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Montane ecosystems are crucial for maintaining global biodiversity and function that
sustain life on our planet. Yet, these ecosystems are highly vulnerable to changing tem-
peratures and may undergo critical transitions under ongoing climate change. What
we do not know is to what extent montane biodiversity and ecosystem services will
respond to local temperature variations in a gradual versus abrupt manner across global
environments. To fill this knowledge gap, we conducted a global synthesis, includ-
ing 4,462 observations from 290 elevation gradients, to investigate how biodiversity
(spanning animals and plants) and ecosystem services (including plant production, soil
carbon, and fertility) respond to local temperature variations along elevation gradients.
We found that nearly one-third of these gradients exhibited abrupt shifts in multiple
biodiversity and ecosystem services in response to local variations in temperature along
elevation gradients. More specifically, we showed that once a particular local tempera-
ture level (~10 °C for mean annual temperature) was reached, even small increases in
temperature resulted in dramatic variations in biodiversity and ecosystem services. We
further showed that those abrupt shifts in response to local temperature increases were
commonly positive for plant and animal diversity, as well as plant production, while soil
carbon and fertility more commonly exhibit negative abrupt trends. Our work, based
on the most comprehensive empirical evidence available so far, reveals the pervasive
abrupt responses of biodiversity and ecosystem services to local temperature variations
in montane ecosystems worldwide, highlighting the highly sensitive nature of montane
ecosystems in the context of climate change.
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Montane ecosystems, covering 25% of the Earth’s land surface, play a pivotal role in
maintaining biodiversity and providing essential ecosystem services (e.g., soil fertility and
carbon storage) (1, 2). Unfortunately, these vital ecosystems are increasingly threatened
by climate change, posing significant risks to their biodiversity and ecosystem services (3).
The distribution of biodiversity and ecosystem services in mountain regions is largely
shaped by local temperature variations along elevation gradients (4). Consequently, ele-
vation gradients are often used as natural observatories and model systems to predict the
long-term responses of biodiversity and ecosystem services to climate warming (2). Despite
a growing body of research on the role of temperature in montane biodiversity and eco-
system services along elevation gradients (5, 6), notable knowledge gaps remain in our
understanding of how local temperature variations, particularly temperature thresholds,
impact montane biodiversity and ecosystem services. Previous studies in particular regions
have shown abrupt shifts in plant species composition at specific temperature thresholds
in montane ecosystems (7, 8). For instance, sudden transitions from forest to treeless
alpine vegetation (i.e., treelines) often occur where the mean temperature during the
growing season is approximately 6 to 7 °C (9). However, it remains unknown whether
there are specific temperature thresholds that regulate patterns of montane biodiversity
and ecosystem services along elevation gradients at a global scale.

Environmental thresholds, characterized as specific environmental conditions that, once
crossed, induce marked shifts in trends, are increasingly regarded as pivotal drivers of
biodiversity and ecosystem services (10). For instance, temperature thresholds represent
critical points along temperature gradients where the values of ecosystem properties or
their relationships with the temperature gradient undergo abrupt shifts (11). Recent
research has reported that temperature thresholds linked to particular biodiversity and
ecosystem services are more prevalent than previously expected, as evidenced in soil fungal
decomposers (12) and ecosystem respiration (13). Understanding the role of temperature
thresholds along environmental gradients is crucial for translating the knowledge of
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threshold occurrence from spatial variations into temporal changes
using space-for-time substitution approaches (14). This can help
enhance forecasts of montane biodiversity and ecosystem service
responses to future climate warming (12). Furthermore, identify-
ing temperature thresholds and carefully elucidating their under-
lying mechanisms can help establish effective policy targets to
delineate climatic boundaries for montane ecosystems in the cur-
rent climate crisis (15). However, three main factors have hindered
our understanding of the role of temperature thresholds in shaping
biodiversity and ecosystem services in montane ecosystems. First,
there has been a predominant focus on linear relationships with
elevation or temperature (16), neglecting nonlinear relationships.
Second, the majority of studies have targeted single aspects of
biodiversity and ecosystem services (e.g., a specific organism or
function) (17), overlooking their interconnected and systemic
nature. Last, most research has been conducted on a limited num-
ber of elevation gradients (e.g., single slopes or mountain ranges)
(18), restricting the generalizability of findings at a global scale.
Closing these knowledge gaps is crucial for gaining a comprehen-
sive understanding of how biodiversity and ecosystem services in
montane ecosystems respond to global warming.

