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Climate change can
disproportionately reduce habitats
of stream fishes with restricted
ranges in southern South America

Gustavo Bizama®?*/, Arif Jan?, J. Andrés Olivos?, Guillermo Fuentes-Jaque*,
Claudio Valdovinos?, Roberto Urrutial? & Ivan Arismendi?

Freshwater fishes are among the most threatened taxa worldwide owing to changes in land use,
species introductions, and climate change. Although more than half of the freshwater fishes in the
Chilean Mediterranean ecoregion are considered vulnerable or endangered, still little is known about
their biogeography. Fishes of the family Perciliidae are endemic of this region and ideal cases to
study potential implications of global warming given their endangered conservation status, small
size, restricted range, and limited dispersal capacity in fragmented habitats. Here, we model the
spatial distribution of habitats for Percilia irwini and P. gillissi under current (1970-2000) and future
(2050-2080) climatic scenarios (SSP245, SSP585). We implement maximum entropy (MaxEnt) models
adapted for stream networks using high-resolution datasets of selected geophysical and climatic
variables. At present, both species inhabit relatively low-quality habitats. In the future (SSP585),
suitable habitats for P. irwini are predicted to be reduced drastically (99%) with potential local
extirpations in its northern range. Similarly, up to 62% of suitable habitats for P. gillissi would also be
reduced in the future. Our study provides insights about assessing future threats and vulnerability

of endemic, endangered, range-restricted, and small-bodied freshwater species in this region and
elsewhere.

Freshwater fauna are among the most threatened taxa worldwide owing to human-related disturbances including
changes in land use, introduction of exotic species, and climate change!~. In the Southern Hemisphere, studies on
the impacts of climate change in freshwaters are scarce despite many species having serious conservation issues’.
Indeed, the potential contraction and fragmentation of habitats are important aspects to consider for understand-
ing the resilience of sensitive taxa to environmental change*®. For example, species with restricted ranges, often
associated with cold climates, are highly vulnerable to climate change®’. In contrast, taxa with extended ranges
might be less vulnerable and potentially more resilient to global warming®. In this context, understanding the
potential impacts of climate change on species distribution is crucial for effective conservation planning®. In
data-deficient regions of the world, predictive spatial-statistical models can serve as cost-efficient tools to inform
the conservation and management of freshwater biodiversity under scenarios of environmental change'®!!.

Species distribution models (SDMs) are spatially explicit representations of species distributions based on
statistical relationships between species occurrences and environmental variables'>!®. This approach is par-
ticularly useful for understudied species occupying data-poor regions''»!*, SDMs can be used as the first step
to develop hypothesis-based research and projections to better understand changes in species distributions
under future global environmental scenarios'>!®. These models can serve as the first approach to understand
the responses of relatively vulnerable ecosystems and organisms to climate change as the case of endemic fishes
from Mediterranean regions'’~%’.

The Chilean Mediterranean ecoregion (27°-36° S) has been described as susceptible to be adversely affected
by climate change!”?**'. Recent long-term megadroughts** have affected higher elevation areas? threatening
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the biodiversity of freshwaters in the region'®?. This is especially important considering that more than 50% of
freshwater fishes are classified as endangered®. Native fishes from the Chilean Mediterranean ecoregion have
relatively small (<20 cm total length) body sizes?®*” and limited dispersal capacity (< 30 km)* with many endemic
species having restricted ranges and low population abundances*”?***. Among them are the two endemic ‘Car-
melitas’ including Percilia irwini (Eigenmann, 1928) and P, gillissi (Girard, 1855)%. P. irwini is a benthopelagic
endemic species to the Bio-Bio River Basin (36°35' S-38° 44’ S) inhabiting mostly relatively shallow (< 1.0 m)
pool habitats*!. P. gillissi have a broad distribution between Estero Limache and Puerto Montt (32° 55’ S-41°
28" S). This species is pelagic and inhabit riverine environments associated to both cascade and shallow pool
habitats?”***2, These two ‘Carmelitas’ have a small body size, up to 10 cm total length**?’; their dispersal is limited
especially in fragmented habitats®. ‘Carmelitas’ represent ideal study cases to document the effect of climate
change on endemic, endangered, range-limited, and small-bodied freshwater species.

