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A prominent hypothesis in ecology is that larger species ranges are found in
more variable climates because species develop broader environmental tol-
erances, predicting a positive range size-temperature variability relationship.
However, this overlooks the extreme temperatures that variable climates
impose on species, with upper or lower thermal limits more likely to be
exceeded. Accordingly, we propose the ‘temperature range squeeze’ hypoth-
esis, predicting a negative range size-temperature variability relationship. We
test these contrasting predictions by relating 88,000 elevation range sizes of
vascular plants in 44mountains to short- and long-term temperature variation.
Consistent with our hypothesis, we find that species’ range size is negatively
correlated with diurnal temperature range. Accurate predictions of short-term
temperature variation will become increasingly important for extinction risk
assessment in the future.

There is remarkable variation in species’ range sizes, from endemic
species confined to single mountaintops to cosmopolitan species
occurring in most habitats around the world1. Although variation in
species distributions has been highlighted since the earliest days of
ecology and biogeography2, the question of how range size dynamics
relate to climate and geography has remained controversial3–7. Pro-
gress on this question is essential for better understanding ecological
and evolutionary processes, broad-scale diversity patterns8,9 and spe-
cies’ extinction risks in the context of climate change10,11.

Temporal thermal variation is an extrinsic ecological factor that
has often been used to explain variance in species’ range sizes5,12–16. In
his seminal contribution “Why mountain passes are higher in the tro-
pics”, Janzen17 suggested that species experiencing large temperature
fluctuations evolve broader thermal tolerances than species inhabiting
ecosystems with relatively constant temperatures (Fig. 1a). Stevens8,18

used this argument to explain observations that species’ geographical
ranges increase towards high latitudes or elevations (known as

Rapoport Rule)19. He hypothesized that the broader thermal tolerance
of species inhabiting thermally variable environments allows these
species to survive in a broader range of latitudes and elevations
(Fig. 1b; hereafter “Stevens’ hypothesis”).

While a direct link between species’ thermal tolerances, tem-
perature variability and occupied geographic ranges is appealing,
Stevens’ hypothesis misses a key point. Stevens’ hypothesis neglects
lethal temperatures as a limit for any given species’ range size and
that temperature variability differs between locations. For example, a
location with mean temperature of +5 °C on a mountain with high
thermal variability may experience temperatures from -5 °C to +15 °C
during the year or day (Fig. 1c). At that location, a species with a lethal
lower temperature limit of 0 °C and upper limit of 20 °C will thus
experience lethally cold temperatures frequently. Lower down, a
similarly variable location with mean +20 °C will vary from +10 °C to
+30 °C annually or daily. There, that same species will experience
lethally high temperatures. The range of elevations in which the
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species does not experience lethal temperatures in this thermally
variable mountain is smaller than in an equivalent, more thermally
constant mountain (Fig. 1c). Thus, greater temperature variability is a
mechanism that will tend to reduce species’ elevation ranges. This
counteracts the expectation of Stevens’ hypothesis (Fig. 1b) that
larger-ranged species are expected to be found in climatically more
variable mountain systems. It leads us to propose that the opposite
pattern may instead be found (Fig. 1d). We call this the “temperature
range squeeze” hypothesis. The squeeze of species’ range sizesmight
not necessarily be symmetrical (as Fig. 1c suggests) or determined
only by temperatures. Temperature variation could, for example,
have a stronger influence toward the colder end (higher elevations)
than towards the warmer end (lower elevations) of species’ ranges,
which may be codetermined by other factors such as competition.
The underlying mechanisms behind the two hypotheses also high-
light a key difference between the evolutionary-focused Stevens’
hypothesis and the temperature range squeeze hypothesis that
assumes no dependencies between thermal tolerance and tempera-
ture variation but where range sizes are determined by abiotic fil-
tering. The pattern predicted by the temperature range squeeze
hypothesis may be dampened by the larger thermal tolerances of
species in more variable environments proposed by Janzen17 or by
avoidance strategies such as dormancy, but would not be reversed
unless the increase in tolerance over-compensates for the range
squeeze.