Here, we investigated the gradual versus abrupt responses of
montane biodiversity and ecosystem services to local temperature
variations along elevation gradients, with a particular emphasis
on identifying and comprehending temperature thresholds linked
to abrupt responses. That is, we aimed to determine whether mul-
tiple dimensions of montane biodiversity and ecosystem services
exhibit gradual or abrupt responses to local temperature differ-
ences, and if these responses are driven by the existence of single
or multiple temperature thresholds in montane ecosystems world-
wide. To achieve this, we compiled the most comprehensive global
database currently available, including 4,462 observations from
290 elevation gradients worldwide (SIAppendix, Fig. S1 and
Table S1). These elevation gradients encompass a wide range of
climate types (e.g., arid, cold, polar, temperate, and tropical),
biomes (e.g., forests, grasslands, shrublands), elevation [1 to 5,300
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m above sea level (m a.s.1.)], and gradient scale (185 to 4,400 m
elevation range) (Fig. 1 and Dataset S1). We gathered information
on biodiversity (i.e., the richness and Shannon of plants and ani-
mals) and three categories of ecosystem services, including soil
carbon (i.e., total and organic soil carbon, and soil organic matter),
soil fertility (i.e., the content and availability of soil nutrients such
as nitrogen and phosphorus), and plant production (i.e., plant
biomass). We focused on these ecosystem properties because i)
they deliver some of the fundamental supporting and regulating
ecosystem services provided by montane ecosystems (19); ii) they
are influenced by a wide array of organisms, including plants and
animals (15); and iii) they are relatively easy to measure and are
thus frequently reported in the literature.

Montane ecosystems are particularly exposed to gradual or
abrupt environmental changes (20), and their responses to such
changes may exhibit nonlinearity (21). We hypothesize that abrupt
shifts in multiple dimensions of biodiversity and ecosystem ser-
vices in response to local temperature variations may be common
across montane ecosystems worldwide, despite the presence of
other well-known response patterns such as linear and curvilinear.
Furthermore, we propose that these abrupt responses are linked
to temperature thresholds, considering the crucial role of temper-
ature in regulating montane ecosystem properties (4). It is impor-
tant to note that threshold methods may produce false positives
(22); therefore, the careful selection and application of these meth-
ods are crucial to avoid misidentifying abrupt shifts. We employed
an optimized threshold approach designed to minimize false pos-
itives (S Appendix, Fig. S2), enabling a more accurate character-
ization of abrupt and persistent shifts in the levels (i.e., step shifts)
of montane biodiversity and ecosystem services in response to local
temperature variations (23). We initially classified and quantified
the patterns of biodiversity and ecosystem services in response to
local variations in elevation or temperature (i.e., mean annual
temperature, MAT), using independent elevation gradients as the
units of study. These response patterns were categorized into three
main types based on their shapes (linear, curvilinear, and abrupt).

Fig. 1. Global geographical distribution of the sampling sites in this study. The sites are colored based on the Képpen-Geiger climate classification. A total of
4,462 observations were collected from 290 elevation gradients (each with at least seven sampling points) across 270 studies.
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Each type was further divided into three subtypes according to
their overall trends (neutral, positive, and negative) (S/ Appendix,
Figs. S2 and S3). Neutral trends indicate that there are no signif-
icant variations in these ecosystem properties along elevation or
MAT gradients. Subsequently, we tested whether the distribution
patterns of biodiversity and ecosystem services along elevation
gradients are related to variations in MAT across montane ecosys-
tems worldwide. Finally, we identified the temperature threshold
at which abrupt shifts occurred in multiple biodiversity and eco-
system services along MAT gradients.

Results and Discussion

Our study provides evidence that abrupt shifts in montane bio-
diversity and ecosystem services in response to local variations in
temperature and elevation are common (Figs. 2 and 3). Once a
particular local temperature level (i.e., ~10 °C for MAT) was
reached, even small increases in temperature resulted in marked
variations in biodiversity and ecosystem services along elevation
gradients. The consistent temperature thresholds observed across
elevation gradients worldwide indicate the presence of underlying
mechanisms governing these abrupt responses of montane eco-
system properties. These findings are crucial for enhancing our
understanding of how montane ecosystem properties may abruptly
respond to and provide feedback on global climate change.

