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ABSTRACT

Land-use change and climate change are the two most consistently identified direct drivers of terrestrial biodiversity
decline, yet the large majority of projection studies published before the mid-2010s modelled them separately,
leaving the magnitude of their combined effect poorly constrained. We synthesise findings from 118 peer-reviewed
studies published between 2007 and 2023 that projected future biodiversity loss, extinction risk, or community
composition change under scenarios combining land-use and climate forcing, spanning species distribution
modelling of individual taxa, macroecological analyses of species richness, and integrated assessment approaches
linking shared socioeconomic pathway (SSP) land-use trajectories to representative concentration pathway (RCP)
climate forcing. Across this literature, combined land-use and climate change scenarios consistently project greater
range contraction and extinction risk than either driver modelled alone, with a median excess loss attributable to the
interaction of roughly 8-15 percentage points of range area across taxonomic groups, though the interaction is
reported as synergistic, additive, or occasionally antagonistic depending on taxon, region, and dispersal
assumptions. Amphibians and range-restricted tropical taxa consistently show the largest projected combined
losses, while dispersal-limited species in fragmented agricultural landscapes are disproportionately unable to track
shifting climate envelopes even where climatically suitable habitat persists elsewhere. High-emission,
land-conversion-intensive scenario combinations (broadly corresponding to SSP3-RCP7.0 and SSP5-RCP8.5)
project substantially larger biodiversity losses than mitigation-consistent pathways (SSP1-RCP2.6), with the gap
between scenario families widening over the course of the twenty-first century. We identify persistent
methodological gaps, including inconsistent treatment of dispersal ability, land-use land-cover harmonisation across
scenario products, biotic interactions, and evolutionary adaptive capacity, that limit confidence in precise loss
estimates while leaving the qualitative conclusion, that the two drivers interact to accelerate biodiversity loss beyond
what either produces alone, well supported. We conclude by outlining priorities for narrowing uncertainty in
combined-driver biodiversity projections.
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1. INTRODUCTION

Terrestrial biodiversity is declining at a rate that a large
body of assessment work now attributes primarily to
habitat conversion for agriculture and settlement, with
climate change identified as a rapidly growing but
historically secondary driver [1,2]. This ordering is
expected to shift over the twenty-first century: as
warming accelerates, several global assessments project
that climate change will rival or surpass land-use change
as the dominant driver of species loss in some regions
and taxonomic groups by mid-century [3,4].
Understanding how these two drivers will act together,
rather than projecting each in isolation, has therefore
become one of the central problems in conservation
biogeography, motivating vulnerability assessments that
attempt to map where the two pressures are projected to
overlap most acutely [8].

The two drivers are mechanistically entangled in ways
that make their combined effect difficult to infer from
either driver's effect alone. Habitat conversion removes
and fragments the landscape matrix a species would
otherwise use to track a shifting climate envelope, so a
species with a climatically suitable range projected to
open up 200 km poleward of its current distribution may
nonetheless fail to reach it if the intervening landscape is
agricultural land offering no stepping-stone habitat
[26,33]. Conversely, climate change can degrade the
quality of remaining natural habitat directly, through
altered fire regimes, hydrology, or phenological
mismatch, compounding the effect of habitat loss even
where habitat extent itself is unchanged [28]. Because
these interactions can be synergistic, additive, or in some
documented cases antagonistic depending on the taxon
and landscape context, a synthesis across the growing
body of combined-scenario projection studies is needed
to establish what, if any, general pattern holds.

The scenario architecture available to biodiversity
modellers has itself matured substantially over the period
covered by this review. Early combined-driver studies
typically paired a single climate projection with an ad hoc
land-use trajectory, whereas the introduction of the
Shared Socioeconomic Pathways (SSPs) alongside the
Representative Concentration Pathways (RCPs), and
their subsequent harmonisation into coupled SSP-RCP
scenario families, gave modellers internally consistent
narratives linking socioeconomic development, land-use
change, and greenhouse gas emissions [17,18]. This
has enabled a more recent generation of studies to
project  biodiversity = outcomes under scenario
combinations ranging from strong mitigation with limited
land conversion (SSP1-RCP2.6) to fossil-fuelled,
land-conversion-intensive development (SSP5-RCP8.5
or SSP3-RCP7.0), providing a basis for comparing
projected biodiversity loss across a coherent scenario
gradient  rather than  across studies  using
incommensurable, independently constructed futures,
building on earlier global scenario exercises that first
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attempted this kind of cross-driver biodiversity projection
[12,14].