Here we assess the contrasting predictions of how range size
scales with temperature variability (herein we use this term for tem-
poral thermal variability) using a global dataset of more than 88,000
elevation range size estimates for vascular plants in 44 mountains (29
continental and 15 islandmountains; Supplementary Fig. 1). Each range
size estimate is the difference between the maximum and minimum
species’ elevations in a given mountain (see Methods and Supple-
mentary Table 1 for details). ‘Mountains’ are defined as mountainous
areas, regions or countries, mountain ranges or volcanoes with an
elevation span ≥1500 m. We used diurnal and seasonal temperature
variations (mean diurnal range of temperatures averaged over one
year and standard deviation of the monthly mean temperatures,
respectively) as the main predictors of species’ range sizes, as origin-
ally suggested by Stevens18. Very few studies have tested Stevens’
predictions at a temporal scale other than among-season variations.

Usingmultiple temporal scales to investigate the relationship between
temperature variability and species’ range sizes is judicious because
the frequency at which species experience high variation in tempera-
ture are likely to lead to different responses among species. For
instance, many plant species inhabiting temperate climates are able to
escape cold temperatures via dormancy. The effective temperature
range experienced by such species should then be smaller than that of
the full rangeof temperature actually occurringduring the year.On the
contrary, species growing in habitats where temperatures vary greatly
during the day have no choice but to cope with the full range of
temperature experienced in their vicinity. Plant responses to tem-
perature variation could then be expected to be stronger as the tem-
poral scale shortens. Because most plants are perennial and
experience similar diurnal and seasonal temperatures during their
lifespan (within-generation variation)20, we also tested the influence of
temperature variation in the last 2000 years (from 0 to 1980 AD;
ΔMAT0-1980) on species’ range sizes (among-generation variation)20.
Most previous studies tested the relationship of plant species’ eleva-
tion ranges with thermal variation along single mountain gradients,
which makes the decoupling of climatic and geographic factors diffi-
cult. These limitations are best addressed with global-scale analyses
and multiple elevation gradients: our core analysis. In addition, for
direct comparability with Stevens’ original hypothesis and previous
studies, we tested the response of species’ elevation ranges along each
elevation gradient.

Results and Discussion
We asked how diurnal temperature range, temperature seasonality,
and ΔMAT0-1980 predict the elevation ranges of vascular plants aver-
aged within mountains across elevation gradients (global-scale ana-
lyses). Diverging conclusions in previous studies that investigated the
relationship between temperature variability and species’ range sizes
have been attributed to methodological issues, such as sampling
effort21, geometric constraints4,7 and analytical methods22,23. To mini-
mize the influence of these factors, we standardized the length of each
elevation gradient to 2500 m and discarded species found exclusively
in the upper and lower 250 m (exclusion zones; see Methods and
Supplementary materials for details and justifications). We ran parallel
analyses using standardized gradient lengths of 1500 and 2000m and
exclusion zones of 0 and 500 m, which did not influence the main
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Fig. 1 | Illustration of Stevens’ hypothesis and the temperature range squeeze
hypothesis. Based on the assumption that species have larger thermal tolerances in
climatically variable habitats than in less climatically variable ones (a), Stevens pre-
dicted a positive relationship between species’ range sizes and temperature varia-
bility (b). Panel c represents the spatio-temporal temperature variation inmountains
with different levels of temperature fluctuation as explained in the temperature
range squeeze hypothesis. For simplicity, we used a constant lapse rate of 0.5°C.
Shaded areas represent tolerable (blue) and lethal (red) temperatures for a species’
thermal tolerance spanning from 0 °C to 20 °C. The widths of the shaded areas

