significant contribution and may even dominate the combined threat in
ecoregions characterised by severely fragmented habitats. Hence, considering habitat
fragmentation is relevant in global biodiversity assessments and for optimising area-based
conservation strategies.

Results

Threats from habitat loss and fragmentation combined

The current global loss and fragmentation of natural habitat (as based on a land-use map for
2015; Fig. S1) corresponds with an average predicted loss of 10 mammal species across the
ecoregions (range = 0-86 species), equal to a relative loss of 11% on average (range = 0-

85%) (Fig. 1). In 578 of the 804 ecoregions (72%), at least one mammal species was
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predicted to become regionally extinct. Predicted species loss was highest in the Yunnan
Plateau subtropical evergreen forests (species loss = 86), Sichuan Basin evergreen broadleaf
forests (species loss = 78), and Magdalena Valley dry forests (species loss = 77) ecoregions.
Relative species loss was predicted to be highest in Patia Valley dry forests (relative loss =
0.85), Magdalena Valley dry forests (relative loss = 0.75), and Cauca Valley dry forests
(relative loss = 0.73) ecoregions (see Data S2 for a complete overview of ecoregion-specific
results). Palearctic, Afrotropic, and Indomalayan ecoregions were predicted to be the most
affected and Oceanic and Australasian ecoregions the least, in terms of both absolute and
relative numbers of predicted extinctions. The similarity in the global patterns of absolute and
relative predicted species losses (Fig. S2) indicates that absolute species loss is determined
by the extent of land conversion and fragmentation rather than inherent differences in species

richness among the ecoregions.

Contribution of habitat fragmentation

The threats from habitat loss were generally dominant over the threats from fragmentation
(Fig. 2). On average across the ecoregions, habitat loss corresponded with a predicted loss of
nine species (range = 0-78), while fragmentation accounted for one additional extinction
(range = 0-18) and 9% of the combined threat. In 75 ecoregions (9%), fragmentation was
predicted to account for 225% of the combined threat and in 11 ecoregions (1%),
fragmentation threats contributed 250% (e.g., in the Guianan Piedmont and lowland moist
forests, Australian Alps montane grasslands, and Sulawesi lowland rain forests ecoregions;
Data S2). In 321 ecoregions (40%), fragmentation was predicted to cause at least one
additional mammal extinction. We further found a positive correlation between habitat loss
and fragmentation threats (Fig. 3), reflecting that more habitat conversion generally brings

about more fragmentation.

Comparison with IUCN Red List

Our average estimate of 10 predicted ecoregion-level extinctions (11%) is similar to the
estimate of the IUCN Red List 29, which reports on average eight species as extinct or
endangered and threatened by land use, corresponding to an average of 10% of the

ecoregional species pool. Further, we found a Spearman’s rank correlation coefficient (p) of
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0.49 between the numbers of extinct and endangered species predicted by our model and

estimated by the IUCN (Fig. 4).

Our assessment of fragmentation impacts provides a conservative estimate as we based our
calculations on species’ maximum natal dispersal distance. Using the median natal dispersal
distance instead, we found on average two predicted extinctions (range = 0-19) due to
fragmentation instead of one (for details see the supplemental methods and Fig. S3). The
total number of predicted extinctions was similar (10 species in both dispersal scenarios, and
ranges of 0-86 and 0-88 in the maximum and median natal dispersal distance scenarios,
respectively), but the average contribution of fragmentation effects increased from 9% to 13%
(Fig. S4). Using the median rather than the maximum natal dispersal distance did not affect
the correlation between predicted and observed numbers of extinct and endangered species
(Spearman’s p = 0.49; Fig. S5) or the relationship between predicted habitat conversion and

fragmentation effects (Fig. S2).

Sensitivity analysis

To assess the sensitivity of our model results to uncertainty in the slope of the SHR, we
performed additional calculations based on the 90% confidence intervals (Cl) of the slope
values of the SHR, i.e. the species-area accumulation rates (Table S1). Changes in slope
values did not affect the predicted contribution of fragmentation effects, which remained on
average 9-10% (range = 0-90%; Table S2). The correlation between predicted and
documented numbers of extinct and endangered species also hardly changed by using
different slopes values (p = 0.43-0.51; Fig. S5). Global average predicted species loss,
however, changed by +4 species (corresponding to +4%) when adopting lower or upper 90%
Cl slope values (with higher slope values resulting in higher predicted species loss; Table

s2).

As we applied the SHR to a global land-use map aggregated to a 1 km resolution (30”), our

assessment omits habitat patches smaller than 0.5 km? that could act as stepping stones and
thus improve habitat connectivity. To test the sensitivity of our results to the spatial resolution
of the land-use map, we applied the SHR at 300 m, 1 km, and 3 km resolutions for four small

ecoregions across different realms that are disproportionally affected by fragmentation. We
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found that the average contribution of fragmentation effects increased from 4% at a low

resolution (3 km) to 8% at a high resolution (300 m; Table S3).

Discussion

Habitat loss is considered the main threat to biodiversity globally. Nevertheless, effects of
fragmentation are typically ignored in global biodiversity assessments, leading to a potential
underestimation of extinction risks. Here, we proposed and applied a method to estimate the
relative and combined threats from habitat loss and fragmentation to the diversity of non-
volant mammal species across the world’s terrestrial ecoregions. Our results suggest that the
threats from habitat loss are generally dominant. This finding was independent of the
assumptions made with regard to species’ dispersal capacity and slopes of the SHR (e.g.,
Figs S3-S5). Yet, we predicted that fragmentation threats are not negligible. Hence, land use
impact assessments that ignore additional fragmentation effects may systematically
underestimate species loss. Our ecoregion-level predictions indicate that the threats are
underestimated by about 10% on average, but the underestimation can be up to 90% in
highly fragmented ecoregions. In the Madagascar subhumid forests and the Sulawesi lowland
rain forests, for example, the predicted threats from fragmentation constitute more than half of

the total threats from habitat change, reflecting a highly fragmented remaining forest cover.

Divergent species responses to fragmentation may have contributed to the ongoing debate on
the relative significance of threats from habitat conversion and fragmentation 30-32. We
estimated assemblage-level threats from habitat conversion and fragmentation across the
globe using a species-area model that consistently accounts for both the suitability and
connectivity of habitat. Turning off the threats of habitat fragmentation in our SHR model
enabled us to estimate the relative threats from habitat loss and fragmentation. Although we
found threats from habitat loss to be dominant over threats from habitat fragmentation,
predicted extinctions were higher in ecoregions with more fragmented habitat. This supports
conclusions from Haddad et al. '* and Crooks et al. 5. Furthermore, our results are in line with
local evidence from estimates of the impacts of forest fragmentation in Borneo, where
reduced functional connectivity for forest vertebrates imposed an additional 7% loss of

functional habitat 33.
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For individual ecoregions, the total species loss predicted by the SHR may deviate from the
number of extinct and endangered species documented by the IUCN (Fig. 4). The IUCN data
are based on extinction risk assessments at the species level, whereas the SHR models net
changes in regional species richness (which may not reflect species-specific changes in a
specific location). Where possible, we parameterised the SHR based on the species pool
specific to each ecoregion (i.e., for land type suitability, matrix permeability, and body mass-
specific dispersal distance). Furthermore, we specified the species-area accumulation rates
(2) using mammal-specific values differentiated according to biome (Table S1; 34). Yet, our
model does not cover all aspects that may influence projected species losses, including
species-specific dispersal behaviour, species’ distributions within ecoregions, or differences in
species’ accumulation rates among vegetation types. Additionally, we based our model
estimates on a relatively crude binary habitat classification scheme where a land type is either
suitable or unsuitable for a given species 2°, whereas in reality species exhibit more subtle
differences in habitat use that need not align with simple land cover classes. Further, [IUCN
threat levels are global in scope, which may cause a mismatch with the ecoregion-specific
SHR predictions (i.e., species could be more threatened in one ecoregion than in another).
Finally, the SHR considers effects of change in patch size, connectivity, and matrix quality,
and does therefore not incorporate other relevant aspects of fragmentation, such as edge
effects. Moreover, the SHR considers effects of habitat conversion only, and neglects threats
to species other than those caused by land use, such as overexploitation, pollution, or climate
change. Species covered by the IUCN can be endangered due to a variety of human
stressors in addition to habitat conversion 2°. Despite the deviations at ecoregion level,
however, we found a Spearman’s rank correlation coefficient (p) between the SHR
predictions and IUCN data of 0.49 (Fig. 4) and a good match on average (10 vs 8 species
extinct or endangered). This suggests that our model can be used for large-scale exploratory
assessments of the threats from habitat loss and fragmentation on mammal species richness,
for example in comparative scenario projections 3536, but it also highlights that predictions at

the ecoregional level are associated with uncertainty.