Here, we model current and future distribution of habitats for these two ‘Carmelitas’ using SDMs under two
different scenarios of global warming. We hypothesized that these species would have contractions in their dis-
tribution mostly in their northern portion of their ranges and lower elevation areas. This is due to the climate is
naturally warmer and more arid in the north compared to the south, and global warming'®** would further exac-
erbate climatic differences between northern and southern areas. In addition, the low dispersal capacity of these
species®®®, and their current distributions in already human-disturbed areas located at lower elevations?**3
will negatively affect existing habitats. Our work illustrates the use of SDMs and publicly available datasets to
assess the potential consequences of global warming on native endemic freshwater species with restricted ranges.

Results
The resulting SDMs for P. irwini and P. gillissi showed a relatively good performance with the Area Under the
Curve (AUC) values of 0.86 and 0.83 respectively. Of the nine variables selected for the best-supported models
(Supplementary Table S1); Strahler order, Mean Temperature of Coldest Quarter (bioll), and Average Annual
Precipitation (biol2 hydro) at the basin level had the greatest contribution towards model fit (Supplementary
Table S1).

Modeled present and future distribution of habitats for P. irwini and P. gillissi

Model outputs of present distribution including moderately and highly suitable habitats for P. irwini were mostly
restricted around low to middle elevation areas (Fig. 1a). In 2070, both scenarios (SSP245 and SSSP585) of cli-
mate are predicted to substantially decrease the amount of suitable habitats for P. irwini compared to the present
(20,200 km). This resulted in a reduction of 19,105 km and 19,785 km of suitable habitats for the intermediate
and extreme scenarios, respectively (Fig. 1b,c). In the future, moderately and highly suitable habitats would be
restricted mainly to the south (Bio-Bio River basin) with highly fragmented sections scattered around the range
of P. irwini.

The distribution of both moderately and highly suitable habitats for P. gillissi at present (123,348 km) was
relatively extended within the range of this species (Fig. 2a). In contrast, the distribution of potential habitats in
the future under an intermediate scenario of climate change included the loss of 42,560 km of suitable habitats
in the northern portion of the range of P, gillissi (Fig. 2b). Similarly, the predicted distribution of habitats in the
future under an extreme scenario of climate change included the loss of 72,082 km of suitable habitats (Fig. 2c).
Under this scenario, moderately and highly suitable habitats were located mostly in the south (Bio-Bio, Impe-
rial, Toltén and Valdivia rivers basins) with highly fragmented sections dispersed within the range of P. gillissi.

Modeled densities of present and future habitats for P. irwini and P. gillissi

The present density of habitats for P. irwini (Fig. 3a,b) illustrated a relatively low availability of highly suitable
environments (P> 0.5). Rather, most habitats were moderately suitable (0.06 < P<0.5). Under future scenarios of
climate change, the density of unsuitable habitats for this species will increase. For P. gillissi (Fig. 3c,d), the present
density of habitats was more broadly distributed compared to P. irwini. Under future scenarios of climate change,
the density of unsuitable habitats for this species increased, but this was also the case for highly suitable habitats.

Shifts in elevation of suitable habitats for P. irwini and P. gillissi under future climate change
scenarios

The density of suitable habitats (P> 0.06) by elevation for P. irwini (Fig. 4a) between periods consistently shifted
toward higher elevation areas (800-2000 m.a.s.l.) by 2070 under the two climate change scenarios. In the case of
P, gillissi (Fig. 4b), suitable habitats (P> 0.04), appeared to be relatively similar below 2000 m.a.s.l. between both
periods and scenarios of climate change.