represent temperature variability over time (ΔT), while the spatial variation in tem-
peratures is described by the vertical axes. Thick blue and red lines indicate the 0 °C
and 20 °C isotherms, respectively. The suitable habitat, which corresponds to spe-
cies’ maximum theoretical elevation range in the absence of avoidance strategies
such as dormancy, is defined by elevations inwhich the species does not encounter a
limiting temperature (i.e. below 0 °C or above 20 °C) at any time of the given time
scale. The elevation span of the suitable habitat is expected to shrink as thermal
variability increases (c, compare mountains 1 and 2). Thus, a negative relationship
between species’ range sizes and thermal variation is expected (d).
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results (see Supplementary materials for results using different data
constraints).

Species’ elevation range declined with all measures of tempera-
ture variability used in the study (Fig. 2), contradicting Stevens’
hypothesis and supporting the temperature range squeezehypothesis.
In addition, models using temperature variability alone performed
better than models including interactions with annual precipitation
and mean annual temperature (Supplementary Table 2), suggesting
that additional climatic variables did not increase the predictive ability
of the model. A higher probability for species to encounter limiting
temperatures sooner as they move away from their optimum habitat
likely explains the reduced elevation range sizes observed in thermally
variable mountains. The influence of extreme temperatures could be
accentuated by small population sizes and gene swamping towards
species’ range ends which may limit the capacity of such populations
to adapt to thermal extremes24,25.

Among thermal predictors, diurnal temperature range was the
most predictive (lowest WAIC and LOO; Supplementary Table 2) and
had the strongest and least uncertain relationship to species’ range
size (P(β <0) = 1, R2: 0.43), followed by temperature seasonality
(P(β < 0) ≈0.96, R2: 0.12) and ΔMAT0-1980 (P(β < 0) ≈0.97, R2: 0.12;
Fig. 2, Supplementary Fig. 7 & Supplementary Table 3). The strong
relationship of species’ range size to diurnal temperature range sug-
gests that short-term temperature variation is more important in
determining species range sizes than previously thought. Longer-term
variables such as temperature seasonality might be less relevant than
expected due to the ability of plant species inhabiting seasonal cli-
mates to avoid long periods of unfavorable temperatures via dor-
mancy. As a consequence, the relative range of temperatures
effectively experienced by extratropical speciesmay be lower than the
estimated seasonal variability. The narrowing of sessile species’ ele-
vation ranges may be exacerbated in mountains with high diurnal
temperature variation because they cannot escape extreme tempera-
tures over such short time scales. A decline in species’ elevation ranges
in response to high diurnal temperature range has also been reported
in terrestrial vertebrates22, suggesting a general pattern. Chan et al.22

used a simulation by Gilchrist20 to explain the negative relationship via
evolutionary selection by diurnal temperature fluctuation for narrow
thermal tolerance. Gilchrist’s simulation assumes the survival of all
individuals under any circumstances and variability in range size is
merely linked to how reproductive success is related to performance
breadth20. Predictions are thus only realistic if species survive unsui-
table temperatures (e.g. via dormant stages). If this assumption is not
met, species with small elevation ranges need broad thermal tolerance
in order to survive the extremes of short-term temperature fluctuation
(Supplementary Fig. 10). Gilchrist’s hypothesis predicts that perfor-
mance breadth increaseswhenhigh among- and lowwithin-generation

variation occur at the same time, while the combination of low within-
and among-generation variation would lead to smaller performance
breadth and consecutively to smaller range sizes. Exploring our data
further to assess the influence of these interactions did not show
support for Gilchrist’s hypothesis (Supplementary Figs. 11–12).