Yet, the non-negligible contribution of fragmentation to the predicted species loss emphasises

the need for more comprehensive assessments of land cover change effects on biodiversity.
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Complementing mechanistic approaches assessing population-level responses %, the SHR
provides an opportunity to systematically assess combined threats from habitat loss and
fragmentation on species richness across large extents, as it is relatively easily parametrised
for different species groups and spatial units by adapting the SHR species-accumulation
rates, land type suitabilities and dispersal capacities. Using the SHR in combination with land
use scenarios would allow for estimating the consequences of different land use ‘futures’,
including further conversion of natural habitat as well as restoration. This can inform and help
to evaluate strategies for minimising effects of expansion of human land use, support habitat
restoration programs, or contribute to the effective allocation and design of conservation and
protected areas in combination with prioritisation procedures 3. Our comparative assessment
across three spatial resolutions indicates that predictions with the SHR model are preferably
made based on high-resolution land use maps. Coarse resolutions may aggregate small
fragmented patches to a larger single patch (similar to functionally connected patches).
Hence, application at coarse resolutions may underestimate fragmentation. This indicates the

importance of small habitat patches as stepping stones in the landscape 3°.

Curtailing biodiversity loss rates requires acute and significant conservation efforts. As most
targets set within the Strategic Plan for Biodiversity 2011-2020 have not been reached, there
are major challenges in the ongoing negotiations towards a post-2020 Global Biodiversity
Framework '7. Given that land use is a key driver of biodiversity loss and that feeding the
growing human population may further increase the demand for land, there is a key role for
strategies to minimise impacts of habitat conversion on biodiversity and ecosystems 4041,
Combining the SHR with global land use projections would enable evaluating the effects of
both the amount and spatial configuration of habitat. In turn, this information can play a role in
designing comprehensive conservation strategies based on contrasting paradigms and
corresponding measures (e.g., sparing versus sharing; 4243). The ability to predict large-scale
landscape configuration effects on regional species diversity is a pivotal component towards
designing area-based conservation strategies for meeting internationally agreed targets for
halting or restoring biodiversity loss. These large-scale assessments should in turn be
complemented by an understanding of local and species-specific responses to habitat loss

and fragmentation, which do not necessarily correspond with the large-scale assemblage-
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level patterns (e.g., '420214445) Improved understanding of biodiversity change at global,
regional, and local scales is key for identifying comprehensive and targeted conservation

measures and meeting biodiversity targets 6.

Experimental procedures

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by

the lead contact, Koen Kuipers (koen.kuipers@ru.nl).

Materials availability

The datasets with habitat affinity, matrix conductivity, and dispersal distance (Data S1), and
ecoregional habitat data (i.e., equivalent connected area, species richness, habitat suitability,
species-accumulation rates, and dispersal distances; Data S2) have been deposited to

Figshare under doi.org/10.6084/m9.figshare.16616650.v1.

Data and code availability

All original data used in this research are publicly available. Species distribution spatial data
and habitat documentation data are deposited by IUCN Red List of Threatened Species.
Mammal species body mass data are deposited on Figshare under
doi.org/10.6084/m9.figshare.c.3306933.v1. Ecoregion spatial data area deposited by WWF
under doi.org/10.1641/0006-3568(2001)051[0933: TEOTWA]2.0.CO;2. 2015 land-use and
land cover spatial data is deposited by the GLOBIO project under doi.org/10.1111/gcb.14848.
The European Space Agency (ESA) Climate Change Initiative (CCI) land cover (LC) data is
deposited by the ECA-CCI-LC and publicly available upon request at http://www.esa-
landcover-cci.org/?q=node/164. The potential natural vegetation data is deposited by the Oak
Ridge National Laboratory (ORNL) Distributed Active Archive Center (DAAC) under

doi:10.3334/ORNLDAAC/961.

Code treating the raw data to parametrise the SHR and generate results of this publication

(Code S1-3) are available in on Figshare under doi.org/10.6084/m9.figshare.16616650.v1.
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Model description

The species-habitat relationship (SHR) models the relationship between the number of
species committed to extinction and the suitability and spatial configuration of various land-
use and land cover types (hereafter referred to as land types). It is an integration of the
countryside SAR (c-SAR) 23 and the equivalent connected area (ECA) concept ?7 such that
the area variable of the conventional c-SAR is replaced by the ECA 26. The differential
suitability of various land types considered in the c-SAR can be considered equivalent to
matrix permeability, which in turn is a key parameter in the ECA. Thus, the integration of c-
SAR and ECA allows for consistent modelling of land type suitability and matrix permeability
across all ecoregions, considering that distinct land types host different species groups and

that some species may occur across several land types.

Similar to how the c-SAR can be used to estimate relative species loss (RSL) due to habitat
loss 1325 the SHR can be used to estimate RSL due to both habitat conversion and

fragmentation (equation 1), as

yihrECA; \?
1 RSL =1 — (#)
™ S Yihi'ECAjyer

where h; is the suitability of land type i, ECA;is the ECA of land type i, ECA, s is the ECA of
land type i in the reference landscape (i.e., no human land use), and z is the slope (i.e.,
species accumulation rate) of the species-habitat curve. Absolute species loss can be

quantified by multiplying the RSL with the number of species in the reference state.

Land type suitabilities (h) are defined as the proportion of species occurring in land type i

relative to the total number of species in the region, raised to the power 1/z (equation 2) 3.

@ h="

N

The ECA considers the spatial configuration of the landscape and the degree of
fragmentation as perceived by the species group occurring in land type i. The ECA is based
on the number and size (a) of individual habitat patches m and n of land type / and the

probability of dispersal (p) between each pair of patches m and n (equation 3).

0.5
(3) ECA; = (Zm,n Aim " Ain " pi,mn)

10
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The probability of dispersal (p) among patches of land type i is defined by the dispersal kernel
based on the least-cost distance (w) between habitat patches m and n and the dispersal

distance (a) of the species occurring in land type i 47 (equation 4).
(@) Pign = €7 Vimn/

The least-cost distance (w) is defined as the permeability-weighted length of the route that
results in the shortest distance between patch m and n 2 by multiplying the distance d
travelled through landscape matrix type k by the resistance (r) of the matrix type (equation 5)
26, Relatively permeable matrix types form so-called “stepping stones”, improving the

connectivity of distant patches 28.
(5) Wimn = Zk di,mn,k "Tik

The permeability of the matrix separating the habitat patches of land type i is based on the
overlap of species between land type i and matrix type k (i.e., the number of species

occurring in both land type i and matrix type k; equation 6).

S.
6)  re=1-

If species that occur in land type i all occur in matrix type k, the permeability equals 1 (i.e., a
resistance of 0), meaning that this matrix type can be crossed without any cost. Hence, the
connectivity of the landscape depends on the species overlap between the land types:
habitats in regions with large overlap of species communities between land types are more

connected than habitats with distinct communities.

Model parametrisation

We model the threats from land cover change to species richness at the level of ecoregions,
i.e., distinct biogeographical units that can be considered relatively homogeneous in their
vegetation and species pool 8. We cover 804 of the 825 terrestrial ecoregions based on
available land type and species data. We retrieved the spatial configuration of the land types
in each ecoregion, needed to quantify patch area sizes (a) and the spatial configuration of the
landscape, from a high-resolution land-use map for 2015 22. To reduce computation time, we

resampled the land-use map from 10” (300 m near the equator) to 30" (900 m near the

11
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equator) based on the mode (i.e., majority rule) and aggregated the original land type classes
into eight major land types (Table S4). Four land types are anthropogenic (urban, cropland,
pasture, and forestry) and four are natural (forests, grasslands, deserts, and rock and ice).
We replaced the original class “light use pasture” by the land cover in the underlying
European Space Agency Climate Change Initiative land cover #°, as this class indicates
natural habitat that is used mainly for extensive grazing 0. To establish a baseline natural
land cover map, we replaced all anthropogenic land cover by natural land cover as defined by
the ISLCSP Il Potential Natural Vegetation Cover map 5152, We retrieved biome-specific
mammal species-area accumulation rates from Kehoe et al. 34, ranging from 0.14 (boreal
forest ecoregions, n = 28) to 0.49 (tropical and subtropical coniferous forest ecoregions, n =

16) (Table S1).