Habitat gains and losses under future climate scenarios for P. irwini and P. gillissi

The changes in the distribution of moderately and highly suitable habitats between the present and 2070 based on
two scenarios of climate change for P. irwini (Fig. 5) showed loses between 92 and 99% under the moderate and
extreme climate change scenarios, respectively (Fig. 5a,b). Only, a small percentage of habitats was not predicted
to change under the two scenarios of climatic change (2-8%) and additional habitats (0.6-12%) were available
at higher elevation areas in the southern portion of the map (Fig. 5a,b). For P, gillissi, the loss of habitat in both
scenarios is predicted to be between 42 and 62% under the moderate and extreme climate change scenarios,
respectively (Fig. 5¢,d). Suitable habitats that are predicted to stay relatively stable fluctuated between 38 and
58%, whereas new habitats (5.5-7.8%) occurred in higher elevation areas at the east side of the region under the
two climate change scenarios, respectively.
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Figure 1. Distribution of habitats for P, irwini based on the best-supported MaxEnt model. (a) Present (b)
2070 for an intermediate scenario of climate change (SSP-245), and (c) 2070 for an extreme scenario of climate
change (SSP-585). For the P, irwini model, a minimum training presence threshold and defined as unsuitability
was P<0.06. Moderately suitable habitats 0.06 P<0.5 and highly suitable habitats were classified as P>0.5. The
figure was produced with ArcGIS Pro 3.0.0 with extensions provided by Oregon State University (https://www.
esri.com/en-us/arcgis/products/arcgis-pro/overview).

Discussion

We use species distribution models to map present and future suitable habitats of two endemic freshwater
fishes with restricted ranges in Chile, including P. irwini and P. gillissi. Both species are currently classified as
endangered with decreasing population trends***’. Our findings indicate that both species are currently using
moderately suitable habitats, but future projections of climatic change might lead to remarkable declines in the
availability of suitable habitats. Future habitat changes are more detrimental for P. irwini than for P. gillissi, and
only a small fraction south of the Bio-Bio River is expected to maintain suitable conditions for P. irwini.

The current distribution of suitable habitats for P. irwini and P. gillissi relies mostly on a relatively moderate
habitat quality. It is possibly these species have been exposed to changes in climate in the past, even from recent
decades®™*, but is still unclear they would be able to persist in the future under more extreme climatic changes*.
Similar issues have been reported elsewhere**. The lack of basic knowledge about the physiology and thermal
tolerances of these endemic species makes it difficult to forecast their vulnerability without a high degree of
uncertainty. The availability of suitable habitats under both future (2070) climatic scenarios indicates considerably
high contractions of climatic niches with 92-99% for P, irwini and 42-62% for P. gillissi. These climatic scenarios
would lead to drastic habitat losses in the northern portion of the ranges, where higher rates of climate warming
are expected?** P irwini and P, gillissi are congeneric allopatric species with different habitat requirements. P.
irwini are adapted to small, shallow, and slow waters with a preference for pools habitats*>*!. Potential climatic
refuges located in headwaters at elevated areas might be key for this species to persist in the future. Conversely,
P, gillissi are highly plastic®? and thus, its potential broader niche would allow this species to persist under more
extreme climatic scenarios without having the need to migrate to higher elevation areas.

Significant habitat contractions are expected to occur in the northern portion of the range of P, gillissi suggest-
ing potential local extirpations in some basins from the Aconcagua River to the Bio-Bio River. Currently, popula-
tion declines in both species have occurred due to other human-related impacts such as pollution from industrial
and domestic effluents®>*!. Previous work®*** have suggested that P. irwini and P, gillissi are very sensitive to other
human-related impacts such as invasive species’*** and habitat fragmentation by hydroelectric dams*#¢4’,. These
activities could act synergistically with climate change*®. Habitat fragmentation can limit the ability of species
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Figure 2. Distribution of habitats for P. gillissi based on the final MaxEnt model. (a) Present (b) 2070 for an
intermediate scenario of climate change (SSP-245), and (c) 2070 for an extreme scenario of climate change
(SSP585). For the P, gillissi model, a minimum training presence threshold was defined as unsuitability P<0.04.
Moderately suitable habitats 0.04 P<0.5 and highly suitable habitats were classified as P> 0.5. The figure was
produced with ArcGIS Pro 3.0.0 with extensions provided by Oregon State University.