Species distribution models (SDMs) remain the principal
tool for translating scenario-level climate and land-use
forcing into taxon-specific projections of range
contraction and extinction risk, typically by fitting a
statistical or machine-learning relationship between a
species' known occurrences and a set of environmental
predictors, then projecting that relationship onto future
climate and land-cover surfaces [19,20]. This approach
has been extended in various ways to incorporate
dispersal limitation, land-use as both a predictor and a
constraint on realised habitat, and, less commonly, biotic
interactions and demographic processes, each extension
changing the magnitude and sometimes the sign of the
projected combined-driver effect relative to a simpler
correlative SDM [9,10].

This review synthesises the peer-reviewed literature on
biodiversity projections under combined land-use and
climate change scenarios to address three questions:
first, whether combined-driver projections consistently
show greater biodiversity loss than either driver modelled
alone, and if so by how much; second, which taxa,
regions, and scenario combinations are associated with
the largest projected losses; and third, what
methodological choices, in the treatment of dispersal,
land-use harmonisation, and biotic interactions in
particular, most strongly influence the magnitude of
projected loss. We close by identifying the evidence gaps
that most limit confidence in the current generation of
combined-driver projections.

2. MATERIALS AND METHODS

This review synthesises findings from 118 peer-reviewed
studies, published between 2007 and 2023, that
projected future terrestrial biodiversity loss, species
range change, extinction risk, or community composition
change under scenarios combining land-use change and
climate change forcing. We describe our literature
identification and synthesis approach below, organised
thematically around the modelling traditions and
driver-interaction questions the included studies address,
rather than as a single linear search-and-extraction
protocol, reflecting the heterogeneous nature of the
underlying evidence base.

I 2.1 Scope and literature identification

We searched Web of Science, Scopus, and Google
Scholar for studies published from January 2007 (chosen
to capture the literature following early combined-driver
work such as Jetz et al.'s global bird projections [6])
through December 2023, using combinations of search
terms spanning biodiversity loss, extinction risk, range
contraction, species distribution model, land-use change,
habitat loss, climate change, and scenario, together with
the taxonomic and scenario-framework terms (SSP,
RCP, IPBES, IPCC) used in this literature. Reference
lists of major assessment reports, including the IPBES
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Global Assessment and relevant IPCC Working Group I
chapters, were hand-searched to identify additional
primary studies not returned by the database search. We
retained studies that projected a quantitative biodiversity
outcome, range area, extinction probability, species
richness, or a community-level composition metric, under
at least two future scenarios that varied jointly or
comparably in land-use and climate forcing, or that
explicitly compared single-driver against combined-driver
projections for the same species or assemblage.

I 2.2 Inclusion criteria and study characteristics

Of an initial 612 records screened by title and abstract,
118 studies met full inclusion criteria and were retained
for synthesis. Included studies spanned species
distribution modelling of individual species or small taxon
sets (62 studies), macroecological or assemblage-level
projections of species richness or composition turnover
(34 studies), and integrated or semi-mechanistic
approaches linking land-use and demographic or
dispersal processes explicitly (22 studies). Taxonomic
coverage was uneven: birds and mammals were the
subject of 54 studies, amphibians and reptiles of 21,
plants of 19, insects and other invertebrates of 14, and
multi-taxon or ecosystem-level syntheses accounted for
the remainder. Geographic coverage was similarly
skewed toward Europe, North America, and
global-extent analyses, with markedly fewer studies
focused on Southeast Asian, sub-Saharan African, or
Amazonian systems relative to those regions' share of
global species richness and projected land-use pressure.
I 2.3 Extraction of comparable loss estimates

From each study we extracted, where reported, the
projected percentage change in range area, habitat
extent, or species richness under land-use change alone,
climate change alone, and the two combined, for the
scenario time horizon and emissions/land-use pathway
closest to end-of-century under a high-forcing scenario
and, where available, a moderate or mitigation scenario.
Because studies used disparate metrics (range area,
habitat suitability index, extinction probability, richness
change), we did not pool estimates into a single
gquantitative meta-analytic effect size; instead we report
the distribution of study-level percentage losses by taxon
and scenario family, and separately catalogue whether
each study characterised the land-use-climate interaction
as synergistic (combined loss exceeding the sum of
single-driver losses), additive, or antagonistic (combined
loss less than the sum), following the interaction
classification used in prior reviews of multiple-stressor
ecology [11].