We derived land type suitability (h) and matrix resistance values (r) per ecoregion from
species’ occurrence ranges and species habitat affinities as documented by IUCN of 4,179
non-volant mammal species, representing ~90% of all known extant non-volant mammals
29.53 We have excluded flying mammals (bats) because of uncertain and divergent dispersal
behaviour in response to fragmentation compared to non-volant mammals 2'. For deriving
land type suitability (h) and matrix resistance (r) values, we first obtained the number of non-
volant mammal species (S) per ecoregion based on the overlap of IUCN species range maps
(n = 4,179) with the ecoregions 2°. We then defined the land type suitability of each land type i
in each ecoregion based on the number of species with affinity to that land use type relative to
the total number of species in the ecoregion 2°. The subset of species of land type i that also

occeur in matrix type k was obtained correspondingly.

We define dispersal capacities (a) as the median of the maximum natal dispersal distance of
the species specific to each ecoregion and land type i. Using the maximum natal dispersal
distance is in line with metapopulation theory %, as it gives an indication of the possibility of
species to reach isolated habitat fragments 5. We retrieved species-specific maximum
dispersal distances using allometric relationships between mammal body mass (b) and home
range, and home range and maximum natal dispersal capacity, differentiated according to

trophic guild 35:%. For carnivorous mammals, the species-specific maximum dispersal

distance is estimated by a = 40v/380b113; for non-carnivorous mammals, the species-specific

12
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maximum dispersal distance is estimated by a = 40v/54b (where dispersal distance and body
mass are in meters and grams, respectively). We extracted species-specific body mass (b)

and trophic guild data from the EltonTraits 1.0 database 5.

The slope of the SHR (z) indicates the rate at which species richness increases with
equivalent connected area. Such species-area slopes are commonly assumed to range
between 0.2 and 0.3, depending on geographical location and environmental conditions
13,2325 \We retrieved mammal- and biome-specific z values from Kehoe et al. 34, who
assessed terrestrial mammal species richness in plots of increasing size based on species’

range maps.

We assessed threats from habitat loss only by ignoring changes in connectivity after habitat

conversion (i.e., assuming human-modified land cover to be equally permeably as the original
land cover). We assessed the additional threats from fragmentation as the difference between
the predicted species loss caused by habitat conversion and fragmentation combined and the

predicted species loss caused by habitat conversion only.

We validated the predicted threats from habitat conversion and fragmentation per ecoregion
against the number of extinct and endangered species as documented by the IUCN 29, similar
to previous studies that validated SAR-based models of species loss (e.g., 3%859), We
identified the number of non-flying mammal species per ecoregion, listed as “extinct’, “extinct
in wild”, “critically endangered”, “endangered”, or “vulnerable” and threatened by at least one
land-use category (from the categories “commercial development’, “agriculture”, “pasture”,
and “plantations”) (n = 795) and calculated the proportion relative to the total number of non-
volant mammals (n = 3,659) in the region (excluding “data deficient” species). Furthermore,
we excluded species listed as threatened due to criteria A1-4de only (n = 17) because these
species are threatened due to overexploitation or exotic alien species and would be listed as
threatened even if their habitat remains fully intact. We included both extinct and endangered
species, because SAR models estimate both materialised and projected extinctions 3. We
then compared our estimates of relative and absolute species extirpations due to the

combined effects of habitat conversion and fragmentation with the relative and absolute

number of endangered species threatened with land use according to the IUCN.
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Model simulations for sensitivity assessment
We tested the sensitivity of the outcomes to key parameters by considering different
assumptions regarding dispersal capacities (a), species-area accumulation rates (z), and land

use map resolutions.

To assess the sensitivity of our outcomes to the dispersal distance parameter (a), we also
performed the calculations based on median rather than maximum natal dispersal distances,
resulting in lower species mobility and landscape connectivity. We obtained species-specific
median natal dispersal distances from corresponding relationships between body mass and

dispersal distance (via body mass-home range, and home range-dispersal distance

relationships), estimated as a = 7v/380b113 for carnivorous mammals and a = 7v/54b for non-
carnivorous mammals (where dispersal distance and body mass are in meters and grams,

respectively) 55.

We assessed the sensitivity of our results to changes in the slope (z) of the SHR by applying
lower and higher biome-specific z-values based on their 90% confidence intervals (capped

between 0 and 1; Table S1).

Finally, we assessed the effect of the resolution of the land use map. To that end, we applied
the SHR to habitat change in four selected small ecoregions across different realms that are
disproportionally affected by fragmentation (Table S3), using resolutions of 300 m (10”), 1 km

(30”), and 3 km (100).
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576 Figure legends

577 Figure 1. Combined threats from habitat loss and fragmentation to mammal species richness
578 per ecoregion. A) Number of species committed to extinction. B) Proportion of species

579 committed to extinction. Grey = no data. Boxplots indicate the minimum, first quartile, median,
580 third quartile, and maximum of (relative) species loss values per realm. AA = Australasia (83
581 ecoregions), AN = Antarctic (2 ecoregions), AT = Afrotropic (108 ecoregions), IM = Indomalay
582 (106 ecoregions), NA = Nearctic (117 ecoregions), NT = Neotropic (172 ecoregions), OC =

583  Oceania (22 ecoregions), PA = Palearctic (197 ecoregions).
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Figure 2. Predicted mammal species losses per ecoregion. Predicted losses due to A) habitat
conversion and B) fragmentation (ecoregions ordered by impact in the bar chart) as well as C)
the relative contribution of fragmentation effects to species loss (ecoregions ordered by
relative share of habitat conversion effects in bar chart). Grey signifies no data or zero

predicted extinctions (in panel C). Note the different colour scales in panels A, B, and C.

Figure 3. Relationship between predicted habitat fragmentation and habitat loss effects and
corresponding Spearman’s rank correlation coefficient (p). The direction of the relationship is
assessed by a linear trend line (grey solid line with 95% confidence interval). The line of
equality (dashed) indicates that habitat conversion effects are dominant over the effects of

habitat fragmentation.

Figure 4. SHR predicted species loss compared with the IUCN documented number of
extinct and endangered species threatened by land use per ecoregion. The axis scales have
been square root-transformed. The plot includes the line of equality (dashed) and the linear
trend line (grey solid line including 95% confidence interval). The Spearman’s rank correlation
coefficient (p) describes the correlation of the predicted species loss and the number of
extinct and endangered species as documented by the IUCN. Species with [UCN Red List
category ‘VU’, ‘EN’, ‘CR’, ‘EW’, and ‘EX’ were considered threatened or extinct. Note that

observations (ecoregions) may overlap, represented by a darker shade of grey.
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Figure S1. Global land use and land cover change. Global land use and land cover change (grey signifies no data)
relative to a natural baseline based on the GLOBIO4 2015 land use map (1) and ISLSCP Il Potential Natural
Vegetation map (2). The predicted species losses correspond to global declines of 30% and 34% in natural forest and
grassland area, respectively, relative to a natural baseline. Further, the effectively connected forest and grassland
area has declined by 33% and 37%, respectively, indicating that the remaining forests and grasslands have become
increasingly fragmented. This is illustrated by the increase in number of forest fragments from 0.74 million to 0.99
million, decrease in mean patch size from 75 km? to 39 km?, and an increase of the mean regional inter-patch

distance from 21 km to 29 km. Global grasslands fragments show a similar pattern.
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Figure S2. Predicted habitat conversion and habitat fragmentation threats per ecoregion for median and maximum

natal dispersal distances. Effects based on A) maximum natal dispersal distances and B) median natal dispersal

distances. The relationship between habitat conversion and fragmentation effects is assessed by the Spearman’s

correlation coefficient (p) and the direction of the relationship is indicated by a generalised linear model (grey line)

with a 95% confidence interval. The identity line (dashed) indicates that habitat conversion effects are dominant over

the effects of habitat fragmentation.
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Figure S5. Predicted species loss per ecoregion according to the SHR, assuming A) minimum species accumulation
rates (lower 90% confidence interval of z-value), B) a mean species accumulation rate, and C) maximum species
accumulation rates (upper 90% confidence interval of z-value) compared with the documented number of extinct and
endangered (‘VU', ‘EN’, ‘CR’, ‘EW", ‘EX’) species threatened by land use according to IUCN. The axis scales have
been square root-transformed. The line of equality is shown dashed, and the trend line is shown in grey (including
95% confidence intervals). The Spearman’s rank correlation coefficient (p) describes the correlation of the predicted

species loss and I[UCN documentation on extinct and endangered species.
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637 Supplemental tables

638 Table S1. Regional slopes (z values) of the SHR curves. Slopes for the ecoregions within each biome of the species-

639 habitat relationship, derived from Kehoe et al. 3. The global z value reported by Kehoe et al. 3¢ is 0.22.

