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Human land-use results in widespread range change across taxa. Anthropogenic pressures
can result in species’ realized niches expanding, shifting, or contracting. Marginalization
occurs when contraction constrains species to the geographic or ecological extremes of
their historic niche. Using 4,785 terrestrial mammal species, we show that range con-
traction results in niche space and habitat diversity loss. Additionally, ecological mar-
ginalization is a common consequence of range contraction caused by human land use
change. Remnant populations become located in the climatic and topographic extremes
of their historic niche that are more likely to be at the periphery of their historic niche
at greater distances from historic niche centroids. This ecological marginalization is
associated with poor performance and increased extinction risk independent of geo-
graphic range loss. Range loss and marginalization may create a “double whammy”
in vulnerable groups, such as large-bodied species and species with small geographical
range size. Our results reveal a hitherto unrecognized conservation threat that is vital
to incorporate into conservation assessment and management.

marginality | rangeloss | performance | dynamics | threats

Human impacts, such as land-use changes (1), persecution, and community change (2)
have globally altered the size, habitat diversity, and connectivity of species” ranges. Efforts
to address pervasive habitat loss and conversion include sustainable harvesting mandates,
regulations limiting land clearing and habitat fragmentation, and the creation and expan-
sion of protected areas (PAs) (3). Despite increases in established PAs to ~250,000 terres-
trial PAs (22 million km?) and ~20,000 marine PAs (28 million km?) (4), species loss
continues. Continuing declines may be the result of extinction debt, or a lag between
habitat loss and population extirpation (5). However, the “Protected Area Paradox” (6),
whereby declines continue within PAs, may also result from PAs being located in marginal
(7), less productive (8) “pristine” lands under little pressure for human conversion (9, 10).

Protected area bias toward marginal habitats results from a global mosaic of human
agriculture and settlement that are concentrated in highly productive lands (2, 11) with
shallow slopes, fertile soils, and access to surface water (12). Temperate and tropical grass-
lands and tropical dry, Mediterranean, and temperate broadleaf forests are preferentially
converted and fragmented for high-intensity agriculture (13) and SI Appendix, Fig. S1).
As most PAs have been created after agricultural intensification, they are more likely to
occur in areas that are unattractive for agriculture (8, 9) such as steep slopes or far from
water, rather than areas with the most biodiversity. Moreover, biomes such as mountains,
deserts, and cold tundra that only account for 10% of global net primary productivity
are over-represented in PAs (6, 14).

Species’ ranges encompass abiotic and biotic gradients ranging in quality. In high-quality
habitats, individual vital rates (survival and reproduction) and population performance
(abundance, density, and growth) are strong, whereas in low-quality, marginal habitats,
individual and population metrics are comparatively poor (15). High-quality habitats can
support higher population density and produce more emigrants that disperse from
“sources” to non-self-sustaining marginal “sinks” (16). Such productive habitats are crucial
to maintain meta-population processes and trophic diversity (17). In response to threats,
environmental change and persecution, organisms can: 1) retreat into refugia (18), 2)
contract into high-quality “core” environments that buffer the threat (19), or 3) move
into or co-opt a novel habitat (7).

Range change can lead to ecological niche or geographic range shifts, expansion or collapse
(Fig. 1 and SI Appencdix, Fig. S2). Random habitat loss will result in a smaller range but will
not necessarily impact habitat diversity or the niche center. Habitat loss focused on ecological
or geographic margins will lead to niche contraction toward the geographic or ecological
“core.” Such contraction to high-quality habitats with high vital rates can lead to increased
resilience of the remaining metapopulation (19). In contrast, loss of habitat in the range
core can lead to contraction toward ecological extremes at the periphery of the historically
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Fig. 1.