Island diversity differs from mainlands as a result of isolation-
driven immigration, extinction and speciation processes26, which
could influence species’ range sizes differently. Comparing species’
range sizes in island and continental mountains revealed broader
mean species’ range sizes on islands (Fig. 2). However, diurnal tem-
perature range was the only tested variable to account for variation in
species’ range sizes between island and continental mountains. Island
mountains were characterized by both lower diurnal temperature
range and broader mean elevation range sizes than continental
mountains (Fig. 3). Lower diurnal temperature variation in island
mountains likely results from a buffering effect of the ocean on air
temperature that would make the climate less temporally variable27,28.
The strength and continuity in the diurnal temperature range-species’
range size relationship, with a negative trend being visible in both
island and continental mountains (Fig. 3a), suggest that short-term
temperature variation plays amajor role in driving the observed range-
size pattern that cannot be imputed to island-specific factors (e.g.
lower competition). The temperature range squeeze hypothesis thus
offers a unifying explanation for elevation range sizes on continents
and islands at a global scale.

We also assessed the relationship between temperature variation
and species’ elevation range within each individual mountain (local-
scale analyses) using diurnal temperature range and temperature
seasonality. We did not test the influence ΔMAT0-1980 on species’ ele-
vation range for the local-scale analyses because of the low spatial
resolution of the past climate data. Because each mountain gradient
was tested independently, we did not standardize elevation gradients.
For the same reasons mentioned in the global-scale analyses, we used
exclusion zones of 250 m and we ran parallel analyses using exclusion
zones of 0 and 500 m (see Supplementary materials for results using
different data constraints).

Results from the local-scale analyses were less conclusive than the
analyses at a global scale, with about as many mountains featuring
negative as the positive influence of diurnal temperature range (45%
positive vs 55% negative, including 34% positive vs 39% negative with
low uncertainties) or temperature seasonality (52% positive vs 48%
negative, including 41% positive vs 34% negative with low uncertain-
ties) on species’ elevation ranges (Fig. 4, Supplementary Table 4). The
lack of a clear trend in the direction of the estimates for all elevation
gradients suggests that, at a local scale, temperature variability might
not be the dominant driver of species’ elevation ranges, or has differ-
ent influences depending on plant community composition. Our
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Fig. 2 | Relationships between thermal variability and mean species’ elevation
ranges. Diurnal temperature range (a), temperature seasonality (b) and the varia-
tion of mean annual temperature from 0 to 1980 AD (c). Points represent the
estimatedmean elevation ranges with their respective standard error in each of the

30 standardized elevation gradients with length ≥ 2500 m. Thick blue lines are the
posterior mean calculated from 600 randomdraws sampled from the 95% credible
interval (thin blue lines). Colored dots indicate island (white) and continental (dark
gray) mountains. Source data are provided as a Source Data file.
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results thus potentially explain ambiguous conclusions from previous
studies on the role of thermal variation in shaping species’ elevation
ranges along individual mountain gradients. The small variation in our
data on diurnal and seasonal temperature range within single moun-
tain gradients compared to the variations across mountains could
explain the weak influence of thermal variability in driving species’
elevation ranges locally (Fig. 4, Supplementary Fig. 13). This could be
exacerbated in the local-scale analyses by the resolution of the climate
data that might hide spatial heterogeneity in temperature variation
along single elevation gradients29. Additionally, species’ ranges are
likely to be co-determined by multiple factors that are mountain-
dependent, such as human disturbances, soil type, water availability,
dispersal abilities, ecological history, microgeography or interspecific
interactions6,21,24,25,30–34.

The ratio of positive and negative relationships between species’
range sizes and temperature variation remained essentially the same,
independent of the size of exclusion zones (Supplementary Fig. 14,
Supplementary Table 4). However, the number of slopes with low
uncertainties decreased drastically with increasing exclusion zone
sizes (Supplementary Fig. 14, Supplementary Table 4), suggesting that
species found exclusively at the domain boundaries strongly influence
the strength of the pattern withinmountains and that the narrowing of
species’ range sizes at domain boundaries greatly influence the prob-
ability of finding statistically significant relationships. Species exclu-
sively inhabiting lower and higher elevations had less influence in the

global-scale analyses, where results remain consistent, independent of
the size of the exclusion zone.