Biome SHR slope (2) Lower 90% ClI Upper 90% CI
Tropical & subtropical moist broadleaf forests 0.17 0.09 0.25
Tropical & subtropical dry broadleaf forests 0.26 0.08 0.44
Tropical & subtropical coniferous forests 0.49 0.00 1.00
Temperate broadleaf & mixed forests 0.20 0.12 0.28
Temperate conifer forests 0.20 0.10 0.30
Boreal forests/taiga 0.14 0.07 0.21
Tropical & subtropical grasslands, savannas & shrublands 0.21 0.13 0.29
Temperate grasslands, savannas & shrublands 0.20 0.07 0.33
Flooded grasslands & savannas 0.23 0.00 0.46
Montane grasslands & shrublands 0.27 0.11 0.43
Tundra 0.21 0.11 0.31
Mediterranean forests, woodlands & scrub 0.26 0.1 0.41
Deserts & xeric shrublands 0.21 0.13 0.29
Mangroves 0.23 0.02 0.44
640
641 Table S2. Mean and maximum predicted regional species loss (and relative contribution of fragmentation effects to
642 species loss) in the three different z-value scenarios (lower 90% confidence interval, mean, and upper 90%
643 confidence interval.
Measure Lower 90% CI Mean CI Upper 90% CI
Mean absolute species loss 5 10 13
Maximum absolute species loss 68 86 105
Mean relative species loss 6% 11% 14%
Maximum relative species loss 86% 85% 85%
Mean relative contribution of fragmentation effects 10% 9% 9%
Maximum relative contribution of fragmentation effects 90% 90% 90%
644
645 Table S3. Predicted regional species loss (and relative contribution of fragmentation effects to species loss) in
646 selected ecoregions using three land cover resolutions (300 m, 1 km, and 3 km).
Realm Region (ID) Area Species loss (relative loss) Contribution of
(km?) fragmentation effects
300 m 1 km 3 km 300m 1km 3km
Afrotropic Mandara Plateau 7479 33 (48%) 35 (51%) 37 (55%) 6% 5% 3%
mosaic (30710)
Indomalay  Sumatran tropical pine 2748 7 (7%) 7 (7%) 7 (7%) 10% 9% 1%
forests (40304)
Neotropic Tehuacan Valley 9862 17 (17%) 17 (18%) 17 (18%) 16% 14% 12%
matorral (61316)
Nearctic Florida sand pine scrub 3879 5 (12%) 5 (12%) 5 (13%) 1% 1% 1%
(50513)
647
648
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Table S4. Land type aggregation of the GLOBIO4 ?? land use and ISLSCP PNV °' land cover maps.

ID land type GLOBIO GLOBIO4 land type PNV PNV land cover type
ID ID
0 Nodata 0 No data 16 No data
1 Urban 1 Urban
2 Cropland 230 Cropland, light use
231 Cropland, intense use
3 Pasture 3 Pasture, intense use
4 Pasture, light use*
4 Forestry 5 Forestry
11 Forests 50 Tree cover, broadleaved, evergreen, closed to open (>15%) 1 Tropical evergreen forest
60 Tree cover, broadleaved, deciduous, closed to open (>15%) 2 Tropical deciduous forest
61 Tree cover, broadleaved, deciduous closed (>40%) 3 Temperate broadleaf
evergreen forest
62 Tree cover, broadleaved, deciduous, open (15-40%) 4 Temperate needleleaf
evergreen forest
70 Tree cover, needle leaved, evergreen, closed to open (>15%) 5 Temperate deciduous forest
71 Tree cover, needle-leaved, evergreen, closed (>40%) 6 Boreal evergreen forest
72 Tree cover, needle-leaved, evergreen open (15-40%) 7 Boreal deciduous forest
80 Tree cover, needle -leaved, deciduous, closed to open (>15%) 8 Mixed forest
81 Tree cover, needle-leaved, deciduous, closed (>40%)
82 Tree cover, needle-leaved, decidu1ous, open (15-40%)
90 Tree cover, mixed leaf type (broadleaved and needle-leaved)
100 Mosaic tree and shrub (>50%) / herbaceous cover (<50%)
160 Tree cover, flooded, fresh or brackish water
170 Tree cover, flooded, saline water
12 Grasslands 110 Montane Grasslands and Shrublands [agg]; Mosaic tree and 9 Savanna
shrub (>50%) / herbaceous cover (<50%) [crop]
120 Shrubland 10 Grassland/steppe
121 Evergreen shrubland 11 Dense shrubland
122 Deciduous shrubland 12 Open shrubland
130 Grassland 13 Tundra
140 Lichens and mosses
150 Sparse vegetation (tree, shrub, herbaceous cover) (<15%)
151 Sparse tree cover (<15%)
152 Sparse shrub (<15%)
153 Sparse herbaceous cover (<15%)
180 Shrub or herbaceous cover, flooded, fresh/saline/brackish
water
13  Deserts 200 Bare areas 14 Desert
202 Unconsolidated bare areas
15 Water 210 Water bodies 0 Water bodies
bodies
16 Rock & ice 201 Consolidated bare areas 15 Polar desert/rock & ice
220 Permanent snow and ice

* The GLOBIO4 “Pasture, light use” class was replaced by the original ESA European Space Agency Climate

Change Initiative landcover *°, resulting in replacement by one of the natural landcover types (GLOBIO4 ID 50-180,

199-220).
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Science for society

Over 77% of the Earth’s land cover has been affected by human activity, reducing and
fragmenting the amount of suitable habitat for wildlife. We apply a predictive species-area
model to land cover maps, non-flying mammal species habitat preferences and dispersal
capacities, to assess the loss and change in connectivity of remaining habitat across the
world’s terrestrial ecoregions (i.e., regions delineated by homogeneity of species pools) and
assess its consequences for regional mammal species loss. We predict that due to present-
day land use an average of 10 mammal species will extirpate across the ecoregions, although
this can be up to 86 in a highly affected, large, and biodiverse ecoregion. Change in habitat
connectivity contributes on average 10% to the total predicted threats from land use, but this
can be up to 90% in highly fragmented landscapes. The ability to predict large-scale
landscape configuration effects on regional species diversity is a pivotal component of an
integrated area-based conservation strategy for meeting internationally agreed targets for

halting or restoring biodiversity loss.

Highlights
e We predict an average of 10 (max = 86) ecoregional mammal extinctions due to

human land use

L[]

On average, 10% of the loss is caused by fragmentation, yet this can be up to 90%

L[]

Threats from habitat loss and fragmentation are strongly correlated

e Measures to protect biodiversity should consider both habitat loss and fragmentation

eTOC blurb

We use a species-area model that accounts for habitat quality and patch connectivity to
assess the threats from present-day habitat loss and fragmentation to non-volant mammal
species richness across the world’s ecoregions. We predict an average of 10 species
extirpations due to habitat loss (generally constituting 90% of the impacts) and fragmentation
(10%). Our results imply that comprehensive strategies for meeting international biodiversity

targets require not only combatting habitat loss, but also measures to reduce fragmentation.
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Graphical abstract

e Modelling habitat loss and fragmentation effects
on mammal diversity across 804 ecoregions

e Considering distribution, habitat use, and dispersal
distance of 4,179 non-volant mammal species

e Average of 10 predicted regional extinctions due
to habitat loss and fragmentation

e Habitat fragmentation predicted to cause on
average 10% of the species loss (but up to 90%)
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mammal diversity across the world’s terrestrial ecoregions
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Summary

Global biodiversity is increasingly threatened by anthropogenic environmental change. At
present, 25% of comprehensively assessed species are threatened with extinction. While
there is mounting evidence that habitat loss is a key threat to biodiversity, global assessments
typically ignore additional threats from habitat fragmentation. Here, we present a new
species-area model that integrates habitat size and habitat connectivity, accounting for
species habitat preference, patch size, inter-patch distances, landscape matrix permeability
and species’ dispersal capacity. We applied the model to predict the combined threat from
habitat loss and fragmentation to non-volant mammal species richness in 804 of the world’s
terrestrial ecoregions. We predict that on average across the ecoregions, 10 mammal species
are committed to extinction due to habitat loss and fragmentation combined (range 0-86). On
average, 9% of the predicted species loss is due to fragmentation (range 0-90%). Considering
bot habitat loss and fragmentation, our model can be used for large-scale explorative
assessments to inform and evaluate strategies for minimising biodiversity loss due to the

expansion of human land use and for optimizing habitat conservation and restoration.

Keywords
Biodiversity, habitat connectivity, habitat conversion and fragmentation, land use, Mammalia,

species extinctions, species-area relationship.



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

Introduction

Due to the increasing human pressure on the natural environment, current species extinction
rates are significantly higher than background rates, suggesting that we have entered a sixth
mass extinction event 4. At present 25% of the species comprehensively assessed by the

International Union for the Conservation of Nature (IUCN) are threatened with extinction *.