Our results first revealed that slightly more than one-third of
all elevation gradients (25 to 33%, Fig. 2) exhibited abrupt pat-
terns in multiple biodiversity and ecosystem services, with the
exception of the well-known linear and curvilinear patterns (2).
In the remaining studied gradients (34 to 58%, Fig.2), we
observed neutral trends, indicating that many montane ecosystems
maintained overall stable levels of biodiversity and ecosystem

services along the elevation gradients. This may be attributed to
the fact that the elevation and MAT ranges of these gradients have
not covered the critical thresholds where abrupt shifts may occur
(Dataset S1). Consequently, if local temperature surpass these
thresholds in the future, the proportion of abrupt shifts in biodi-
versity and ecosystem services along elevation gradients may
increase. These findings expand on previous regional-scale studies
that have observed abrupt shifts in a limited number of elevation
gradients (24, 25), suggesting the prevalence of abrupt shifts in
montane ecosystems worldwide.

We identified local temperature (i.e., MAT) as a crucial predic-
tor of the elevational patterns of montane biodiversity and eco-
system services (SI Appendix, Figs. S4 and S5). Our multiple
regression analyses and hierarchical partitioning consistently
demonstrated that MAT exhibited higher relative importance than
other environmental factors (e.g., climate and soil properties) in
explaining patterns of biodiversity and ecosystem services across
montane ecosystems worldwide. The observed abrupt patterns of
montane ecosystem properties are speculated to be linked to local
variations in temperature (26, 27). Based on elevation gradient as
a reliable proxy for local temperature differences (SI Appendix,
Fig. S6), we further examined the responses of biodiversity and
ecosystem services to local temperature increases along independ-
ent elevation gradients. As expected, we also found pervasive
abrupt shifts (occurring in 25 to 37% of all elevation gradients,
Fig. 34) in biodiversity and ecosystem services along the MAT
gradients. Additionally, these abrupt shifts in ecosystem properties
along the MAT gradients spatially matched with the abrupt shifts
observed along the elevation gradients (Fig. 3B). Specifically, 72%
of elevation gradients exhibiting abrupt shifts in biodiversity and
ecosystem services also showed corresponding abrupt responses
to local temperature variations (Fig. 3B). Moreover, positive
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Fig. 2. Abrupt shifts in biodiversity and ecosystem services along elevation gradients in montane ecosystems worldwide. The pie chartillustrates the percentage
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Fig. 3. Abrupt shifts in biodiversity and ecosystem services along temperature gradients in montane ecosystems worldwide. (A) Percentage of different response
patterns, including linear, curvilinear, and abrupt patterns within neutral (green), positive (blue), and negative (red) trends for biodiversity and ecosystem services
in response to local variations in temperature; (B) Comparison of response patterns of biodiversity and ecosystem services along corresponding elevation and
temperature gradients. This analysis aimed to evaluate whether elevation gradients with abrupt shifts in biodiversity and ecosystem services also exhibited
similarly abrupt responses to local temperature variations and whether these abrupt shifts showed opposite trends (negative vs. positive) along corresponding
elevation and MAT gradients. MAT. “n” represents the number of elevation gradients.

abrupt shifts along elevation gradients were linked to negative
abrupt shifts along MAT gradients, and vice versa (Fig. 3B). These
results emphasize the critical role of local temperature in shaping
abrupt shifts in biodiversity and ecosystem services along elevation
gradients, generating a series of discrete thresholds associated with
these abrupt responses.

We found pervasive positive abrupt shifts in biodiversity asso-

ciated with increasing MAT (i.e., decreasing elevation),
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encompassing both animals (20% of cases) and plants (17% of
cases) (Fig. 3A). Specifically, we observed abrupt increases in ani-
mal and plant diversity in response to local temperature increases
once the MAT exceeded the respective thresholds of 13.2 and
10.1 °C (Fig. 4). The observed abrupt increases in biodiversity
may be associated with temperature-induced variations in com-
munity assembly processes (e.g., environmental filtering, species
interactions, and resultant species pools), which are considered
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Fig. 4. Temperature thresholds linked to abrupt shifts in biodiversity and ecosystem services along elevation gradients worldwide. Numbers on the boxplot

indicate the average values of temperature thresholds identified.

the key mechanisms underlying the abrupt nature of community
turnover along environmental gradients (28). This was supported
by the view from previous studies that the increased species diver-
sity with decreasing elevation is primarily attributed to increased
rates of biological processes and interactions, or increased rates of
evolutionary diversification due to local temperature increases (26,
29). Furthermore, the elevation-driven local temperature increases
may expand niche spaces and enhance ambient energy and pro-
ductivity, thereby fostering greater species diversity (30). These
factors could ultimately lead to abrupt increases in both plantand
animal diversity when the local temperature increases to levels of
10 to 13 °C with decreasing elevation. Additionally, the differences
in mean temperature thresholds between animals (~13.2 °C) and
plants (~10.1 °C) may reflect disparities in physiological tolerance
and energy constraints (31). In general, plants have a broader
environmental tolerance compared to animals but are more sen-
sitive to climate change (32, 33). This may explain why plants
exhibited abrupt shifts in biodiversity in response to local temper-
ature increases before animals did.