I 2.4 Scenario framework harmonisation

Because included studies span roughly fifteen years of
scenario development, we mapped each study's
land-use and climate scenarios onto an approximate
common gradient from low to high combined forcing,
aligning older SRES-based studies and ad hoc land-use
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projections against the SSP-RCP framework where the
underlying narrative similarity was clear (for example,

mapping SRES AlFI-driven studies with intensive
cropland expansion approximately alongside
SSP5-RCP8.5 and SSP3-RCP7.0), while flagging

comparisons of this kind as approximate rather than

formally equivalent, consistent with cautions raised

elsewhere about scenario harmonisation across

generations of climate and land-use products [7,15].

I 2.5 Treatment of dispersal, biotic interactions, and adaptive
capacity

We separately catalogued whether each species
distribution modelling study assumed unlimited dispersal,
no dispersal, or an intermediate dispersal-limited
scenario informed by species-specific traits, since this
assumption is known to strongly influence projected
range loss under combined land-use and climate forcing
by determining whether a species can occupy newly
suitable but currently unoccupied habitat [13]. We also
recorded whether biotic interactions (competition,
mutualism, trophic dependency) and evolutionary or
plastic adaptive capacity were incorporated, given
evidence that both can substantially alter projected
outcomes relative to purely climate-and-land-cover
correlative models [25,30].

I 2.6 Limitations of the synthesis approach

This synthesis is a structured narrative and quantitative
review rather than a formal systematic review with
pre-registered protocol, and the included literature is not
a random or fully comprehensive sample of all relevant
published work; publication bias toward studies reporting
large, clearly synergistic effects, and toward well-studied
taxa and regions, cannot be ruled out and is discussed
further below. Where a single research group published
multiple related studies using overlapping data, we
retained each as a separate observation but note this
non-independence where it plausibly affects the
taxonomic or regional pattern described in the synthesis.

3. RESULTS

Across the 96 studies reporting both single-driver and
combined-driver loss estimates for at least one scenario,
combined land-use and climate change projections
showed greater median range or habitat loss than either
driver modelled alone in 81 studies (84%), with the
interaction classified as synergistic in 58 studies (60%),
additive in 27 (28%), and antagonistic, combined loss
smaller than the sum of single-driver losses, in only 11
(11%), most of which involved habitat generalist species
or taxa for which land-use change created novel habitat
(for example some grassland or edge-associated
species benefiting from certain conversion patterns even
as climate suitability declined). Table 1 summarises
median projected range or habitat loss by taxonomic
group and scenario family across the synthesised
studies, and the pattern of consistently larger losses
under combined high-forcing scenarios relative to
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single-driver or moderate-scenario projections holds
across all five taxonomic groupings we tracked.

Table 1. Median projected range or habitat loss by
taxonomic group and scenario family across 96
synthesised studies reporting comparable loss estimates.

Land-
. Climate- use-o Combined, Combined,
Taxonomic n - ; .
roup sialics only nly low-forcing high-forcin
g loss (%) loss (%) g (%)
)
Amphibians & -, ; 31 26 34 52
reptiles
Birds 29 19 17 22 28
Mammals 25 16 15 19 24
Plants 16 22 24 27 38
Insects &
other 9 24 21 29 41
invertebrates

Values are median study-reported percentage loss in range area,
habitat extent, or equivalent suitability-based metric for the
taxonomic group, aggregated across included studies reporting
that metric under the indicated single- or combined-driver
scenario. Low-forcing combined scenarios correspond
approximately to SSP1-RCP2.6 or equivalent; high-forcing to
SSP3-RCP7.0/SSP5-RCP8.5 or equivalent, projected to
approximately end of century.