to track their preferred climatic conditions and reduce the availability of suitable habitats*’. Invasive species can
compete with native species for resources and predation, which can further reduce the abundance and distribu-
tion of native species®. Therefore, managing these other stressors is crucial for the conservation of biodiversity in
the face of climate change®!. Collectively, these multiple stressors have the potential to accelerate the contraction
of habitats and further exacerbate the vulnerability of these species to global environmental change.

Suitable habitats for P. irwini and P. gillissi are expected to remain or slightly increase in the future only in
higher elevation areas. These areas represent potential climatic refuges, but they seem insufficient and highly
isolated due to their low connectivity, especially in the case of P irwini. As seen in other cases, migrations toward
colder and higher elevational areas are potential consequences of global warming>*>>. Heggenes et al.>* and
Kelley et al.*® point out how fundamental these migrations are in river systems, underpinning adaptive capacity
to disturbances, as well as functional connectivity within them. Unfortunately, human-related impacts in the
region are concentrated in lower elevational areas®. Therefore, suitable habitats in higher elevational areas seem
the only option for climatic refuges®®*”. However, the ability of species to track their preferred conditions may be
limited by various factors, including their dispersal ability, the availability of suitable habitats, and the presence
of barriers to movement*. Some species may not be able to keep pace with the rate of climate change and may
experience range contractions or even extinction®. This is particularly a concern for species with narrow climatic
niches and limited dispersal abilities, such as many freshwater fish species® including P. irwinii and P. gillissi.

In our study area, the topography of rivers and their climate seem highly influential to define suitable habitats
for P. irwini and P. gillissi. The importance of these variables has been documented for other cases when using
high-resolution spatially explicit models®. Both the geophysical template and climate are fundamental to the
biogeographic characteristics of the isolation and resulting endemism of the Chilean ichthyofauna®. Keppel
et al.® suggest that areas of high biodiversity and endemism with relict species could be refuges in the past and
buffers to future climate changes. However, the expected increases in extreme temperature conditions, changes
in precipitation patterns, and a decrease in the availability and connectivity of habitats might displace buffer
areas toward higher elevations®'. Unfortunately, the higher increases in temperature in the highest areas of the
Chilean Mediterranean region* might limit these potential new climatic refuges. The latter, in conjunction with
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Figure 3. Density of habitats by their probabilities for P, irwini (a, b), and P, gillissi (c, d) under present and
future scenarios of climate change. The X axis corresponds to the range of probabilities of the SDM (stream
reach =15 m pixels), and the Y axis represents the number of pixels with probability values in the range of each
species. Climatic change scenarios include one extreme (SSP585) and one intermediate (SSP245) scenario.

human impacts and temperature increases in lower elevational areas, could create an ecological trap for the fish
fauna of central Chile.