Contrary to the general pattern observed, our analysis also
revealed that approximately 7% and 8% of all elevation gradients
experienced negative abrupt shifts in animal and plant diversity
in response to local temperature increases, respectively (Fig. 34).
The abrupt decreases in biodiversity with increasing MAT could
be attributed to various factors, including the adverse effects of
reduced precipitation offsetting the positive impacts of increased
temperatures (34), and particular shifts in vegetation types such
as transitions from species-rich grasslands to relatively species-poor
forests (35). Moreover, even in natural montane ecosystems,
human activities (e.g., overhunting, medicinal plant collection,
and logging) tend to intensify at lower elevations, exacerbating
the abrupt decreases in animal and plant diversity (5, 36). Notably,
the observed negative abrupt shifts in biodiversity suggest that
future local warming may lead to potential biodiversity loss in
montane ecosystems (37). In parallel, species at risk of disappear-
ing due to warming in mountain regions are often specialists from
cold habitats, restricted to mountaintops, making them particu-
larly vulnerable to extinction (38). Hence, there is an urgent need
for targeted conservation efforts and adaptive management strat-
egies to mitigate montane biodiversity declines in abrupt hotspots
in response to ongoing climate warming.

Apart from biodiversity, we also found pervasive abrupt shifts
in ecosystem services in response to local temperature increases

PNAS 2025 Vol.122 No.16 2413981122

across elevation gradients worldwide (Fig. 3). For instance, plant
production exhibited similarly frequent positive (12% of cases)
and negative (13% of cases) abrupt shifts as MAT increased
(Fig. 34). Notably, these abrupt increases coincided with abrupt
increases in plant diversity, consistently occurring at a threshold
of ~10 °C (Fig. 4). We initially postulated that the abrupt increases
in plant production and their co-occurrence with plant diversity
might be attributed to triggers related to transitions in vegetation
composition along elevation gradients, such as the shift from
shrublands or grasslands to forests at treelines (39). However, our
results showed that the abrupt increases in plant production asso-
ciated with crossing treelines have been observed in only a minor-
ity of studies (1 out of 8 cases, Dataset S1). In contrast, elevation
gradients characterized by entirely forested vegetation exhibited
more frequent abrupt increases (7 out of 8 cases, Dataset S1),
although the underlying mechanism remains unknown. Further
in situ research should be conducted to elucidate why abrupt shifts
in plant production occur along elevation gradients within a single
vegetation type in response to climate warming. Another possible
explanation is that as local temperature increased, abrupt increases
in plant diversity enhanced resource utilization complementarity
and ecosystem stability (40), ultimately leading to marked
increases in plant production. This idea is partially supported by
the robust correlation between plant diversity and production
(81 Appendix, Fig. S7), aligning with previous studies demonstrat-
ing the direct effect of plant diversity on plant production (41).
Although the relationship between biodiversity and ecosystem
functions has been well documented in montane ecosystems (2),
its association with abrupt responses in montane ecosystems
remains largely unexplored and requires further attention.
Nevertheless, soil carbon (18% of cases) and fertility (24% of
cases) consistently exhibited pervasive negative abrupt patterns as
MAT increased (Fig. 3). Specifically, nonlinear negative responses
of soil carbon to local temperature increases were observed at MAT
levels of 9.8 °C (Fig. 4). The observed decline in soil carbon may
be a consequence of sudden increases in the abundance of specific
microbial groups (e.g., soil fungal decomposers), leading to
increased carbon losses through respiration (12, 42). This notion
was further supported by the nonlinear relationships between soil
respiration and temperature at the global scale (13). Additionally,
when local temperature increased to 10.8 °C, a sharp decline in
soil fertility was commonly observed across elevation gradients
worldwide (Figs. 3 and 4). This may result from the sudden
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increases in the decomposition of soil organic matter with increas-
ing MAT, leading to a drastic decrease in soil fertility (43, 44).
Furthermore, the drastic reductions in soil fertility may also be
linked to the abrupt declines in soil carbon content (15, 45),
supported by the positive relationships observed between soil fer-
tility and soil carbon (S Appendix, Fig. S7). This highlights the
strong interconnection between ecosystem properties, indicating
that abrupt shifts or changes in specific properties in response to
local temperature increases can trigger cascading effects, leading
to corresponding variations in other properties across various spa-
tial or temporal scales (11).