Habitat conversion has been identified as the predominant threat to biodiversity 6. Time
series of satellite observations reveal a rapid expansion of human land use at the cost of
natural land cover 81911, Currently, over 77% of the terrestrial land cover has been affected by
human activity 1%, severely reducing the intactness of natural habitat 1213, and scenario

projections point at imminent further habitat conversion 4.

Global effects of habitat loss on biodiversity have been assessed in various recent studies, for
example by synthesising local field observations '°, applying habitat suitability models 617, or
by using species-area relationships (SARs) 8. These assessments, however, generally
ignore potential additional effects of habitat fragmentation, which may exacerbate biodiversity
loss because populations in smaller and more isolated fragments are typically less viable 1920,
As measures to combat habitat loss and fragmentation may differ 2!, methods to estimate
relative and combined effects of habitat loss and fragmentation globally are imperative to
inform strategies to halt or reverse global biodiversity loss. This, in turn, is particularly relevant

against the background of the upcoming post-2020 Global Biodiversity Framework 22.

Assessing effects of habitat loss and fragmentation on species diversity is complex, mainly
due to variability in species’ responses 23. Fragmentation effects on species diversity are
commonly studied via regression analyses relating empirical data on species diversity to
habitat fragmentation variables (e.g., '9%428). These empirical relationships can be combined
with global land use maps to estimate global effects of fragmentation on local species
diversity (e.g., 5). Global estimates of assemblage-level responses to habitat loss and
fragmentation can complement local, species-specific assessments to underpin large-scale

strategies to combat negative biodiversity trends 1.

SAR models are commonly used to obtain global estimates of the threats from habitat loss to

regional species diversity, generating estimates of imminent and longer-term future
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extinctions of species that cannot persist given the size of the remaining habitat '-18. Although
SAR models are continuously being refined 27-28, they generally ignore connectivity between
habitat fragments 182%, Recently, Garcia-Ulloa et al. 3° proposed to combine species-area
models with the equivalent connected area (ECA) concept 3'. The ECA is a measure of area
weighted by its connectivity based on habitat fragment sizes and the probability of species’
dispersal between the fragments. The probability of dispersal is derived from the distance
between the fragments, permeability of the intermediate landscape matrix, and species’
dispersal capacity 32. The ECA equals the total habitat area if all fragments are fully
connected, while it approaches the size of the largest single fragment if the fragments

become increasingly isolated.

Here, we present and apply a new SAR model that incorporates the ECA into the countryside
SAR (c-SAR) 7. This integrated model, from hereon called the species-habitat relationship
(SHR), allows to systematically evaluate and compare threats from habitat loss and
fragmentation as it accounts for both habitat suitability (via the c-SAR model) and habitat
connectivity (via the ECA concept). By incorporating the ECA concept, the SHR considers
various relevant aspects of habitat fragmentation, including patch size, connectivity, and

matrix quality. Other fragmentation aspects, such as edge effects, are however not captured.

We applied the SHR model to evaluate threats from habitat loss and fragmentation on non-
volant mammal species diversity across the world’s ecoregions ecoregions. We find that
threats from habitat loss are generally dominant over fragmentation threats, but that
fragmentation has a significant contribution and may even dominate the combined threat in
ecoregions characterised by severely fragmented habitats. Hence, considering habitat
fragmentation is relevant in global biodiversity assessments and for optimising area-based
conservation strategies.

Results

Threats from habitat loss and fragmentation combined

The current global loss and fragmentation of natural habitat (as based on a land-use map for
2015; Fig. S1) corresponds with an average predicted loss of 10 mammal species across the
ecoregions (range = 0-86 species), equal to a relative loss of 11% on average (range = 0-

85%) (Fig. 1). In 578 of the 804 ecoregions (72%), at least one mammal species was
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predicted to become regionally extinct. Predicted species loss was highest in the Yunnan
Plateau subtropical evergreen forests (species loss = 86), Sichuan Basin evergreen broadleaf
forests (species loss = 78), and Magdalena Valley dry forests (species loss = 77) ecoregions.
Relative species loss was predicted to be highest in Patia Valley dry forests (relative loss =
0.85), Magdalena Valley dry forests (relative loss = 0.75), and Cauca Valley dry forests
(relative loss = 0.73) ecoregions (see Data S2 for a complete overview of ecoregion-specific
results). Palearctic, Afrotropic, and Indomalayan ecoregions were predicted to be the most
affected and Oceanic and Australasian ecoregions the least, in terms of both absolute and
relative numbers of predicted extinctions. The similarity in the global patterns of absolute and
relative predicted species losses (Fig. S2) indicates that absolute species loss is determined
by the extent of land conversion and fragmentation rather than inherent differences in species

richness among the ecoregions.

Contribution of habitat fragmentation

The threats from habitat loss were generally dominant over the threats from fragmentation
(Fig. 2). On average across the ecoregions, habitat loss corresponded with a predicted loss of
nine species (range = 0-78), while fragmentation accounted for one additional extinction
(range = 0-18) and 9% of the combined threat. In 75 ecoregions (9%), fragmentation was
predicted to account for 225% of the combined threat and in 11 ecoregions (1%),
fragmentation threats contributed 250% (e.g., in the Guianan Piedmont and lowland moist
forests, Australian Alps montane grasslands, and Sulawesi lowland rain forests ecoregions;
Data S2). In 321 ecoregions (40%), fragmentation was predicted to cause at least one
additional mammal extinction. We further found a positive correlation between habitat loss
and fragmentation threats (Fig. 3), reflecting that more habitat conversion generally brings

about more fragmentation.

Comparison with IUCN Red List

Our average estimate of 10 predicted ecoregion-level extinctions (11%) is similar to the
estimate of the IUCN Red List 2, which reports on average eight species as extinct or
endangered and threatened by land use, corresponding to an average of 10% of the

ecoregional species pool. Further, we found a Spearman’s rank correlation coefficient (p) of
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0.49 between the numbers of extinct and endangered species predicted by our model and

estimated by the IUCN (Fig. 4).

Our assessment of fragmentation impacts provides a conservative estimate as we based our
calculations on species’ maximum natal dispersal distance. Using the median natal dispersal
distance instead, we found on average two predicted extinctions (range = 0-19) due to
fragmentation instead of one (for details see the supplemental methods and Fig. S3). The
total number of predicted extinctions was similar (10 species in both dispersal scenarios, and
ranges of 0-86 and 0-88 in the maximum and median natal dispersal distance scenarios,
respectively), but the average contribution of fragmentation effects increased from 9% to 13%
(Fig. S4). Using the median rather than the maximum natal dispersal distance did not affect
the correlation between predicted and observed numbers of extinct and endangered species
(Spearman’s p = 0.49; Fig. S5) or the relationship between predicted habitat conversion and

fragmentation effects (Fig. S2).

Sensitivity analysis

To assess the sensitivity of our model results to uncertainty in the slope of the SHR, we
performed additional calculations based on the 90% confidence intervals (Cl) of the slope
values of the SHR, i.e. the species-area accumulation rates (Table S1). Changes in slope
values did not affect the predicted contribution of fragmentation effects, which remained on
average 9-10% (range = 0-90%; Table S2). The correlation between predicted and
documented numbers of extinct and endangered species also hardly changed by using
different slopes values (p = 0.43-0.51; Fig. S5). Global average predicted species loss,
however, changed by +4 species (corresponding to +4%) when adopting lower or upper 90%
Cl slope values (with higher slope values resulting in higher predicted species loss; Table

s2).

As we applied the SHR to a global land-use map aggregated to a 1 km resolution (30”), our

assessment omits habitat patches smaller than 0.5 km? that could act as stepping stones and
thus improve habitat connectivity. To test the sensitivity of our results to the spatial resolution
of the land-use map, we applied the SHR at 300 m, 1 km, and 3 km resolutions for four small

ecoregions across different realms that are disproportionally affected by fragmentation. We
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found that the average contribution of fragmentation effects increased from 4% at a low

resolution (3 km) to 8% at a high resolution (300 m; Table S3).

Discussion

Habitat loss is considered the main threat to biodiversity globally. Nevertheless, effects of
fragmentation are typically ignored in global biodiversity assessments, leading to a potential
underestimation of extinction risks. Here, we proposed and applied a method to estimate the
relative and combined threats from habitat loss and fragmentation to the diversity of non-
volant mammal species across the world’s terrestrial ecoregions. Our results suggest that the
threats from habitat loss are generally dominant. This finding was independent of the
assumptions made with regard to species’ dispersal capacity and slopes of the SHR (e.g.,
Figs S3-S5). Yet, we predicted that fragmentation threats are not negligible. Hence, land use
impact assessments that ignore additional fragmentation effects may systematically
underestimate species loss. Our ecoregion-level predictions indicate that the threats are
underestimated by about 10% on average, but the underestimation can be up to 90% in
highly fragmented ecoregions. In the Madagascar subhumid forests and the Sulawesi lowland
rain forests, for example, the predicted threats from fragmentation constitute more than half of

the total threats from habitat change, reflecting a highly fragmented remaining forest cover.