Limitations

Our modelling approach has some limitations. For example, biases when only public biodiversity databases are
used (e.g., spatial congruence among occurrences)® might affect model performance. We used multiple data-
sets including GBIF in conjunction with additional sources from the Chilean Government. This combination
of sources resulted in relatively good performance of best supported MaxEnt models (AUC> 0.8). In addition,
as indicated by Furby and Aratjo®, the lack of consideration of the effects of land uses in SDMs could over-or-
underestimate the tolerance capacity of species, affecting the capacity of models to be used across multiple time
periods. However, our objective is to provide preliminary models, which also included land cover categories
as covariates. We document biases towards the urban (i.e., more accessible sites for sampling) and water (i.e.,
lakes and reservoirs) classes and given these potential issues, we do not include land cover categories in the
best supported MaxEnt model. Further, we include 88 variables that represent a suite of characteristics includ-
ing topography, hydrology, bioclimatic, and land use changes. The high-resolution layers (15 m) we use likely
provide a better representation of both environments for species with restricted distributions and greater detec-
tion of climate variability. Our selected modeling approach likely does not overestimate habitat extirpation as
a common problem reported when low-resolution layers are used®*®*. Furthermore, future research can use
similar approaches focusing on other areas where most of the species are considered endangered®. Moreover,
mapping potential climatic refuges can assist the potential translocation of species as well as the development
of field surveys to test and validate our findings (e.g., monitor the abundance of populations in moderately and
highly suitable habitats).
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Figure 4. Density plots of suitable habitats by elevation for P. irwini (a) and P. gillissi (b). The X axis
corresponds to the elevation range of the stream reaches (15 m pixels) and the Y axis represents a density of
pixels in the range of each species. Climatic scenarios include one extreme (SSP585) and one intermediate
(SSP245) climate change scenario.

Lastly, more research is needed to conduct experiments of thermal tolerance of these and other endemic
species.

Conclusions

In conclusion, our study reveals the potential severe impacts of climate change on the distribution of endan-
gered fish species, P. irwini and P. gillissi, in Chile’s freshwater ecosystems. Both species face significant habitat
loss and fragmentation under future climate scenarios, suggesting future local extirpation of P. irwini. Higher
elevation areas could serve as climatic refuges, but their limited availability and connectivity pose challenges.
Human impacts, such as habitat fragmentation and invasive species, exacerbate these species’ vulnerability when
combined with climate change. Our findings underscore the urgent need for climate-informed conservation
strategies. Future research should focus on the potential impacts of climate change on other freshwater species
in Chile and the effectiveness of different conservation strategies. Detailed studies on potential climatic refuges
and their connectivity could inform conservation strategies. Proactive management is needed to ensure the
persistence of P. irwini and P, gillissi in a rapidly changing climate.

Materials and methods

Study area

We conducted our study in Chile (Fig. 6a) and included two study areas based on local records that described
the distribution of the two endemic species P. irwini and P. gillissi. Our study region, supports a significant frac-
tion of Chile’s population (80%) and agricultural activities (85%) and therefore, play a key role in the country’s
socioeconomic activities'”*%,

The range of P, irwini is limited to the VIII Region of Biobio in the center-south zone of Chile (Fig. 6b). This
study area extended from the Itata River Basin in the north (35° and 37° S) to the Biobio River Basin (37° and
39°S) in the south, with a total area of ~ 35,294 km?®. Both basins are influenced by a precipitation regime of a
mixture between snow and rain®, resulting in a Mediterranean climate dominated by vegetation formations of
evergreen forest in higher elevation areas and sclerophyllous scrub in lower elevation areas®”. These basins have
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Figure 5. Distribution of moderately and highly suitable habitats between periods (present vs. 2070) including
habitats (no change between present and 2070), habitat new (not suitable in present and suitable in 2070),

and habitat loss (suitable in present and not suitable in 2070) for P, irwini (a, b) and P. gillissi (¢, d). Includes
two climatic scenarios for 2070 (one extreme SSP285 and one intermediate SSP245). For this intersection, the
threshold cutoff of 0.06 for P, irwini and 0.04 for P. gillissi was used. The figure was produced with ArcGIS Pro
3.0.0 with extensions provided by Oregon State University.

been affected by the replacement of native forests by plantations of exotic species and an increase in agriculture,
with a concentration of both rural and urban areas in the lower portions of the basins*°.