Additionally, it is essential to acknowledge that, beyond local
temperature, other environmental factors and their interactions
may also contribute to abrupt shifts in biodiversity and ecosystem
services along the elevation gradients (S/ Appendix;, Figs. S4 and S5).
For instance, our results indicated that abrupt declines in plant
production were more frequent in mountainous regions of arid
areas and less common in tropical mountains (S/ Appendix,
Fig. $8). This suggests that the combination of elevated temper-
atures and dry conditions is more likely to trigger abrupt reduc-
tions in ecosystem services, as supported by previous studies on
environmental thresholds across global environmental gradients
(12, 15). Future research should consider multiple environmental
variables (e.g., temperature and aridity) to elucidate whether and
why abrupt shifts in biodiversity and ecosystem services occur in
montane ecosystems (23). Furthermore, in situ studies should be
conducted to gain mechanistic insights into how local temperature
and other environmental factors interact across relevant scales.
This integrative approach will enhance our understanding of the
complex dynamics governing montane biodiversity and ecosystem
services under climate change. Nevertheless, this study provides
an important case illustrating the pervasive abrupt responses of
biodiversity and ecosystem services to local temperature variations
in montane ecosystems worldwide, laying the foundation for
future research on threshold response mechanisms in these systems.

Conclusions

Our work provides insights into how local temperature influences
montane biodiversity and ecosystem services, highlighting the role
of temperature thresholds in triggering abrupt shifts in montane
ecosystems worldwide. We identified consistent temperature
thresholds (typically ~10 °C for MAT) associated with positive
abrupt shifts in animal and plant diversity and plant production,
as well as negative abrupt shifts in soil carbon and fertility.
Additionally, our results further illustrate how temperature thresh-
olds may regulate abrupt shifts in montane biodiversity and eco-
system services, involving temperature-induced variations in
community assembly processes, intricate interactions among eco-
system properties, and soil biogeochemical cycles. In summary,
our work reveals the pervasive abrupt responses of biodiversity
and ecosystem services to local temperature variations in montane
ecosystems worldwide, exposing the vulnerabilities of these eco-
systems to global warming.

Materials and Methods

Data Compilation. We collected data from published reports, articles, and
reviews on biodiversity and ecosystem services along elevation gradients using
the SCOPUS database. We used the following keyword combinations: ("elevation”
OR "altitude” OR "mountain” OR "montane”) AND (“carbon” OR “nitrogen” OR
"phosphorus” OR "biomass" OR "diversity”) AND (“soil” OR "terrestrial” OR "land").
Papers had to meet the following criteria to be included in our dataset: i) The data
were restricted to studies conducted in natural ecosystems, excluding agricultural

https://doi.org/10.1073/pnas.2413981122

orother managed ecosystems; ii) there was at least one selected variable as well
as at least seven sampling sites in each elevation gradient; iii) all sampling sites
were clearly reported with their specific elevations; iv) soil data were derived from
the mineral surface horizons (top ~10 cm); and v) values of selected variables
in all sampling sites could be extracted directly from tables, digitized graphs, or
contexts. Based on these criteria, we obtained 4,462 observations of biodiversity
and ecosystem services from 270 independent publications (S/ Appendix, Text S1).
If measurements were reported multiple times for the same elevation gradient,
we only extracted them once to eliminate the influence of pseudoreplicates. Data
were extracted directly from the tables, main text, or appendices of the articles, or
digitized from figures using GetData Graph Digitizer (http://www.getdata-graph-
digitizer.com/download.php). Our global synthesis adhered, to the extent pos-
sible, to the PRISMA-EcoEvo guidelines (46). We included a PRISMA flowchart
illustrating the processes for selecting the included articles (S/ Appendix, Fig. S1),
as well as a PRISMA-EcoEvo checklist detailing the review and meta-analysis
(1 Appendix, Table S1).