Dynamics of species response curves and niche spaces following shifts from anthropogenic pressures. (Top) possible outcomes of niche shifts where

green to yellow gradients represent high-quality to low-quality conditions, respectively. (Centre) changes in niche space in relation to these shifts where crosses
represent niche centroids, blue—contemporary and orange—historic. Ellipses depict niche space, blue—contemporary, orange—historic. (Bottom) predicted
changes in average distance to historic niche center with increasing range contraction.

occupied niche (Fig. 2). Localized human pressures may extirpate
or shift individual populations into marginal conditions (e.g., partial
refugee species; ref. (20), whereas marginalization at a macroeco-
logical scale can restrict entire species to marginal conditions (7).
Given that human activities and land conversion are concentrated
in productive accessible lands, range contraction and habitat loss
are likely to be associated with shifts toward niche margins. However,
the relationship between range contraction and niche shift in mam-
mals has not been evaluated.

Here, we evaluate the intrinsic and extrinsic factors associated
with range collapse using a combination of phylogenetic and niche
modeling (polyhedral convex hull and n-dimensional hypervol-
umes). We define the niche as a multidimensional volume (hyper-
space) where axes correspond to environmental conditions (21).
Species historic and contemporary geographic ranges are physical
spaces of available environmental conditions with each point (or
cell) representing a set of topographic and climatic factors, similar
to Hutchinson’s definition of biotope (21). For each species’ niche,
we subset range maps to include only cells within habitat types
and elevation ranges reported in IUCN assessments. The niche
space for each species is described by the first three principal com-
ponents. We then evaluate factors associated with range loss in
4,785 mammal species and how niche shift impacts extinction
risk of range-contracted mammals. We predict that human pres-
sures in ecologically productive landscapes will exclude species
from historic niche centers and lead to ecological marginalization.
We also predict that ecological marginalization will increase
extinction risk where niche centroids shift from core, high-quality
habitats to more marginal areas (17, 22).

Results

Thirteen percent, or 627, of 4,785 mammal species have under-
gone geographic range contraction, but the intensity of range loss
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varied (SI Appendix, Table S1). Across all species, whether geo-
graphic range contraction occurred was explained by the following
factors: small geographic range size, large body mass, and the
proportion of the historic range transformed for human land-use
(Table 1). The extent of range contraction in species which have
experienced range contraction was a function of human transfor-
mation of the historic range and small geographic range sizes
(SI Appendix, Table S2).

As species’ geographic ranges contract, their niches shrink and
become more homogeneous (higher proportion of habitat diver-
sity loss) (Fig. 3 and Table 2). Large body mass, large geographic
ranges, and anthropogenic transformation all predict the extent
of habitat diversity loss (S Appendix, Table S1 and Table 2). Body
mass and range loss interact such that larger-bodied species with
extensive range loss have disproportionately lost habitat diversity
(SI Appendix, Fig. S5).

Most range-contracted species were displaced toward climate
or topography extremes (S Appendix, Table S4). Range collapse
and human transformation shift species to more extreme temper-
ature (SI Appendix, Table S8), precipitation (SI Appendix, Table
S10), elevation (S Appendix, Table S12), and slope ranges
(SI Appendix, Table S14 and Fig. 3). Species with smaller geo-
graphic range are more vulnerable to shifts in temperature and
precipitation (Fig. 3 and S/ Appendix, Tables S8 and S10). Large-
bodied species were also more vulnerable to shifts in temperature
(SI Appendix, Table S8), whereas small-bodied species were more
vulnerable to shifts in elevation (8 Appendix, Table S12)

For range-contracted species, niche parameters at the range
center were different from those at the niche center in the primary
principal component for historic (Z = -2.80, df = 524, P = 0.005)
and contemporary niches (Z = -1.91, df = 524, P = 0.06,
SI Appendix, Table $30). Environmental conditions at the historic
geographic center also differ from the historic range average (tem-
perature; Z = -2.70, df = 545, P = 0.007; precipitation Z = -2.02,
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Fig. 2. Examples of species demonstrating contraction to niche centroid, ecological marginalization and stable niches under range contraction in three-
dimensional environmental. (Top) Feathertail glider (Acrobates pygmaeus) as an example of a species with a stable niche under very low levels of range contraction.
(Middle) Grevy's zebra (Equus grevyi) as an example of contraction to niche centroid under very high range contraction (~90%). (Bottom) Red wolf (Canis rufus)
as an example of ecological marginalization. All three-dimensional niche spaces are constructed from the first three principal components of contemporary and
historic topographic and climatic variables separately. “Historic” niche points (modeled with Mid-Holocene period climate, ~6,000 y ago). Orange dots and ellipse
are PCA coordinate points of each species’ contemporary niche and niche space respectively. Blue: historic niche points and niche space.