Divergent species responses to fragmentation may have contributed to the ongoing debate on
the relative significance of threats from habitat conversion and fragmentation 33-35. We
estimated assemblage-level threats from habitat conversion and fragmentation across the
globe using a species-area model that consistently accounts for both the suitability and
connectivity of habitat. Turning off the threats of habitat fragmentation in our SHR model
enabled us to estimate the relative threats from habitat loss and fragmentation. Although we
found threats from habitat loss to be dominant over threats from habitat fragmentation,
predicted extinctions were higher in ecoregions with more fragmented habitat. This supports
conclusions from Haddad et al. '® and Crooks et al. 20, Furthermore, our results are in line with
local evidence from estimates of the impacts of forest fragmentation in Borneo, where
reduced functional connectivity for forest vertebrates imposed an additional 7% loss of

functional habitat 38.
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For individual ecoregions, the total species loss predicted by the SHR may deviate from the
number of extinct and endangered species documented by the IUCN (Fig. 4). The IUCN data
are based on extinction risk assessments at the species level, whereas the SHR models net
changes in regional species richness (which may not reflect species-specific changes in a
specific location). Where possible, we parameterised the SHR based on the species pool
specific to each ecoregion (i.e., for land type suitability, matrix permeability, and body mass-
specific dispersal distance). Furthermore, we specified the species-area accumulation rates
(2) using mammal-specific values differentiated according to biome (Table S1; 3). Yet, our
model does not cover all aspects that may influence projected species losses, including
species-specific dispersal behaviour, species’ distributions within ecoregions, or differences in
species’ accumulation rates among vegetation types. Additionally, we based our model
estimates on a relatively crude binary habitat classification scheme where a land type is either
suitable or unsuitable for a given species 2, whereas in reality species exhibit more subtle
differences in habitat use that need not align with simple land cover classes. Further, [IUCN
threat levels are global in scope, which may cause a mismatch with the ecoregion-specific
SHR predictions (i.e., species could be more threatened in one ecoregion than in another).
Finally, the SHR considers effects of change in patch size, connectivity, and matrix quality,
and does therefore not incorporate other relevant aspects of fragmentation, such as edge
effects. Moreover, the SHR considers effects of habitat conversion only, and neglects threats
to species other than those caused by land use, such as overexploitation, pollution, or climate
change. Species covered by the IUCN can be endangered due to a variety of human
stressors in addition to habitat conversion 2. Despite the deviations at ecoregion level,
however, we found a Spearman’s rank correlation coefficient (p) between the SHR
predictions and IUCN data of 0.49 (Fig. 4) and a good match on average (10 vs 8 species
extinct or endangered). This suggests that our model can be used for large-scale exploratory
assessments of the threats from habitat loss and fragmentation on mammal species richness,
for example in comparative scenario projections 3738, but it also highlights that predictions at

the ecoregional level are associated with uncertainty.

Yet, the non-negligible contribution of fragmentation to the predicted species loss emphasises

the need for more comprehensive assessments of land cover change effects on biodiversity.
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Complementing mechanistic approaches assessing population-level responses %, the SHR
provides an opportunity to systematically assess combined threats from habitat loss and
fragmentation on species richness across large extents, as it is relatively easily parametrised
for different species groups and spatial units by adapting the SHR species-accumulation
rates, land type suitabilities and dispersal capacities. Using the SHR in combination with land
use scenarios would allow for estimating the consequences of different land use ‘futures’,
including further conversion of natural habitat as well as restoration. This can inform and help
to evaluate strategies for minimising effects of expansion of human land use, support habitat
restoration programs, or contribute to the effective allocation and design of conservation and
protected areas in combination with prioritisation procedures 4°. Our comparative assessment
across three spatial resolutions indicates that predictions with the SHR model are preferably
made based on high-resolution land use maps. Coarse resolutions may aggregate small
fragmented patches to a larger single patch (similar to functionally connected patches).
Hence, application at coarse resolutions may underestimate fragmentation. This indicates the

importance of small habitat patches as stepping stones in the landscape “'.

Curtailing biodiversity loss rates requires acute and significant conservation efforts. As most
targets set within the Strategic Plan for Biodiversity 2011-2020 have not been reached, there
are major challenges in the ongoing negotiations towards a post-2020 Global Biodiversity
Framework 22, Given that land use is a key driver of biodiversity loss and that feeding the
growing human population may further increase the demand for land, there is a key role for
strategies to minimise impacts of habitat conversion on biodiversity and ecosystems 4243,
Combining the SHR with global land use projections would enable evaluating the effects of
both the amount and spatial configuration of habitat. In turn, this information can play a role in
designing comprehensive conservation strategies based on contrasting paradigms and
corresponding measures (e.g., sparing versus sharing; *+4%). The ability to predict large-scale
landscape configuration effects on regional species diversity is a pivotal component towards
designing area-based conservation strategies for meeting internationally agreed targets for
halting or restoring biodiversity loss. These large-scale assessments should in turn be
complemented by an understanding of local and species-specific responses to habitat loss

and fragmentation, which do not necessarily correspond with the large-scale assemblage-
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level patterns (e.g., 192526:4647) Improved understanding of biodiversity change at global,
regional, and local scales is key for identifying comprehensive and targeted conservation

measures and meeting biodiversity targets 4.

Experimental procedures

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by

the lead contact, Koen Kuipers (koen.kuipers@ru.nl).

Materials availability

The datasets with habitat affinity, matrix conductivity, and dispersal distance (Data S1), and
ecoregional habitat data (i.e., equivalent connected area, species richness, habitat suitability,
species-accumulation rates, and dispersal distances; Data S2) have been deposited to

Figshare under doi.org/10.6084/m9.figshare.16616650.v1.

Data and code availability

All original data used in this research are publicly available. Species distribution spatial data
and habitat documentation data are deposited by IUCN Red List of Threatened Species.
Mammal species body mass data are deposited on Figshare under
doi.org/10.6084/m9.figshare.c.3306933.v1. Ecoregion spatial data area deposited by WWF
under doi.org/10.1641/0006-3568(2001)051[0933: TEOTWA]2.0.CO;2. 2015 land-use and
land cover spatial data is deposited by the GLOBIO project under doi.org/10.1111/gcb.14848.
The European Space Agency (ESA) Climate Change Initiative (CCl) land cover (LC) data is
deposited by the ECA-CCI-LC and publicly available upon request at http://www.esa-
landcover-cci.org/?g=node/164. The potential natural vegetation data is deposited by the Oak
Ridge National Laboratory (ORNL) Distributed Active Archive Center (DAAC) under

doi:10.3334/ORNLDAAC/961.

Code treating the raw data to parametrise the SHR and generate results of this publication

(Code S1-3) are available in on Figshare under doi.org/10.6084/m9.figshare.16616650.v1.
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Model description

The species-habitat relationship (SHR) models the relationship between the number of
species committed to extinction and the suitability and spatial configuration of various land-
use and land cover types (hereafter referred to as land types). It is an integration of the
countryside SAR (c-SAR) 27 and the equivalent connected area (ECA) concept 3! such that
the area variable of the conventional c-SAR is replaced by the ECA 30. The differential
suitability of various land types considered in the c-SAR can be considered equivalent to
matrix permeability, which in turn is a key parameter in the ECA. Thus, the integration of c-
SAR and ECA allows for consistent modelling of land type suitability and matrix permeability
across all ecoregions, considering that distinct land types host different species groups and

that some species may occur across several land types.

Similar to how the c-SAR can be used to estimate relative species loss (RSL) due to habitat
loss 1829 the SHR can be used to estimate RSL due to both habitat conversion and

fragmentation (equation 1), as

yihrECA; \?
1 RSL =1 — (#)
Q) S Yihi'ECAjyer

where h; is the suitability of land type i, ECA;is the ECA of land type i, ECA, s is the ECA of
land type i in the reference landscape (i.e., no human land use), and z is the slope (i.e.,
species accumulation rate) of the species-habitat curve. Absolute species loss can be

quantified by multiplying the RSL with the number of species in the reference state.

Land type suitabilities (h) are defined as the proportion of species occurring in land type i

relative to the total number of species in the region, raised to the power 1/z (equation 2) 8.

@ h="

N

The ECA considers the spatial configuration of the landscape and the degree of
fragmentation as perceived by the species group occurring in land type i. The ECA is based
on the number and size (a) of individual habitat patches m and n of land type / and the

probability of dispersal (p) between each pair of patches m and n (equation 3).