We first extracted information on biodiversity and ecosystem services, which
were partitioned into two categories of biodiversity: plant and animal diversity,
and three categories of ecosystem services, including plant production, soil
carbon, and soil fertility (S/ Appendix, Table S2). Among the 270 publications,
70 addressed animal diversity, 107 addressed plant diversity, 67 addressed
plant production, 82 addressed soil carbon, and 73 addressed soil fertility
(Dataset S1). A list of individual variables that comprise each category can be
found in SI Appendix, Table S2. Each individual variable was included in only
one category of ecosystem properties. In addition, we collected environmental
context data with a variety of variables, including geographic information such
as latitude, longitude, elevation, and slope, climate factors such as MAT, as well
as soil properties such as soil sand contentand pH. These variables were selected
due to theirimportance as environmental predictors of montane biodiversity and
ecosystem services (5, 47). Missing data were obtained from relevant publica-
tions conducted at the same sites or by contacting the corresponding authors.
For elevation gradients with a broad geographic distribution of sampling sites,
missing data were obtained from global databases using geographical informa-
tion (i.e., latitude and longitude). Specifically, we extracted MATand temperature
and precipitation seasonality (TSEAand PSEA) from the CHELSA database (http:/
chelsa-climate.org/). We acknowledge that these macroclimatic data may deviate
from actual local conditions. Notably, MAT was critical to our analyses, with only
7.7% of the MAT data sourced from CHELSA (S/ Appendix, Fig. S9). To evaluate
potential impacts, we recalculated the percentages of each classification pattern
after excluding gradients for which MAT data were derived from CHELSA. The
recalculated results were nearly identical to those obtained from all elevation
gradients (S/ Appendix, Table S3), indicating that the inclusion of these data
does not alter the conclusions of our study. The aridity index, which is the ratio
of precipitation to potential evapotranspiration, was calculated using interpo-
lations derived from the CHELSA database. Soil properties, including pH and
sand content, were obtained from the SoilGrids database (https://www.isric.org/
explore/soilgrids). Biomes for each elevation gradient were identified using the
MCD12C1 International Geosphere-Biosphere Programme, which mainly include
forests, grasslands, and shrublands. In addition, we identified the main climate
types for each elevation gradient using the Koppen-Geiger climate classification
(48), which encompasses arid, cold, tropical, temperate, and polar regions. This
classification was selected for its enhanced accuracy and greater detail, particu-
larly in areas with sharp spatial or elevational gradients (48). It also provides a
simplified yet ecologically relevant framework for aggregating complex climate
gradients (48, 49), ensuring comparability across studies. Moreover, we incorpo-
rated climate information from the published literature for reference (Dataset S1).

Data Analysis.

Assessing montane biodiversity and ecosystem services. Our analyses aimed
to provide generalizable insights into how biodiversity and ecosystem services
respond to local temperature variations across montane ecosystems worldwide.
We did not expect that individual variables within each category of biodiversity
and ecosystem services would respond uniformly to local temperature variations,
as partially evidenced in previous studies (3, 26). Therefore, we focused on the
overall response of each category of biodiversity and ecosystem services rather
than on individual variables.To obtain weighted metrics for montane biodiversity
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and ecosystem services across each elevation gradient, we first normalized (log-
transformed when needed) and standardized all ecosystem variables using the
0to 1 transformation along independent elevation gradients. The standardized
ecosystem variables within a given category were then averaged to calculate the
biodiversity and ecosystem service index (S/ Appendix, Table S2). For instance,
within the category of plant diversity, we averaged the standardized richness
and Shannon index.

We evaluated the relative importance of local temperature (i.e., MAT)

compared to other environmental factors (i.e., climate and soil properties) in
explaining the elevational patterns of biodiversity and ecosystem services across
montane ecosystems worldwide. For each elevation gradient, we first employed
multiple regression analyses to model the relationships between biodiversity and
ecosystem services and various environmental variables (MAT, aridity index, TSEA,
PSEA, soil sand content, soil pH, and slope).To address potential multicollinearity
and reduce overfitting, we calculated variance inflation factors (VIFs) for each
variable using the “car" R package (50). Variables with VIFs > 10 were excluded
through a backward selection procedure to mitigate collinearity effects (51). We
then calculated the relative importance of each variable in explaining the variance
within the multiple regression model using the “relweights” function in R (52).
Here, relative importance is defined as the proportionate contribution of each
predictorto the model's R, considering both unique and combined contributions
with other variables (53). Furthermore, hierarchical partitioning was applied to
each gradient to quantify the independent contributions of each environmental
variable to biodiversity and ecosystem services (54), using the rdacca.hp package
(55). Finally, we grouped the results from the multiple regression analysis and
hierarchical partitioning to comprehensively assess the relative importance of
MAT. Additionally, we conducted Spearman correlations to evaluate the overall
relationships among individual biodiversity and ecosystem services, as well as
the relationships with MAT and elevation.
Pattern classifications in montane biodiversity and ecosystem services. 10
classify patterns of biodiversity and ecosystem services along elevation and MAT
gradients, we modeled the relationships between these ecosystem properties
and elevation, and MAT for each individual elevation gradient. Importantly, we
aimed to determine whether these patterns were linear (with monotonic or no-
trend shapes), curvilinear (with nonlinear shapes for acceleration or deceleration),
or abrupt (with discontinuous shapes that track a particular value of ecosystem
properties up to a specific elevation or MAT threshold, after which the values shift
suddenly and then maintain until the end of the pattern) (S/ Appendix, Fig. S3).
These distinct patterns are linked to underlying mechanisms that reveal the
dynamics of ecosystem functioning, with significant implications for ecosystem
stability and monitoring procedures (56, 57). We particularly focused on abrupt
patterns characterized by discontinuous shapes (i.e., step shifts), where shifts
occur in the level (intercept) rather than in the trend (slope). Such abrupt shifts
in biodiversity and ecosystem services indicate that once a sudden shift occurs,
the new state remains without immediate reversion (15, 23). The accumulation
of such abrupt shifts can be considered as an indication of unstable ecosystems
that may transition between alternative states. dentifying such abrupt shifts along
elevation gradients provides insights into the prevalence of abrupt responses of
biodiversity and ecosystem services to local temperature variations, which are
closely linked to montane ecosystem instability under global warming (23). While
several recent studies have explored variations in trends (slopes) of individual
biodiversity and ecosystem services in mountain ecosystems by breakpoint detec-
tion methods (7, 58), research focusing on abrupt shifts in intercepts remains
scarce at a global scale.