df = 545, P = 0.04; and elevation Z = 6.44, df = 545, P < 0.001).
Environmental conditions at the contemporary geographic center
also differ from the contemporary range average (temperature Z
= -4.47, df = 545, P < 0.001; elevation Z = 5.28, df = 545, P <
0.001) (87 Appendix, Table S29). Geographic range loss displaces
species to the ecological periphery of their historic niche (Fig. 3
and S/ Appendix, Table S25) but does not consistently displace
species to their geographic range edge (SI Appendix, Table S17
and Fig. $3). Larger range loss results in more ecological margin-
alization, quantified by a greater Mahalanobis distance between
the contemporary niche points and the historic niche centroid
(Fig. 3 and ST Appendix, Table $19) and greater distances between
historic and contemporary niche centroids (SI Appendix, Table
S$20). Species with small geographic ranges were most vulnerable
to ecological marginalization using both Mahalanobis distance
and centroid shifts (Fig. 3). As such, ecological, but not
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geographic, marginalization is a common consequence of geo-
graphic range loss in range-restricted mammals (SI Appendix,
Table S28).

Across all species, increased extinction risk was associated with
large body mass and small geographical range (S/Appendix,
Table $22). For species that have experienced range contraction,
large body mass, and small geographical range (SIAppendix,
Table S24) as well as greater geographic range loss and ecological
marginalization also increased extinction risk (Table 3). Geographic
marginalization did not influence extinction risk (Table 3).

Discussion and Conclusion

Human land-use leads to non-random range and habitat diversity
losses in terrestrial mammals. As species’ ranges contract, they
become increasingly restricted to ecologically marginal habitats
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Table 1. Species with more human transformation in their historic range and smaller geographic range sizes are
most vulnerable to geographic range loss

Variable df Slope se z P > model weights
Geographic range size 1,4156 -0.25 0.014 -18.7 <0.001™" 1
Body mass 1,4156 0.11 0.014 8.6 <0.001™ 1
Human transformation 1,4156 0.40 0.14 2.8 0.004™ 1

Summary table for geographic range contraction across mammals from best fit model of dredge function of global model of pgls(Range loss quartile) ~ order + log(body mass) + log(geo-
graphic range size) + logit(human transformation), data = mammal.phy.glm.range.loss, lambda = “ML"). No alternative models were within delta <2 of the best fit model. Factor weight is
the S of model weights for all models. Human transformation denotes the proportion of historic range converted to rangelands, agriculture or dense settlements.
P <0.05,
P <00,

P <0.001. %= 0.67, df: 4156, adjusted R? = 0.09, AICc = 9502. Variables within best fit model are shaded in gray. Dredge results for global results in S/ Appendix, Table S3.

and extremes of their historical niche. Ecological, but not geo- retreat (24) and marginalization is a global phenomenon in ter-
graphic, marginalization increases extinction risk independent of restrial mammals undergoing range contraction.