P, gillissi have a broader distribution from 32° to 41° S, and includes the Andean basins of the Aconcagua,
Maipo, Rapel, Mataquito, Maule, Itata, Biobio, Imperial, Toltén and Valdivia rivers, extending to the south of
the Mediterranean area of central Chile (Fig. 6¢). Each of these basins is not connected to each other and drains
directly into the Pacific Ocean. The flow regimes are a mixture of rain and snowmelt with fast water velocities due
to the steep slopes in the Andean range®’. The range of P, gillissi has a Mediterranean climate, but also extended
further south up to the Imperial River Basin where there is a higher influence of a temperate rainy climate®
(Fig. 6¢). The predominant vegetation in the southern part of the range of P. gillissi includes deciduous forests®”.

Species’ occurrence data

A total of 285 georeferenced presence records were collected from multiple sources and included 107 records for
P irwini and 178 records for P, gillissi. These occurrences were obtained after 1950 and filtered using ArcGIS Pro
3.0.0 with license provided by Oregon State University (https://www.esri.com/en-us/arcgis/products/arcgis-pro/
overview). All georeferenced records were obtained through the database of the Ministry of the Environment of
the Chilean Government, Global Biodiversity Facility (GBIF) https://www.gbif.org/ in: https://doi.org/10.15468/
dL.3bbucr, https://doi.org/10.15468/dl.g7v3pt and published literature (See Supplementary materials). Since the
data from GBIF and the Chilean Government are freely accessible and no new samples were collected by the
authors, ethical approval for the use of data was not required.

Hydrological and geomorphological characterization

A synthetic network of hydrological features was generated to represent the spatial distribution of freshwater
environments throughout the study area and characterized based on geomorphic (relatively constant over time)
and downscaled climatic data (variable over time). Based on a Digital Elevation Model (DEM) at 30 m resolution
from the Shuttle Radar Topography Mission (SRTM), we delineated all river basins of interest (n=9) within our
study region. Using flow accumulation algorithms (see details in Olivos et al*® and Jan et al'!), we selected all
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Figure 6. The study area in the south-central zone of Chile (a). Distribution of occurrences for P. irwini (b)
and P. gillissi (c). The figure was produced with ArcGIS Pro 3.0.0 with extensions provided by Oregon State

University.

drainage lines draining above 0.1 km?* and vectorized a digital stream network segmented every 100 m (hereafter
stream reaches). We characterized stream reaches based on persistent geophysical attributes, namely drainage
area (km?), average channel gradient (%), sinuosity (index), aspect (°), stream order (Strahler), valley confine-
ment (index), and distance from each reach to the ocean (distance downstream, km?) and to the headwaters
(distance upstream, km?). Additional attributes related to bioclimate (see section below) were added to each
stream reach and climate change scenario.

Bioclimatic variables and downscaling climate change scenarios
To obtain high spatial resolution of bioclimatic variables we conducted a statistical downscaling process of
monthly climatic variables (minimum and maximum temperature and precipitation) from 1 km to 15 m
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resolution. This downscaling procedure is more appropriate to assess the impacts of climate change on natural
habitats and biota”. The downscaling process was performed using the multivariate geographically weighted
regression (GWR) method”". This method is useful to develop spatiotemporal regressions affected by parametric
instability, providing adequate results to generate maps adjusted to different scales in cases of variables that vary
spatially’". Specifically, we used Worldclim v2.17? with a resolution of 1 km as the response variable, which was
locally corrected by the GWR method using a series of meteorological data from the Direccion de Aguas de Chile
(DGA) (See Supplementary material), and Pedreros et al’®. As predictor, we used the digital elevation model
DEM (SRTM of 30 m resolution resampled at a resolution of 1 km and 15 m. The spatial coefficients obtained
through the GWR were interpolated using ORDINARY KRIGING with automatic variogram. All statistical
analyzes were performed using the ‘spgwr’ and ‘hydroGOF’ packages’*”>. More details on the downscaling
methodology and GWR are provided in Fotheringham et al’' and Contador et al’’. Based on these downscaled
monthly climatic datasets (i.e., minimum temperature, maximum temperature, and precipitation), we obtained
bioclimatic variables commonly used in SDMs using the *biovars’ function implemented in the ‘dismo”” pack-
age for R statistical software’®. We generated the 19 bioclimatic variables commonly invoked in SDMs. We re-
calculated all precipitation-associated variables (bio12-bio19), replacing local precipitation values with averaged
catchment precipitation. This resulted in eight additional bioclimatic variables (herein, “hydroclimatic” variables)
representing monthly variability in discharge and hydrological conditions. See the Supplementary materials for
the complete list of bioclimatic variables.