To perform this classification, we used four statistical models, including no-
trend (linked to linear shapes with a single parameter, the intercept, and without
aslope), linear (linked to linear shapes with monotonic trends), quadratic (linked
to curvilinear shapes and capable of identifying smooth trend or slope shifts),
and step models (linked to abrupt shapes), to fit each category of biodiversity
and ecosystem services versus elevation or MAT (SI Appendix, Figs. S2 and S3).
Abrupt shapes can be effectively modeled using segmented (a linear regression
with slope shifts at thresholds), step (a linear regression with intercept shifts at
thresholds), or stegmented regression (a combination of step and segmented
regressions with shifts in both intercept and slope at thresholds) (15). Step
regression is especially useful for exploring ecosystem properties that exhibit
abrupt shifts or changes that do notimmediately revert along spatial or temporal
gradients (23). Thus, we applied the step model to fit abrupt shapes, using the
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"chngpt” package (59) in R, and employed linear and quadratic models to fit
linear and curvilinear shapes using the “glm” function of R (60).

To select the best-fitting model for each pattern, we used the corrected Akaike
Information Criterion (AICc) due to the limited sample size within each elevation
gradient (61). Model selection followed a hierarchical approach (62). First, we
considered only statistically significant models (P < 0.05). Second, among the
multiple significant models, we selected those with the lowest AICc values, as a
lower AICc value indicates a better fit. Models with AlCc differences of less than
2 (AAICc < 2) relative to the minimum AICc were regarded as equally supported
in explaining the variation in the response variable. Finally, in cases where mul-
tiple models exhibited AAICc < 2, we selected the simpler model based on the
number of parameters in each model. We considered no-trend models to be
the simplest, followed by linear, step, and quadratic models. Prior to fitting, we
normalized the ecosystem properties and elevation/MATvalues by subtracting the
mean and dividing by the SD within each site, allowing coefficient comparisons
across models.

To account for potential uncertainty in classifying patterns due to their noisy
nature and relatively small sample sizes on each elevation gradient, we employed
a bootstrap approach rather than relying on a single regression for each model to
identify patterns of biodiversity and ecosystem services along the elevation and
MAT gradients. Specifically, we conducted 100 bootstrap iterations to fit models
for each gradientand identified the best-fitting model in each iteration. We then
recorded the number of times that each model was selected as the best fit out of
the 100 bootstraps and used the highest percentage of model selection to deter-
mine the best-fit shape for each gradient. This percentage served as a measure
of uncertainty in pattern classification (hereafter confidence of pattern classifica-
tion, Dataset S2). For example, if a model was selected in all 100 bootstraps, the
uncertainty would be 0 (on a scale of 0 to 1), indicating high confidence in the
pattern classification. This approach allows us to quantify the uncertainty in model
selection and evaluate the robustness of the identified patterns across multiple
iterations (23). Our results showed high confidence in pattern classification for
most gradients (S/ Appendix, Fig. S10), indicating that the observed patterns of
biodiversity and ecosystem services across both elevation and MAT gradients
were classified with high accuracy.