geographic range loss. In addition to large body mass and small The core—periphery hypothesis argues that organism abundance,
geographic range predicting extinction risk (23), these same traits ~ density, and performance decrease from the geographic or ecological
render species more vulnerable to habitat diversity loss, niche loss, (niche centroid) core to the periphery of a species range/niche (25,
and ecological marginalization. Our analysis shows that ecological 26). Historic niche and range limits form where death rates and
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Fig. 3. Geographic range loss has severe consequences for species niches—restricting them to smaller, less diverse, ecologically extreme niche spaces.
(A) Geographic range loss results in niche shrinkage, (B) Small ranged species are more vulnerable to displacement to less diverse ranges- Range size is in
km?, Habitat diversity loss is estimated as proportion of ecoregions lost, Middle): Geographic range contraction restricts species to climatic and topographic
extremes, (C) precipitation, (D) elevation, Bottom row) Geographic range loss leads to ecological marginalization. (E) Effect size of Mahalanobis distance to historic
niche center, (F) Small ranged species are most vulnerable to ecological marginalization. R and P values presented were calculated from Pearson’s correlation
coefficient. Yellow outlines represent 95% confidence interval of Pearson’s CC. Species correspond to range contracted species only. Ecological marginalization
against geographic range loss with species names is available S/ Appendix, Fig. S4.
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Table 2. For species that have undergone range loss, greater geographic range contraction and human
transformation of historic range is associated with more loss of habitat diversity and niche space

Model Variable df Slope se z P Factor weight

Niche loss Geographic range loss 1,560  0.14 0.017 8.37 <0.001™" 1
Body mass 1,560  0.02 0.0049  3.83 <0.001™" 0.71
Human transformation 1,560 -0.012 0.011 1.10 0.27 0.41
Geographic range size 1,560 0.014 0.026 0.51 0.61 0.31
Body mass: Geographic range loss 1,560 0.0027  0.003 1.05 0.29 0.27

Habitat diversity ~Geographic range loss 1,583  0.050  0.01 491  <0.001™" 1
Geographic range size 1,583  0.061 0.021 290  0.004™ 1
Body mass 1,583  0.02 0.014 152 013 1
Agricultural and Rangelands 1,583 0.008 0.007 1.3 0.19 0.97
Body mass: Geographic range loss 1,583  0.006  0.001 55  <0.001™" 1
Geographic range loss: Agriculturaland 1,583  0.006  0.002 2.7 0.007" 0.9

Rangelands

Body mass: Geographic range size 1,583 -0.003 0.0026 1.3 0.19 0.46
Body mass: Agricultural and Rangelands 1,583  —0.001 0.0013 0.75 0.45 0.31

Top) Summary table of conditional averaged models of within AAIC <2 of best fit model for niche loss model. Global model: pgls(asin(hypervolume loss) ~ logit(geographic range loss) +
order + log10(body mass) + log10(Geographic range size) + logit(human transformation) + log10(body mass) * log10(Geographic range size) + log10(body mass)*logit(geographic_range_
loss) + log10(body mass) * logit(thuman transformation). Best fit model statistics: A = 0.202, df = 560, adjusted R2= 0.30, AlCc = 541.7. Variables within best fit model are shaded in gray.
Bottom) Summary table of conditional averaged models of within AAIC <2 of best fit model for habitat diversity loss in range contracted species. Global model: pgls(habitat diversity loss
~ order + log(body mass) + log(geographic range size) + logit(proportion of agricultural and rangelands in historic range) + logit(geographic range loss) + log(body mass)*log(geographic
range size) + log(body mass)**logit(proportion of agricultural and rangelands in historic range) + log(body mass)**logit(geographic range loss), data = mammal.phy.glm.habitat.loss,
lambda = “ML"). Agricultural and Rangelands denotes the proportion of historic range converted to rangelands or agriculture.

P <0.05,

P <0.01,

“*P < 0.001. Factor weight is the S of model weights for each variable across all models. Best fit model statistics: A = 0.01, df = 583, adjusted R? = 0.58, AlCc = ~589.7. Dredge tables can
be found in S/ Appendix, Tables S6 and S7, respectively.

*P<0.05,

“p<0.01,

P <0.001. Variables in each best fit model are shaded gray.
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emigration exceed birth rates and immigration (27), and further
range expansion is unsustainable (28). Niche peripheries can reflect
species’ physiological tolerance limits (29) to climatic extremes,
resource limitation, disease, predation, or competition (30).
Geographic edges are not always associated with reduced population
performance (31-33); however, studies have linked peripheral pop-
ulations to reduced patch occupancy, lower abundance, and higher
rates of genetic differentiation and inbreeding (17). Ecologically
marginal populations likewise have been associated with patchier
occurrence (34), lower abundance and population density (17, 22),
lower genetic diversity (35), and lower growth rates (36, 37).