0.5
(3) ECA; = (Zm,n Aim " Ain " pi,mn)
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The probability of dispersal (p) among patches of land type i is defined by the dispersal kernel
based on the least-cost distance (w) between habitat patches m and n and the dispersal

distance (a) of the species occurring in land type i 4° (equation 4).
(@) Pign = €7 Vimn/

The least-cost distance (w) is defined as the permeability-weighted length of the route that
results in the shortest distance between patch m and n 32 by multiplying the distance d
travelled through landscape matrix type k by the resistance (r) of the matrix type (equation 5)
30, Relatively permeable matrix types form so-called “stepping stones”, improving the

connectivity of distant patches 32.
(5) Wimn = Zk di,mn,k "Tik

The permeability of the matrix separating the habitat patches of land type i is based on the
overlap of species between land type i and matrix type kK (i.e., the number of species

occurring in both land type i and matrix type k; equation 6).

S.
6)  re=1-

If species that occur in land type i all occur in matrix type k, the permeability equals 1 (i.e., a
resistance of 0), meaning that this matrix type can be crossed without any cost. Hence, the
connectivity of the landscape depends on the species overlap between the land types:
habitats in regions with large overlap of species communities between land types are more

connected than habitats with distinct communities.

Model parametrisation

We model the threats from land cover change to species richness at the level of ecoregions,
i.e., distinct biogeographical units that can be considered relatively homogeneous in their
vegetation and species pool 0. We cover 804 of the 825 terrestrial ecoregions based on
available land type and species data. We retrieved the spatial configuration of the land types
in each ecoregion, needed to quantify patch area sizes (a) and the spatial configuration of the
landscape, from a high-resolution land-use map for 2015 5. To reduce computation time, we

resampled the land-use map from 10” (300 m near the equator) to 30” (900 m near the

11



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

equator) based on the mode (i.e., majority rule) and aggregated the original land type classes
into eight major land types (Table S4). Four land types are anthropogenic (urban, cropland,
pasture, and forestry) and four are natural (forests, grasslands, deserts, and rock and ice).
We replaced the original class “light use pasture” by the land cover in the underlying
European Space Agency Climate Change Initiative land cover 9, as this class indicates
natural habitat that is used mainly for extensive grazing 5'. To establish a baseline natural
land cover map, we replaced all anthropogenic land cover by natural land cover as defined by
the ISLCSP Il Potential Natural Vegetation Cover map 7-52. We retrieved biome-specific
mammal species-area accumulation rates from Kehoe et al. 3, ranging from 0.14 (boreal
forest ecoregions, n = 28) to 0.49 (tropical and subtropical coniferous forest ecoregions, n =

16) (Table S1).

We derived land type suitability (h) and matrix resistance values (r) per ecoregion from
species’ occurrence ranges and species habitat affinities as documented by IUCN of 4,179
non-volant mammal species, representing ~90% of all known extant non-volant mammals 233
We have excluded flying mammals (bats) because of uncertain and divergent dispersal
behaviour in response to fragmentation compared to non-volant mammals 26. For deriving
land type suitability (h) and matrix resistance (r) values, we first obtained the number of non-
volant mammal species (S) per ecoregion based on the overlap of IUCN species range maps
(n = 4,179) with the ecoregions 2. We then defined the land type suitability of each land type i
in each ecoregion based on the number of species with affinity to that land use type relative to
the total number of species in the ecoregion 2. The subset of species of land type i that also

occur in matrix type k was obtained correspondingly.

We define dispersal capacities (a) as the median of the maximum natal dispersal distance of
the species specific to each ecoregion and land type i. Using the maximum natal dispersal
distance is in line with metapopulation theory %, as it gives an indication of the possibility of
species to reach isolated habitat fragments 5. We retrieved species-specific maximum
dispersal distances using allometric relationships between mammal body mass (b) and home
range, and home range and maximum natal dispersal capacity, differentiated according to

trophic guild 35:%. For carnivorous mammals, the species-specific maximum dispersal

distance is estimated by a = 40v380b113; for non-carnivorous mammals, the species-specific
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maximum dispersal distance is estimated by « = 40v54b (where dispersal distance and body
mass are in meters and grams, respectively). We extracted species-specific body mass (b)

and trophic guild data from the EltonTraits 1.0 database 5.

The slope of the SHR (z) indicates the rate at which species richness increases with
equivalent connected area. Such species-area slopes are commonly assumed to range
between 0.2 and 0.3, depending on geographical location and environmental conditions
18.27.29 \We retrieved mammal- and biome-specific z values from Kehoe et al. 3, who assessed

terrestrial mammal species richness in plots of increasing size based on species’ range maps.

We assessed threats from habitat loss only by ignoring changes in connectivity after habitat

conversion (i.e., assuming human-modified land cover to be equally permeably as the original
land cover). We assessed the additional threats from fragmentation as the difference between
the predicted species loss caused by habitat conversion and fragmentation combined and the

predicted species loss caused by habitat conversion only.

We validated the predicted threats from habitat conversion and fragmentation per ecoregion
against the number of extinct and endangered species as documented by the IUCN 2, similar
to previous studies that validated SAR-based models of species loss (e.g., 37:%8%9). We

identified the number of non-flying mammal species per ecoregion, listed as “extinct”, “extinct

in wild”, “critically endangered”, “endangered”, or “vulnerable” and threatened by at least one

» o« n o

land-use category (from the categories “commercial development”, “agriculture”, “pasture”,
and “plantations”) (n = 795) and calculated the proportion relative to the total number of non-
volant mammals (n = 3,659) in the region (excluding “data deficient” species). Furthermore,
we excluded species listed as threatened due to criteria A1-4de only (n = 17) because these
species are threatened due to overexploitation or exotic alien species and would be listed as
threatened even if their habitat remains fully intact. We included both extinct and endangered
species, because SAR models estimate both materialised and projected extinctions 8. We
then compared our estimates of relative and absolute species extirpations due to the

combined effects of habitat conversion and fragmentation with the relative and absolute

number of endangered species threatened with land use according to the IUCN.
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Model simulations for sensitivity assessment
We tested the sensitivity of the outcomes to key parameters by considering different
assumptions regarding dispersal capacities (a), species-area accumulation rates (z), and land

use map resolutions.

To assess the sensitivity of our outcomes to the dispersal distance parameter (a), we also
performed the calculations based on median rather than maximum natal dispersal distances,
resulting in lower species mobility and landscape connectivity. We obtained species-specific
median natal dispersal distances from corresponding relationships between body mass and

dispersal distance (via body mass-home range, and home range-dispersal distance

relationships), estimated as a = 7v/380b*13 for carnivorous mammals and a = 7v54b for non-
carnivorous mammals (where dispersal distance and body mass are in meters and grams,

respectively) 55,

We assessed the sensitivity of our results to changes in the slope (z) of the SHR by applying
lower and higher biome-specific z-values based on their 90% confidence intervals (capped

between 0 and 1; Table S1).

Finally, we assessed the effect of the resolution of the land use map. To that end, we applied
the SHR to habitat change in four selected small ecoregions across different realms that are
disproportionally affected by fragmentation (Table S3), using resolutions of 300 m (10”), 1 km

(30”), and 3 km (100").
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575 Figure titles and legends

576 Figure 1. Combined threats from habitat loss and fragmentation to mammal species richness
577 per ecoregion. A) Number of species committed to extinction. B) Proportion of species

578 committed to extinction. Grey = no data. Boxplots indicate the minimum, first quartile, median,
579 third quartile, and maximum of (relative) species loss values per realm. AA = Australasia (83
580 ecoregions), AN = Antarctic (2 ecoregions), AT = Afrotropic (108 ecoregions), IM = Indomalay
581 (106 ecoregions), NA = Nearctic (117 ecoregions), NT = Neotropic (172 ecoregions), OC =

582  Oceania (22 ecoregions), PA = Palearctic (197 ecoregions).
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Figure 2. Predicted mammal species losses per ecoregion. Predicted losses due to A) habitat
conversion and B) fragmentation (ecoregions ordered by impact in the bar chart) as well as C)
the relative contribution of fragmentation effects to species loss (ecoregions ordered by
relative share of habitat conversion effects in bar chart). Grey signifies no data or zero

predicted extinctions (in panel C). Note the different colour scales in panels A, B, and C.

Figure 3. Relationship between predicted habitat fragmentation and habitat loss effects and
corresponding Spearman'’s rank correlation coefficient (p). The direction of the relationship is
assessed by a linear trend line (grey solid line with 95% confidence interval). The line of
equality (dashed) indicates that habitat conversion effects are dominant over the effects of

habitat fragmentation.