In summary, our findings solidify the temperature range squeeze
hypothesis (Fig. 1c–d) that predicts a decline in species’ range sizes in
climatically variable habitats, thereby contradicting Stevens’
hypothesis18 (Fig. 1b). Our study reveals that the variation in diurnal
temperatures might play a determining role in shaping the elevation
ranges of vascular plants on a global scale and contributes to the dif-
ferences in range sizes observed between continents and islands. Local
(within-mountain) variation in species’ elevation ranges, however, is
largely decoupled from temperature variability and could be the result
of local, interacting variables, such as species interactions, land use,
microclimatic variations and soil type, among others. The detected
global signal of the role of variation in diurnal temperature in shaping
elevation ranges urges the need to reconsider past theories on our
understanding of the driver of plant species distributions. Especially
for the field of conservation biology in the face of global change, these
novel insights are relevant to take into account. Our findings call into
question the prevailing understanding that global changes will espe-
cially imperil tropical species with restricted ranges35. We suggest that
extinction risk may be higher in continental mountains where species
are more likely to have smaller elevation ranges due to higher thermal
variability than species inhabiting mountain systems exposed to
oceanic climates. Short-term temperature variation may also become
increasingly important in driving local extinction risks but a large

a b c

Diurnal temperature range (°C) Temperature seasonality (°C) Δ mean annual temperature
(0-1980) (°C)

5 10 0.0 2.5 5.0 7.5 0.6 0.9 1.2 1.5

400

600

800

1000

M
ea

n 
sp

ec
ie

s 
ra

ng
e 

(m
)

Fig. 3 | Relationships between thermal variability and mean species’ elevation
ranges in island and continental mountains. Diurnal temperature range (a),
temperature seasonality (b) and the variation of mean annual temperature from 0
to 1980 AD (c). Points represent the estimated mean elevation ranges with their

respective standard error in each of the 30 standardized elevation gradients with
length ≥ 2500 m. Colors indicate island (white dots, blue regressions) and con-
tinental (dark gray dots, orange regressions) mountains. Source data are provided
as a Source Data file.
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Fig. 4 | Results from the local-scale analyses. Responses of species’ elevation
ranges to diurnal temperature range (a) and temperature seasonality (b) within
each of the 44 mountains used in the study. Histograms are of mean slope terms
dividedby their standarddeviation from the95%credible interval for the local-scale

analyses. Colors indicatewhether the 95%credible interval includes0 (light blue) or
not (dark blue). Dashed lines indicate 0. Source data are provided as a Source
Data file.
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variation of local variables will need to be considered. Considering our
findings, the temperature range squeeze hypothesis holds true on a
global scale, shedding light on the determining influence of diurnal
temperature variation on species’ elevation ranges and emphasizing
theneed for adaptiveconservationmeasures in the context of a rapidly
changing climate.

Methods
Plant data
We compiled a global dataset of vascular plant species with elevation
ranges from published and unpublished data (online repositories,
checklists, floras as well as private andmuseum collections), including
more than 96,000 species’ elevation ranges in 56 mountains. We
restricted our search to elevation gradient length ≥1500 m and
mountain regions spanning less than 1000 km along a North-South
and East-West axis, for which elevation range size data were given
explicitly for the relevant mountain areas at a precision ≤100 m. The
elevation ranges were directly provided for every species as a mini-
mum and maximum elevation in all but Mt. Kilimanjaro, Mt. Etna and
Switzerland datasets, for which elevation ranges were computed from
occurrence records. Species range sizes in Switzerlandwere computed
from GBIF observations between 1980 and 2021 (see Supplementary
Table 1 and references for details) that we curated using the Coordi-
nateCleaner package version 2.0.2036 to remove species around the
GBIF headquarters, institutions, capital, centroids, outliers, records
that fall into the ocean, zeros and absolute latitude and longitude. We
defined the elevation range of species as the difference between the
maximum and minimum reported observation in each elevation
gradient.