There are instances where demographic (38) trends may not
follow the core-periphery hypothesis. As patch quality changes,
populations may take time to track more optimal habitats through
dispersal, or take time to recover after a marginal period, resulting
in a lag between observed demographic metrics and proximity to
niche centroid (32, 39).

Ecological marginalization occurs when range contraction
restricts populations to suboptimal habitats more often than
high-quality ones. Marginalization worsens as niche contraction
continues and it is vital to address habitat suitability issues in
declining populations before pressures accumulate (40). Partial
refugee species have some key populations confined to suboptimal

habitat with poor performance (6, 20), whereas refugee species
are confined to, and protected in, solely marginal conditions (7).
Species are likely to experience increased extinction risk through
progressive declines in fitness and resilience as ranges contract
toward niche and ecological boundaries (28).

These results highlight that geographic and ecological marginali-
zation are different processes. Historically, the core-periphery model
of habitat suitability assumed that range centers represent optimal
habitats with suitability declining with distance from the center (25).
If true, the environmental conditions at the center of range should
be the same as the center of the realized niche. Ecological stresses are
distributed throughout a range, such that marginal habitat can occur
at either geographic centers or edges (41). The conservation potential
of a population can be determined by how the environmental con-
ditions compare to a species ecological niche rather than whether it
is in the geographic center or periphery of a historic range. Here, we
show that in range-contracted mammals, environmental conditions
at range centers differ from range means and niche centroids. Thus,
in species contemporary distribution, range centers are not ecologi-
cally equivalent to niche centers. A population or species pushed to
arange edge may not have been pushed to a niche periphery. Critically,
this means that the impact of range loss on long-term resilience is
better assessed using niche models than spatial models alone.

Table 3. Geographic range loss and both metrics of ecological marginalization independently increase extinction risk

Variable df Slope se z P Factor weight
Geographic range loss 1, 459 0.23 0.032 7.05 <0.001™ 1
Ecological marginalization 1, 459 0.10 0.033 3.37 <0.001™" 1
Geographic marginalization 1,459 0.17 0.19 0.88 0.38 0.35

Summary table of conditional averaged models of within AAIC <2 of best fit model of extinction risk and marginality metrics. Global model pgls(IUCN status ~ order + Iogit(;eographic
range loss) + geographic marginalization + log10(ecological marginalization), data = mammallUCN.phy, lambda = “ML"). Best fit model statistics: A = 0. 54, df = 459, adjusted R“ = 0.19.

'p<0.05,
P<0.01,

sk
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P <0.001. Factor weight is the y model weights for across all models. Variables within best fit model are shaded in gray. Dredge model available in S/ Appendix, Table S2.
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Large-bodied animals are vulnerable to extinction or extirpation
due to their high energetic requirements, slow reproductive rates,
and low population density (23, 42). Large-bodied species are also
more likely to be in conflict with humans over areas suitable for
rangelands or agricultural purposes and are often selectively har-
vested by humans (40), pushing them into poor productivity or
barren lands (11). Small range size is associated with ecological
marginalization as land-use change within their core “primary”
habitat can leave low density, capped populations in the remaining
marginal habitats (43, 44). We show intrinsic (geographic range
size and body mass) and extrinsic factors (geographic range loss)
increase extinction risk. We also demonstrate that ecological mar-
ginalization increases extinction risk independent of geographic
range loss. Large-bodied and small-ranged species are particularly
vulnerable to ecological marginalization and geographic range loss.
Large-bodied and small-ranged species can experience a form of
“double jeopardy” (45) or a “double whammy” where extinction
risk is a result of both intrinsic vulnerability and confinement to
marginal habitats (40).