Amphibians showed the largest median combined-driver
range loss of any taxonomic group under high-forcing,
land-conversion-intensive scenarios (median 52% range
contraction across the 17 amphibian-focused studies
reporting this metric), consistent with their limited
dispersal ability, narrow physiological tolerances, and
frequent reliance on specific, often already-fragmented
habitat types such as tropical montane forest and
wetland margins [27,28]. Birds and mammals showed
substantially lower median combined losses (28% and
24% respectively) but far greater variance across
studies, reflecting the wide range of dispersal ability,
habitat specificity, and geographic range size spanned
by these two taxonomic groups; wide-ranging,
dispersal-capable species in both groups frequently
showed combined losses close to their climate-only
projections, while habitat specialists and range-restricted
endemics showed losses closer to, or exceeding, the
amphibian median.

Projected biodiversity loss under combined land-use and climate change,
by taxonomic group and scenario forcing level, synthesised across studies
60
[ Low-forcing (~SSP1-RCP2.6)
mmm High-forcing (~SSP3-RCP7.0 / SSP5-RCP8.5)

Taatl

Amphibians Mammals Plants Insects &
& reptiles other invert

w IS 5
3 S S

range/habitat loss (%)
~
S

Median projected combined-driver

=
1)

Figure 1. Median projected combined-driver range or habitat loss
by taxonomic group under low-forcing (approximately
SSP1-RCP2.6) and high-forcing (approximately
SSP3-RCP7.0/SSP5-RCP8.5) scenario combinations,
synthesised across studies reporting end-of-century projections.
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The gap between combined-driver loss estimates under
mitigation-consistent scenarios (broadly SSP1-RCP2.6
or equivalent older-generation low-forcing scenarios) and
high-forcing scenarios (SSP3-RCP7.0 or SSP5-RCP8.5)
widened consistently toward the end of the century
across the subset of 41 studies reporting multiple time
horizons, with median combined loss under low-forcing
scenarios roughly half that projected under high-forcing
scenarios by 2100 across taxonomic groups (Figure 1).
This divergence was driven jointly by the climate
component, larger warming under high-forcing pathways,
and the land-use component, since SSP3 and SSP5
land-use trajectories generally project substantially
greater cropland and built-up area expansion than SSP1
in the regions overlapping the greatest concentrations of
terrestrial species richness [18,29]. This scenario gap is
consistent with taxon-specific projections showing
markedly fewer species losing large fractions of their
climatically suitable range if warming is held near 1.5C
rather than allowed to reach 2C or beyond [5].

Table 2. Methodological factors identified across the

synthesised literature as materially affecting projected
combined-driver biodiversity loss.

Reported direction
of effect on
projected loss

Methodological factor Studies

addressing it

Dispersal assumption Limited/no dispersal

(unlimited vs. limited/no 34 raises combined loss
dispersal) 1.4-2.1x
Biotic interactions included vs. Inglusmn generally
14 raises loss for
excluded .
dependent species
Land-use/land-cover product Coarser products
) 22 understate
resolution .
fragmentation effects
Adaptive capacity Inclusion generally
(plasticity/evolution) included lowers projected loss
. . Single-algorithm loss
SDM algorithm choice / a8 estimates show

ensemble vs. single model -
wider spread

Dispersal assumptions materially altered projected
combined losses within individual studies: among the 34
studies that reported results under both unlimited and
no-dispersal (or dispersal-limited) assumptions for the
same species set, the no-dispersal or limited-dispersal
scenario produced a median combined loss
approximately 1.4 to 2.1 times larger than the
unlimited-dispersal scenario for the same land-use and
climate forcing, with the gap most pronounced for habitat
specialists in fragmented agricultural landscapes where
land-use change directly obstructs the corridors a
dispersing population would otherwise use [9,33]. Table
2 summarises this dispersal-assumption sensitivity
alongside other methodological factors, including
treatment of biotic interactions and land-use-land-cover
product resolution, that the synthesised studies identified
as materially affecting projected loss magnitude.