We implemented several steps to homogenize the data and
reduce biases related to dissimilarities in sampling intensity among
elevation gradients. First, we discarded mountains with discontinuous
sampling, defined as one or more gaps >500 m between two sampled
sections within the same elevation gradient. Second, we calculated the
percentage of singletons—i.e. species with only one observation and a
consequent elevation range of 0 m—in each dataset to assess the
sampling effort for every elevation gradient. A high proportion of
singletons might reflect a poor sampling effort and would result in
highly underestimated species’ range sizes. We retained mountains
with ≤ 25% singletons, which provided a compromise between the
number of elevation gradients and the variance in sampling intensity in
the data. Third, we removed a total of 38 observations with obviously
incorrect elevation values, e.g. species with a minimum elevation
greater than the maximum elevation or with an elevation higher than
6500m, corresponding to the highest elevation recorded for vascular
plants37. These erroneous data were present in the original source and
probably resulted from typographic errors, such as additional digits in
elevation values. Finally, we standardized taxon names to the species
level usingGBIF’s species namematching tool38. Taxa that could not be
identified to the species level were discarded. The final dataset con-
sisted ofmore than 88,000 range size data and 44 elevation gradients.

Climate data
We used global climate data from CHELSA39,40 with a spatial resolution
of 30”, covering the period between 1979 and 2013, to investigate the
responseof species’ elevation range sizes todiurnal temperature range
(DTR; bio2) and temperature seasonality (TS; bio4), defined as the
mean diurnal range of temperatures averaged over one year and
standard deviation of the monthly mean temperatures, respectively.
Additionally, we used the mean annual temperature (MAT; bio1) and
annual precipitation (AP; bio12) to explore the interacting influence of
MAT and AP with temperature variability on range sizes. To compute
mean bioclimate values within 100 m elevation bands, we first gener-
ated elevation bands by reclassifying SRTM rasters (1 arc-sec resolu-
tion) downloaded from the U.S. Geological Survey41. SRTM rasters

covered the entire region of interest, which could be an entire
mountain, mountain range or administrative unit (e.g. state, province
or country).We then resampled the climate rasters to the resolution of
the SRTM rasters so that each pixel between the climate and SRTM
rasters matches one another. Finally, we averaged values from the
climate rasters for each elevation band in every mountain using the
‘zonal’ function from the R package terra (version 1.6.7)42.

To examine the influence of temperature variability in the last
2000years (ΔMAT0-1980) on species’ ranges,wegenerated a timeseries
of global annual mean temperature between 0 to 1980 (AD) using the
PaleoView software version 1.5.143, which provides reconstructions of
past climate at high temporal resolutions. The time series was gener-
ated using 30-year intervals taken in 30 year steps and the bias cor-
rection turned off. We defined ΔMAT0-1980 as the difference between
the highest and lowest mean annual temperature values in the time
series in each mountain gradient. Because the spatial resolution of the
simulatedpast climatedata (2.5 × 2.5°) was too low to conduct analyses
along elevation, we extracted ΔMAT0-1980 values independently of the
elevation (i.e. one ΔMAT0-1980 value per elevation gradient).

Statistical analyses
We investigated the effect of temperature variability on species’
elevation ranges with two Bayesian models. First, we asked how
temperature variability predicts mean elevation ranges of vascular
plants across mountains (global-scale analyses), using diurnal, sea-
sonal and temperature variation from0 and 1980 (AD). Becausemost
studies investigating the relationship between species’ elevation
ranges and temperature variation are done within single mountain
gradients, we also assessed how DTR and TS predict species’ eleva-
tion ranges at a local scale along each elevation gradient. To have the
data meet normal distribution assumptions, we set a range size of 10
m—corresponding to the smallest species’ elevation range in our
dataset—to all singletons and applied a natural log transformation of
range sizes prior to the analyses.