Our findings have major implications for evaluating the effec-
tiveness of PAs and identifying conservation priorities for spe-
cies. PAss are a final stronghold for many species (46). Many
PAs are established in areas with little pressure for human land-
use, because of low economic value and productivity, rather
than for biodiversity value (9, 10). Steep, bare, and sparsely
vegetated habitats (e.g., cold mountains, deserts) are overrep-
resented in PAs (8). Hence, the full spectrum of historical niche
space is unprotected for the vast majority (93.1% of amphibi-
ans, 89.5% of birds, and 90.9% of terrestrial mammal species)
of species (47). Current estimates suggest PAs fail to adequately
protect half of the terrestrial mammals globally with hundreds
of species having no viable protected area (48). PAs may be
inefficient and potentially detrimental when they protect species
in marginal habitat (6, 7, 20) and may effectively enforce eco-
logical marginalization (7). This may explain why populations
of vulnerable species continue to decline even within PAs (e.g.,
refs. 49 and 50) and why increasing protected area coverage has
not reversed the growing number of threatened species (6).
Ecological marginalization, however, is not widely incorporated
in conservation management or planning (51). To our knowl-
edge, the only species conservation assessment to discuss eco-
logical marginalization as a conservation threat is that for the
European bison (Bison bonasus) (52). At a landscape level,
Kerley and Colleagues outline a PA network within the Cape
Floristic region, South Africa which prioritizes optimal habitat,
in terms of large- and medium-sized mammal density, by esti-
mating species potential distributions and abundances across
the landscape (53). Ultimately, incorporating marginality into
conservation planning could identify species which are actively
protected in marginal areas and prioritize the protection of
high-quality habitats which will bolster population size and
growth.

Our findings also have significant implications for the establish-
ment of appropriate conservation baselines. We demonstrate that
contemporary distributions and niche spaces are shaped through
ecological retreat, i.e., withdrawal into marginal refugia to escape
human pressures (24). Without reference to historical information,
studying species following widespread range and niche loss can
lead to stereotyped perceptions of a species and conservation com-
placency (54). Models that describe the ecology of a species based
on these stereotypes, so-called “shifted models,” may result in erro-
neous conservation recommendations (6, 55) and inaccurate esti-
mates of potential distributions, habitat suitability, and niche
breadth (56) or species’ sensitivity to environmental change (57).
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Ecological marginalization must be considered a hitherto unrec-
ognized threat that compromises conservation efficacy and exac-
erbates extinction risk.

Methods

Species Traits and Extinction Risk. Mammal adult body mass (g) and IUCN sta-
tus were obtained from the PanTHERIA (58) and COMBINE databases (59). "Data
Deficient," extreme outliers, and assumed input errors were excluded. A total of
4785 species' data were included in the analyses. IUCN status was converted to
an ordinal scale from 0 to 5 (least concern = 0, near threatened = 1, vulnerable
= 2, endangered = 3, critically endangered = 4, extinct/extinct in wild = 5) as
an index of extinction risk.

Species Distributions, Geographic Range Loss, and Habitat Diversity Loss.
For species distributions, we used present natural, i.e., species ranges without
human pressures and contemporary ranges from the PHYLACINE dataset (60). The
use of the PHYLACINE distributions as estimates of "historic" and contemporary
ranges is well established (61). Geographic range loss was assessed from the
proportional loss between historic and contemporary ranges. To assess which
intrinsic and extrinsic factors were associated with geographic range loss across
all 4785 species, geographic range loss was converted to an ordinal scale: zero
range loss = 0, Tst quartile of range contraction = 1,2nd quartile = 2, 3rd quartile
= 3, 4th quartile = 4. Range maps were intersected with the Resolve2017 map
(62) to assign ecoregions and biomes. Habitat diversity loss was estimated from
the proportional loss of ecoregions between historic and contemporary ranges.
Freshwater or marine bodies within ranges were excluded.