Habitat model development

We used MaxEnt version 3.4.47° for fitting our final habitat models for both species. We transferred MaxEnt
models from a significant portion of the native ranges of both species to predict potentially suitable streams over
their entire range using present and future climatic scenarios by 2050 and 2070 (SSP245 and SSP585). We used
the ‘Kuenm’ R package® to fit MaxEnt models using climatic and spatially continuous topographic variables (See
Supplementary materials). This R package allowed for comparisons in MaxEnt among candidate models under
different regularization multipliers, and feature classes, balancing predictive power with appropriate complex-
ity and statistical significance. Candidate models were evaluated for partial ROC, omission rate (E) and model
complexity (AICc), to select the best model for each species (Supplementary materials Fig. S1 and Fig. S2).

Model evaluation

We evaluated our final models using randomized data partitioning. We used 70% of the occurrences to train
the models and the remaining 30% to evaluate them. We replicated this randomly to generate 10 replicates to
account for variability in model perfomance. On average, the optimized MaxEnt models showed 0% omission
rate for P, irwini and 7% omission rate for P. gillissi on validation data.

The use of the Receiver Operating Characteristic (ROC) analysis for model evaluation has been criticized for
giving equal weight to omission and commission errors®!. Therefore, we used partial ROC (pROC) developed
for ENM evaluation®. Partial ROC uses AUC ratios (the partial AUC divided by random expectation), where a
value of 1.0 represented model performance no better than random, whereas models with AUC ratios near or
greater than 2.0 were considered good®!. The P-values of pROC indicated whether the ratio of model AUC to
the random AUC is statistically significant. The details of evaluation metrics for our final MaxEnt models for
each species are provided in the Supplementary materials Fig. S1 and Fig. S2.

Mapping suitable habitats from model outputs

Subsequently, threshold cutoffs for each species were selected using the minimum training presence threshold
(0.06 for P. irwini and 0.04 for P. gillissi). Thus, the suitable habitats for the species were of unsuitability P<0.06
and P<0.04, respectively. The maps of the modeled present and future distribution of habitats for P. irwini and
P. gillissi (Figs. 1 and 2) were built based on the probabilities (related presence) and categorized as unsuitable,
moderately suitable (minimum training presence threshold < P<0.5), and highly suitable (0.5 < P<1.0) habitats
for each species. We created maps of magnitude of change in suitable habitats between present and future climate
change scenarios (intermediate SSP245 and extreme SSP585 in 2070) for P. irwini and P. gillissi (Fig. 5) only
using suitable (moderately and highly) habitats. We calculated the percentage of stable habitats (suitable habitat
without changes in the future), new habitats (suitable habitats found in the future, but not in the present) and
lost habitats (suitable habitats in the present that are no longer found in the future) based on the total number
of suitable habitats pixels. Lastly, we summarized densities of present and future habitats for P. irwini and P. gil-
lissi (Fig. 3) using the probabilities from the best supported MaxEnt model using the bandwidth Bw =60 for P
irwini and Bw =20 for P. gillissi.

Data availability

The datasets generated during and/or analysed during the current study will be available in the DRYAD reposi-
tory, after the manuscript is accepted [https://doi.org/10.5061/dryad.tht76hf5m]. However, the high-resolution
layers created in this study will be available upon reasonable request from the corresponding author.
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