Figure 4. SHR predicted species loss compared with the IUCN documented number of
extinct and endangered species threatened by land use per ecoregion. The axis scales have
been square root-transformed. The plot includes the line of equality (dashed) and the linear
trend line (grey solid line including 95% confidence interval). The Spearman’s rank correlation
coefficient (p) describes the correlation of the predicted species loss and the number of
extinct and endangered species as documented by the IUCN. Species with IUCN Red List
category ‘'VU’, ‘EN’, ‘CR’, ‘EW’, and ‘EX’ were considered threatened or extinct. Note that

observations (ecoregions) may overlap, represented by a darker shade of grey.
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Supplemental Text and Figures

Supplemental figures
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Figure S1. Global land use and land cover change. Global land use and land cover change (grey signifies
no data) relative to a natural baseline based on the GLOBIO4 2015 land use map (1) and ISLSCP Il
Potential Natural Vegetation map (2). The predicted species losses correspond to global declines of 30%
and 34% in natural forest and grassland area, respectively, relative to a natural baseline. Further, the
effectively connected forest and grassland area has declined by 33% and 37%, respectively, indicating that
the remaining forests and grasslands have become increasingly fragmented. This is illustrated by the
increase in number of forest fragments from 0.74 million to 0.99 million, decrease in mean patch size from
75 km? to 39 kmZ2, and an increase of the mean regional inter-patch distance from 21 km to 29 km. Global
grasslands fragments show a similar pattern.
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Figure S2. Predicted habitat conversion and habitat fragmentation threats per ecoregion for median and
maximum natal dispersal distances. Effects based on A) maximum natal dispersal distances and B) median
natal dispersal distances. The relationship between habitat conversion and fragmentation effects is
assessed by the Spearman’s correlation coefficient (p) and the direction of the relationship is indicated by
a generalised linear model (grey line) with a 95% confidence interval. The identity line (dashed) indicates

that habitat conversion effects are dominant over the effects of habitat fragmentation.
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Figure S3. Predicted species loss caused by habitat fragmentation. Predicted species loss based on A)
maximum natal dispersal distances and B) median natal dispersal distances. The ecoregions are grouped
by realm and ordered based on the predicted fragmentation impact. Antarctic and Oceanic ecoregions are
excluded because of the absence of fragmentation impacts on absolute species loss.
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Figure S4. Relative contribution of fragmentation threats to predicted species loss based on median natal
dispersal distances. Grey signifies no data or zero predicted extinctions.
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Figure S5. Predicted species loss per ecoregion according to the SHR, assuming A) minimum species
accumulation rates (lower 90% confidence interval of z-value), B) a mean species accumulation rate, and
C) maximum species accumulation rates (upper 90% confidence interval of z-value) compared with the
documented number of extinct and endangered (‘VU’, ‘EN’, ‘CR’, ‘EW’, ‘EX’) species threatened by land
use according to IUCN . The axis scales have been square root-transformed. The line of equality is shown
dashed, and the trend line is shown in grey (including 95% confidence intervals). The Spearman’s rank
correlation coefficient (p) describes the correlation of the predicted species loss and IUCN documentation
on extinct and endangered species.



Supplemental tables

Table S1. Regional slopes (z values) of the SHR curves. Slopes for the ecoregions within each biome of
the species-habitat relationship, derived from Kehoe et al. 2. The global z value reported by Kehoe et al. 2
is 0.22.

Biome SHR slope (2) Lower 90% CI Upper 90% CI
Tropical & subtropical moist broadleaf forests 0.17 0.09 0.25
Tropical & subtropical dry broadleaf forests 0.26 0.08 0.44
Tropical & subtropical coniferous forests 0.49 0.00 1.00
Temperate broadleaf & mixed forests 0.20 0.12 0.28
Temperate conifer forests 0.20 0.10 0.30
Boreal forests/taiga 0.14 0.07 0.21
Tropical & subtropical grasslands, savannas & shrublands 0.21 0.13 0.29
Temperate grasslands, savannas & shrublands 0.20 0.07 0.33
Flooded grasslands & savannas 0.23 0.00 0.46
Montane grasslands & shrublands 0.27 0.1 0.43
Tundra 0.21 0.1 0.31
Mediterranean forests, woodlands & scrub 0.26 0.11 0.41
Deserts & xeric shrublands 0.21 0.13 0.29
Mangroves 0.23 0.02 0.44

Table S2. Mean and maximum predicted regional species loss (and relative contribution of fragmentation
effects to species loss) in the three different z-value scenarios (lower 90% confidence interval, mean, and
upper 90% confidence interval.

Measure Lower 90% CI Mean CI Upper 90% CI
Mean absolute species loss 5 10 13
Maximum absolute species loss 68 86 105
Mean relative species loss 6% 11% 14%
Maximum relative species loss 86% 85% 85%
Mean relative contribution of fragmentation effects 10% 9% 9%

Maximum relative contribution of fragmentation effects 90% 90% 90%




Table S3. Predicted regional species loss (and relative contribution of fragmentation effects to species loss)
in selected ecoregions using three land cover resolutions (300 m, 1 km, and 3 km).

Realm Region (ID) Area Species loss (relative loss) Contribution of
(km?) fragmentation effects
300 m 1 km 3 km 300m  1km 3 km
Afrotropic Mandara Plateau 7479 33 (48%) 35(51%) 37 (55%) 6% 5% 3%
mosaic (30710)

Indomalay  Sumatran tropical pine 2748 7 (7%) 7 (7%) 7 (7%) 10% 9% 1%
forests (40304)

Neotropic Tehuacan Valley 9862 17 (17%) 17 (18%) 17 (18%) 16% 14% 12%
matorral (61316)
Nearctic Florida sand pine 3879 5 (12%) 5 (12%) 5 (13%) 1% 1% 1%

scrub (50513)




Table S4. Land type aggregation of the GLOBIO4 3 land use and ISLSCP PNV “ land cover maps.

ID land type GLOBIO GLOBIO4 land type PNV PNV land cover type
ID ID
0 Nodata 0 No data 16 No data
1 Urban 1 Urban
2 Cropland 230 Cropland, light use
231 Cropland, intense use
3 Pasture 3 Pasture, intense use
4 Pasture, light use*
4 Forestry 5 Forestry
11 Forests 50 Tree cover, broadleaved, evergreen, closed to open 1 Tropical evergreen
(>15%) forest
60 Tree cover, broadleaved, deciduous, closed to open 2 Tropical deciduous
(>15%) forest
61 Tree cover, broadleaved, deciduous closed (>40%) 3 Temperate broadleaf
evergreen forest
62 Tree cover, broadleaved, deciduous, open (15-40%) 4 Temperate needleleaf
evergreen forest
70 Tree cover, needle leaved, evergreen, closed to open 5 Temperate deciduous
(>15%) forest
71 Tree cover, needle-leaved, evergreen, closed (>40%) 6 Boreal evergreen
forest
72 Tree cover, needle-leaved, evergreen open (15-40%) 7 Boreal deciduous
forest
80 Tree cover, needle -leaved, deciduous, closed to open 8 Mixed forest
(>15%)

81 Tree cover, needle-leaved, deciduous, closed (>40%)
82 Tree cover, needle-leaved, decidu1ous, open (15-40%)
90 Tree cover, mixed leaf type (broadleaved and needle-
leaved)
100 Mosaic tree and shrub (>50%) / herbaceous cover
(<50%)
160 Tree cover, flooded, fresh or brackish water
170 Tree cover, flooded, saline water

12 Grasslands 110 Montane Grasslands and Shrublands [agg]; Mosaic tree 9 Savanna
and shrub (>50%) / herbaceous cover (<50%) [crop]
120 Shrubland 10 Grassland/steppe
121 Evergreen shrubland 11 Dense shrubland
122 Deciduous shrubland 12 Open shrubland
130 Grassland 13 Tundra

140 Lichens and mosses

150 Sparse vegetation (tree, shrub, herbaceous cover)
(<15%)

151 Sparse tree cover (<15%)

152 Sparse shrub (<15%)

153 Sparse herbaceous cover (<15%)

180 Shrub or herbaceous cover, flooded,
fresh/saline/brackish water

13 Deserts 200 Bare areas 14 Desert
202 Unconsolidated bare areas
15 Water 210 Water bodies 0 Water bodies
bodies
16 Rock & ice 201 Consolidated bare areas 15 Polar desert/rock & ice

220 Permanent snow and ice

* The GLOBIO4 “Pasture, light use” class was replaced by the original ESA European Space Agency Climate
Change Initiative landcover®, resulting in replacement by one of the natural landcover types (GLOBIO4 ID 50-180,
199-220).
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