Bootstrap and cross-validation are widely used tools for model selection and
estimation (63). To evaluate the reliability of these two approaches in this study,
we compared their performance using 120 simulated datasets thatincorporated
known patterns (no-trend, linear, curvilinear, and step) under varying levels of
noise and sample sizes. Considering the ability of leave-one-out cross-validation
to minimize bias (64), we selected it as the cross-validation method for compar-
ison. Our results indicated that the bootstrap approach described above outper-
formed cross-validation in classifying patterns, particularly in identifying linear
and step patterns (Dataset S3). Specifically, bootstrap correctly identified nearly
all linear patterns (97%, 29 out of 30 datasets) and all step patterns (100%, 30
out of 30 datasets). However, cross-validation misclassified 20% (6 out of 30
datasets) of linear patterns as curvilinear and 43.3% (13 out of 30 datasets) of
step patterns as linear or curvilinear. These misclassifications were particularly pro-
nounced in datasets with relatively small sample sizes (e.g., n = 7) (Dataset S3).
This limitation likely arises because cross-validation requires partitioning the
dataset into training and testing subsets for model selection (65). Such parti-
tioning inevitably reduces the amount of data available for training, which can
lead to insufficient data for robust model fitting, especially for nonlinear patterns
(e.g., step). Conversely, bootstrap resamples from the actual data to generate
bootstrapped samples for model selection, enabling more robust model selection
even with relatively small datasets (66). Given that many datasets in our study
(i.e., elevation gradients) have relatively small sample sizes, bootstrap can provide
a more suitable and reliable approach for pattern identification in this context.

To address the misclassification of no-trend patterns as step patterns
(Dataset S3), we introduced an additional criterion to improve the accuracy of
classifying step patterns (i.e., abrupt shifts). Specifically, we employed the Wald
test, a widely used method for evaluating nonlinear models (23, 67), to assess
whether the magnitude of change occurring after the change point was substan-
tial enough to meet the definition of a regime shift(i.e., a transition between two
states that are significantly different in structure or functioning). If the patterns
initially classified as "step” did not meet this criteria (i.e., a Wald test P-value
> 0.05), they were reassigned to the next best-fit pattern identified through
the bootstrap analysis. In other words, after this filtering procedure, the patterns
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were reclassified as linear if they aligned more closely with linear or no-trend
models, or as curvilinear if they fit better with quadratic models. This double-
check procedure, combining bootstrap analysis with the Wald test, significantly
reduced the misclassification rate (Dataset S3), thereby enhancing the robustness
and reliability of pattern classification. Additionally, considering the sensitivity of
step regressions to influential points or outliers, we explored the incorporation
of a Mahalanobis distance-based weighting method into the bootstrap proce-
dure to reduce the impact of outliers (15, 68). However, our results from simu-
lated datasets showed no significant differences between analyses conducted
with and without this weighting method, indicating its minimal influence on
overall pattern classification (Dataset S3). Consequently, we did not include this
weighting method in the final analysis. Our approach allowed us to minimize
classification errors and improve the accuracy of identifying abrupt shifts, though
noise-induced errors and the potential for error propagation remain possible
limitations.

We classified each pattern type (i.e., linear, curvilinear, or abrupt) into three
overall trends: neutral (no trend), positive (increasing trend), and negative
(decreasing trend) using parameters derived from bootstrapped regressions
(Dataset S2). Specifically, we calculated the median values of key model param-
eters across 100 bootstrap iterations for each gradient. These included the slope
parameter (b) for the linear model; the quadratic coefficient (a), the linear coeffi-
cient (b), and the 95% Cl (bci) for the quadratic model (y~ ax’ + bx + ¢); and the
step parameter for the step model. Linear patterns were classified as positive (b >
0) or negative (b < 0) based on the sign of the slope parameter, oras neutral when
the best-fit model was the no-trend model with only an intercept. Curvilinear
patterns were classified as positive (a > 0 ora < 0and b - bci > 0), negative (a <
Oora>0and b+ bci < 0),orshifting (a>0ora<0andb-bhci < 0and b + bi
> 0) based on the combination of the quadratic coefficient, the linear coefficient,
and its 95% Cl. Abrupt patterns were classified as positive (step > 0) or negative
(step < 0) based on the sign of the step parameter (S/ Appendix, Fig. S2). We
then quantified the percentage of elevation and MAT gradients that exhibited
linear, curvilinear, or abrupt patterns within neutral, positive, and negative trends.

Furthermore, we identified temperature thresholds only when step mod-
els provided a better fit for the data on biodiversity and ecosystem services
along independent elevation gradients. To ensure the accuracy of the thresh-
old estimates, we performed 100 bootstrap samplings to identify a set of
100 plausible thresholds for each variable and selected the median value of
this set as the final threshold. Additionally, we tested whether the identified
threshold significantly affected the intercept of the fitted regressions (i.e.,
step). Specifically, we conducted bootstrapped linear regressions on either
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presentation of MAT thresholds.
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