Global-scale analyses
To test the overall influence of temperature variability on species’
elevation ranges, we fit models predicting the response of species’
ranges to DTR, TS and ΔMAT0-1980. We averaged species’ range sizes
and bioclimate values fromevery elevationbandwithin eachmountain
(i.e. every mountain is described by one species’ range size and one
bioclimate value). The range of thermal variation captured within each
single mountain was relatively small in comparison to the range of
thermal variation acrossmountains (Fig. 2 and Supplementary Fig. 12).
Thus we expect the largest variation in species’ range sizes to occur in
the global-scale analyses rather than the local-scale analyses. Addi-
tionally, we ran models to test the AP:DTR, MAT:DTR and
MAP0-1980:ΔMAT0-1980 interactions on mean species’ range sizes. We
did not test the AP:TS or MAT:TS interactions because of their strong
correlation (-0.67 and -0.65, respectively).

Mountain gradients in the dataset varied between 1500 and 6430
m. Such disparities in the length of elevation gradients can directly
influence species’ range sizes (Supplementary Fig. 8). For instance, a
short gradient in elevation is more likely to display narrow species’
ranges, simply because species are more strongly constrained by the
upper and lower limits of the elevation gradient. Similarly, we would
expect to observe narrower species’ ranges toward the ends of the
elevation gradients because the physical barriers created by the
domain limits will stop species from expanding beyond the domain’s
boundaries (or will truncate species’ range if the sampled gradients
does not cover the full elevation gradients). As a result, species thriving
close to the edges of the elevation gradients are likely to be truncated
and display a fraction of their potential range44,45.

To reduce biases related to the length and limits of elevation
gradients, we standardized the length of each elevation gradient by
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retaining a set of elevation ranges at the top of eachmountain gradient
and deleting the rest. For example, for a standardized elevation gra-
dient length of 2000m, an original elevation gradient running from 0
to 5100 m a.s.l. would be converted into an elevation gradient going
from 3100 to 5100 m a.s.l. This approach ensures comparability
between elevation gradients. We truncated species’ elevation ranges
crossing the lower end of the standardized elevation gradients, keep-
ing the parts of the species’ ranges within the gradient’s boundaries
only. Species whose distribution range was entirely outside the stan-
dardized mountain gradient limits were discarded from the analyses.
To minimize the influence of truncated species at the elevation gra-
dient edges on the analyses, we excluded species found exclusively
near the top and bottom of each elevation gradient using an
exclusion zone.

To assess the sensitivity of the model outputs to these metho-
dological choices, we ran each model using standardized gradient
lengths of 1500, 2000 and 2500m, and exclusion zones of 0, 250 and
500 m. We also repeated analyses with elevation gradients standar-
dized from the bottom of themountain gradient (rather than the top).
These parallel analyses produced qualitatively similar results for gra-
dient lengths varying from 1500 and 2500 m (Supplementary Figs. 2
and 5). Longer standardized elevation gradients would discard too
many mountains, thereby limiting the reliability of the model esti-
mates. For the results presented in themain text, weused standardized
gradients of 2500 m (n = 30) and exclusion zones of 250 m as these
values provided a good compromise between the number of elevation
gradients to fit the model and species range data to estimate the
average elevation range in each vertical gradient.

The Bayesian hierarchical models46 first estimated the mean ele-
vation range of species within each mountain, and then fit linear
models of mean range sizes by mean climate of the range with:

RS∼N μRS,σ
2
RS

� � ð1Þ

μRS =αsite½site� ð2Þ

σ2
RS ∼ Γð10�3, 10�3Þ ð3Þ

αsite ∼N μsite, σ
2
site

� � ð4Þ

μsite =αV + βV � Vsite ð5Þ

αV ∼N 0, 10�6
� �

ð6Þ

βV ∼N 0, 10�6
� �

ð7Þ

σ2
site ∼ Γ 10�3, 10�3

� �
ð8Þ

Where species range size (RS) is a normally distributed random vari-
able (withmean,μ, and variance,σ2; eq. (1)) summarizedwithmountain
(site) specificmeans and varianceswithαsite (eq. (2)). Eq. (3) is a gamma
prior for the variance in species range sizes in eq. (1). The uncertainty in
αsite is propagated through to eq. (4) and eq. (5), which models the
relationship between mean range size of species within a mountain
(μsite) and a given climate variable V (representing either DTR, TS,
ΔMAT0-1980 or the interaction between temperature variability and TS,
APor land type)with intercept (αV) and slope (βV) terms. Eq. (6) and eq.
(7) are normal, flat priors for slope and intercept terms in eq. (5) and
eq. (8) is a flat gamma prior for the variance in mean mountain range
sizes (σ2

site). We compared within-sample predictive ability of the

different climate variables using the Watanabe Akaike information
criterion (WAIC)46, and leave-one-out cross validation (LOO) from the
loo package version 2.5.147 to determine which climate variables best
predict species’ elevation range sizes. Both criteria assess within-
sample predictive error of the models. We evaluated strength and
support for a given parameter or relationship through inspection of
posterior probability distributions with a 95% credible interval48.

Local-scale analyses
These analyses examine the responses of species’ range sizes to DTR
and TS along eachmountain gradient. We did not test the influence of
ΔMAT0-1980 due to the low resolution of the estimated past climate
data. Similarly to the global-scale analyses, we excluded species found
exclusively in the lower and upper 250m of each elevation gradient to
reduce the influence of truncated species at the gradient edges (out-
puts of these analyses with 0, 250 and 500 m exclusion zones are
presented in Supplementary Fig. 13). However, we did not standardize
elevation gradients for these analyses because each elevation gradient
was tested independently of the others. The length of elevation gra-
dients showed no significant influence on slope direction within each
mountain (Supplementary Fig. 12). As a result, we used all 44mountain
locations with an elevation span ≥ 1500 m. Finally, we assigned DTR
and TS values to species’ midpoint49. We modeled the responses of
elevation ranges within each mountain as:

RS∼N μRS,σ
2� � ð9Þ

μRS =α½sitei�+β½sitei� � V ð10Þ

α½sitei�∼N 0, 10�6
� �

ð11Þ

β½sitei�∼N 0, 10�6
� �

ð12Þ

σ2 ∼ Γ 10�3, 10�3
� �

ð13Þ

Where species range size (RS) is a normally distributed random vari-
able (with mean, μRS, and variance, σ2; eq. (9)) predicted by mountain-
specific intercepts α[sitei] and slopes β[sitei] for a given explanatory
variable V (representing either DTR or TS) where i is one of the 44
elevation gradients (eq. (10)). Eq. (11) and eq. (12) arenormal, flat priors
for slope and intercept terms in eq. (10). Eq. (13) is a flat gamma prior
for the variance in range sizes (σ2). We assessed strength and support
for each given parameter with a 95% credible interval.

Model diagnostics
We fit the models using Markov chain Monte Carlo (MCMC) with
R2jags version 0.7.150 in R version 4.0.251. We ran 3 chains with 50,000
iterations each and a burn-in of 20,000 until the effective sample size
for each parameter reached 3,000. We considered good convergence
of the MCMCs to be when the potential scale reduction factor R̂ was ≤
1.01.We assessed goodmixing of themodels through visual inspection
of traceand autocorrelation plots. Finally, we evaluatedmodelfit using
posterior predictive checks.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data used in this study are accessible at https://doi.org/10.17605/OSF.
IO/D42JQ52 or in SupplementaryData 1 and 2. Source data are provided
with this paper.
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Code availability
Code to reproduce the results andfigures is available onOSF at https://
doi.org/10.17605/OSF.IO/D42JQ52.
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