Anthrome and Land-Use within Ranges. The Anthropogenic Biomes
(anthromes) Version 2 dataset (1,700 to 2,000) (63) was used to assess con-
temporary land-use within historic species range. Human transformation was
calculated as the proportion of a species’ historic range converted to dense set-
tlements (urban, mixed settlements, and village anthromes) and agricultural and
rangelands (anthromes of croplands and rangelands with substantial/significant
human populations).

Assessing Geographic Marginalization. For geographic marginalization,
100,000 sampling points were randomly generated throughout both the his-
toricand contemporary ranges of each species. The minimum Euclidean distance
from a historic range boundary was then generated for each point. This approach
is analogous to the niche margin index (64) but applied to geographic instead
of ecological space. A Cohen's d effect size of the average minimum distance to
historic range boundaries for contemporary and historic points was calculated.
Positive values depict an increase in distance to the historic range boundary,
i.e., contraction to geographic center and negative values depict a decrease in
distance, i.e., contraction to edges.

Assessing Ecological Marginalization. For ecological marginalization, only
range-contracted species that lost geographic area between historicand contem-
porary time points (0 < x < 100%) were assessed. Species' ranges were trimmed
by biome type and elevation limits collated from [UCN assessments. Only biome
types and elevation ranges collated from [UCN assessments of each species were
used to estimate species' niches. Conditions within a species’ niche at each time
were assessed by sampling all cells for climaticand topographic variables within
a species’ trimmed historic and contemporary range.

For present climate conditions, we assessed the period 1970 to 2000 using
WorldClim version 2 (65). For past climatic conditions we used the Mid-Holocene
period (~6,000 y before present) using WorldClim version 1(66). We averaged
three climatic (general circulation) models (CNRM_CMS5, IPSL-CM5A-LR, and the
MPI-ESM-P) as estimates of the Holocene climate variability (67). For topographic
variables, we evaluated elevation (https://www.worldclim.org/data/2.5m)and cal-
culated slope as the average difference in elevation across eight adjacent cells
using the terrain function in the package raster (68). Annual temperature and
precipitation, precipitation and temperature seasonality, minimum and maxi-
mum temperature (assessed in the coldest and hottest months respectively),
minimum and maximum precipitation (assessed in the driestand wettest months,
respectively), slope, and elevation were used to represent ecological niches. These
factors constitute all major abiotic factors impacting the distribution, diversity,
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and performance of terrestrial mammals (69). All climatic and topographic con-
ditions were estimated by sampling the centroid of each 2.5 arc-minutes grid
cell (approximately 5 x 5 km at the equator) as a compromise between spatial
coverage and computational feasibility.

We assessed ecological marginalization by calculating distance between niche
centroids and average Mahalanobis distance of contemporary and historic niche
points to the historic niche centroid. Firstly, climatic and topographic conditions
of historicand contemporary niches were reduced to three principal dimensions
using principal component analysis (PCA). PCA coordinates were separated into
corresponding historic and contemporary niches. For each, a three-dimensional
hypervolume was modeled using a one-class support vector machine (SVM)
algorithm (70) (with default y value of 0.5) using the "hypervolume"” package
(71). This one-class SVM estimates optimal features that best classify randomly
generated points into “inside” or “outside” of the input dataset. Through this
procedure, the SVM produces a "tight” fit shape around the input data where
boundaries represent niche edges. A one-class SYM is the most suitable algorithm
as presence-only data were used and the extremes of the input variables reflect
the strict boundaries of species niche space (72). Niche loss was calculated as the
proportional loss of hypervolume volume between historic and contemporary
hypervolumes. Distance between centroids was calculated as Euclidean distance
between contemporary and historic hypervolume centers.

For Mahalanobis distances, we used convex hull modeling (73) to model eco-
logical niches at each time point as minimum volume ellipsoids (MVE). AMVE for
both historic and contemporary niche spaces was modeled using the first three
principal components of environmental variables (as per hypervolumes). We then
calculated the centroid of historic MVE using the cov_center function in the ntbox
package (74).The Mahalanobis distance of all points to the historic niche centroid
was calculated. The difference in average Mahalanobis distance between historic
and contemporary MVEs was calculated as a Cohen'’s d effect size. Negative effect
sizes occur when the species contracts to its historic core, and positive effect sizes
occur when species contracts to its historic periphery. Mahalanobis distances are
calculated on the observed distribution only and account for the covariance of
multiple environmental axes giving a more accurate representation of the dis-
tance in environmental space (75).