4. DISCUSSION
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The pattern emerging from this synthesis, that combined
land-use and climate change scenarios consistently
project greater biodiversity loss than either driver
modelled alone, and that this excess loss is most often
described as synergistic rather than merely additive, is
broadly consistent with the mechanistic expectation that
habitat fragmentation constrains the range-tracking
response that would otherwise partially buffer species
against climate-driven range shifts [26,33,23]. It also fits
the broader, independently documented empirical
fingerprint of climate change already detectable in the
phenology and distribution of many taxa [24], and is
consistent with the driver attribution used in the IPCC's
own assessment of terrestrial and inland water systems
[31,32]. This qualitative conclusion appears well
supported across a methodologically and taxonomically
diverse literature. The quantitative magnitude of the
interaction, however, varies enough across studies,
methods, and taxa that we regard any single point
estimate of 'excess loss attributable to interaction' as
illustrative rather than a precise, transferable parameter,
and we report the roughly 8-15 percentage point range in
the abstract as a synthesis of central tendencies across
a heterogeneous evidence base rather than a formal
meta-analytic estimate.

A central limitation of the underlying evidence base is the
continued predominance of correlative species
distribution models that treat land-use as a static habitat
mask or an additional environmental predictor rather than
as a dynamic process interacting with dispersal,
demography, and biotic interactions over time. Studies
incorporating dispersal limitation, biotic interactions, or
demographic processes explicitly generally reported
different, and often larger, projected losses than purely
correlative approaches applied to the same taxa [9,30],
suggesting that the majority of the synthesised literature,
dominated by correlative SDM approaches, may
systematically understate combined-driver risk for
dispersal-limited or biotically dependent species even as
it captures the qualitative direction of the interaction
correctly.

The pronounced geographic imbalance in the literature,
with the large majority of combined-driver studies
concentrated in  Europe, North America, and
global-extent analyses relative to the tropical regions
facing the greatest projected concurrent pressure from
land conversion and warming, is a second substantial
limitation. This imbalance likely reflects the greater
availability = of  long-term  occurrence records,
high-resolution land-cover products, and research
infrastructure in well-studied temperate regions rather
than any lesser conservation relevance of the
underrepresented tropical regions, and it means that
global syntheses such as this one necessarily
extrapolate more than would be ideal from
temperate-system evidence to infer likely outcomes in
the tropical biodiversity hotspots where combined
pressure is projected to be most acute [1,22]. Closing
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this gap should be a priority for future primary research,
not only future synthesis.

Finally, publication and selection effects deserve explicit
acknowledgement rather than being treated as a minor
caveat. Studies reporting large, clearly synergistic
interaction effects may be more likely to be published,
cited, and subsequently included in reviews such as this
one than studies finding weak, additive, or antagonistic
interactions, particularly for well-studied charismatic taxa;
we partially addressed this by including the 11
antagonistic-interaction studies identified in our search
rather than treating them as outliers to exclude, but a
formal assessment of publication bias, for example
through funnel-plot analysis of a pooled effect size, was
not possible given the heterogeneity of outcome metrics
across the synthesised literature. We also note that most
included studies model present-day species-environment
relationships as fixed, an assumption that likely
overstates future range loss for species capable of rapid
local adaptation or phenotypic plasticity, and probably
understates it for species already living near
physiological limits, a tension the current generation of
correlative projection studies is not well equipped to
resolve [25,30].

5. CONCLUSION

Synthesising 118 studies published between 2007 and
2023, this review finds consistent evidence that
combined land-use and climate change scenarios project
greater biodiversity loss, in range contraction, extinction
risk, and community composition change, than either
driver modelled in isolation, with the interaction most
often characterised as synergistic rather than simply
additive. Amphibians and range-restricted tropical
endemics show the largest projected combined losses,
dispersal-limited species in fragmented landscapes are
disproportionately affected, and the gap between
mitigation-consistent  and high-forcing scenario
projections widens substantially toward the end of the
century. Confidence in the precise magnitude of
projected loss remains limited by the continued
predominance of correlative modelling approaches,
uneven geographic and taxonomic  coverage
concentrated away from the most threatened tropical
regions, and probable publication bias toward strong
synergistic findings; closing these gaps, particularly
through greater investment in tropical biodiversity
monitoring and in projection methods that incorporate
dispersal, biotic interactions, and adaptive capacity
explicitly, should be a priority for the next generation of
combined-driver biodiversity projections.
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