Ecological Variables Shift.To investigate variable shifts to ecological extremes,
we also investigated the Cohen's d effect size shift in elevation, slope, annual
temperature, and annual precipitation. These variables represent key abiotic
characteristics that dictate species’ distributions, niche dynamics, and habitat
selection across geographic space and time (76).

Comparing Conditions at Niche and Range Centers in Range-Contracted
Species. We investigate the similarity between individual environmental vari-
ables and niche parameters at the niche center and geographic center in both
historic and contemporary time periods. We compare the conditions at the geo-
graphic center with the mean of the frequency distribution of environmental var-
iables found across the whole of the species range. We also compare the position
of the geographic center within the principal component with the niche center.
We calculate Z scores as a measure of standardized difference between range
centerand niche center. For environmental variables, Z scores were calculated as
(condition at geographic center minus range mean)/standard deviation (all cells
of each condition within range). For niche centers, Z scores were calculated as
(Principal component coordinate at geographic center minus mean of principal
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component coordinates)/standard deviation (all of principal component coor-
dinates in principal component). For individual variables, we extracted annual
temperature and precipitation, slope and elevation from climatic maps at the
coordinates of the geographic center. We calculate the species range mean for
each condition by extracting all cells within occupied biome types and elevation
ranges collated from IUCN assessments for each species. Geographic centers for
historicand contemporary ranges were calculated separately and the respective
environmental variables were extracted from each period to account for the chang-
ing range centers and climatic conditions across the time periods. Geographic
center was estimated using getSpPolygonsLabbptSlots function in sp package
(77). We used the same niche models (identical climatic and topographic fac-
tors) as those in the ecological marginalization analysis for niche center analysis
(PCA). Species with geographic centers within oceans or freshwater bodies were
removed from the analysis. We conducted a meta-analysis of resultant Z scores
using the Stouffer's aggregate z-score for each ecological variable and three prin-
cipal components (76).

Modeling and Data Analysis.

All data analyses were performed in R (77). We used phylogenetic generalized
least squares (PGLS) models to assess the effect of intrinsic variables and human
transformation on the metrics of loss, marginalization, shift, and extinction
risk. PGLS models use phylogenetic relationships to account for the expected
covariance between species from close phylogeny (78). PGLS models were
conducted using “caper” package (79). We calculated Mahalanobis distances
using the Mahalanobis function in the package stats (77). All GIS operations
were conducted using the raster package (80). Random points were generated
using sp package (77). All Cohen's d estimates at 95% confidence intervals were
conducted using rstatix (77). Model selection maximized AlCc of global models
using dredge function in MuMIn package in R (77). The explanatory variables
were transformed to Gaussian distributions to conform to model assumptions.
Contemporary range size, body mass, effect size of Mahalanobis distance (eco-
logical marginalization) and distance between niche centroids were log-trans-
formed. Geographic range loss, habitat diversity loss and human transformation
were logit transformed. Geographic marginalization was asin-transformed.
Absolute effect size of shift of annual precipitation, temperature, slope, and
elevation were log-transformed. We used conditional model averaging for
models within AAIC < 2 of the best fit model. We calculated factor weight
across all models using MuMin::importance function from MuMin package
in R (77). Aggregate Z scores at were calculated using stouffer_z function in
auctestr package (76).

Data, Materials, and Software Availability. Code for generating niche hyper-
volumes, minimum convex hulls and effect size changes, extracting climatic varia-
bles range contracted species, CSVs of species niche parameters for data analysis,
PGLS data analysis across species, and code for niche and range center analysis
data have been deposited in Dryad (81).
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