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Introduction: Climate change represents an escalating threat to wildlife globally, 
disrupting ecosystems and altering species interactions. Key nut-producing 
forest species in the Cantabrian Mountains may be affected, with consequences 
for Cantabrian brown bears (Ursus arctos) during hyperphagia. Understanding 
such changes may help to improve conservation strategies to ensure that bears 
may be able to adapt to changing environmental conditions.

Methods: With this aim, we assessed the current and future habitat suitability 
of all nut-producing trees in the Cantabrian Mountains. We fitted species 
distribution models using a down-sampling random forest ensemble approach 
to create comprehensive maps and species flows, identifying key hotspots of nut 
production under the SSP3-7.0 and SSP5-8.5 climate change scenarios. Based 
on bear mobility patterns, we identified areas where individuals lacked access to 
at least two fruit-producing species, thereby identifying potential areas of nuts 
shortage for bears during hyperphagia.

Results and discussion: We anticipate a potential decline in beech (Fagus 
sylvatica) and Atlantic oaks (Quercus petraea), with a compositional shift 
towards thermophilic species, such as sweet chestnuts (Castanea sativa) 
and Mediterranean oaks (e.g. Quercus ilex). The area unsuitable for any nut-
producing species is likely to increase over time, reaching 25% % within the 
current bear range. The diversity of nut-producing species is projected to 
decline over time, leaving large areas within the bear’s range with access to only 
one or two species. Bears may be able to gain access to food resources owing 
to their dietary plasticity and their ability to move and track energy-rich food 
resources. Ensuring the long-term accessibility of nuts to bears in some areas 
could be based on the establishment of Chestnut plantations apart from human 
settlements, as well as actions to enhance fruiting for oaks, such as the case of 
Pyrenean oaks.
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Highlights

 • Climate change can impact the survival and productivity of 
nut-producing species.

 • In some regions, brown bears feed mainly on nuts 
during hyperphagia.

 • Bear adaptability and mobility may ensure future access to 
nut-producing species.

 • Chestnut plantations far from humans may favor bears’ access 
to chestnuts.

 • Actions to enhance fruiting for oaks could improve nut 
availability in some areas.

Introduction

Human-induced global warming has led to extreme weather 
events and unprecedented climate records worldwide, resulting in 
the emergence of what has been described as a new global climate 
domain (Harvey et  al., 2023). Changes in temperature and 
precipitation patterns and the increased frequency of extreme 
weather events are expected to impact ecosystem functioning in 
multiple ways. Species with greater adaptability are likely to cope 
more effectively with these changing conditions. In this respect, the 
brown bear (Ursus arctos) is very mobile and has a broad trophic 
niche (Bojarska and Selva, 2012; Martin et al., 2012). This dietary 
flexibility may enhance its capacity to adapt to the consequences 
of climate change (Navarro et al., 2021). Nevertheless, during the 
hyperphagia period (late summer and autumn, before hibernation) 
brown bears are particularly sensitive to food availability, as they 
must accumulate sufficient fat reserves to support reproduction in 
the case of adult females (Costello et al., 2003; Di Domenico et al., 
2012; López-Alfaro et  al., 2013) and ensure survival in winter 
season (Ryan et al., 2007; Schwartz et al., 2006). During this period, 
bears across central-southern Europe and the Middle East feed on 
different nut-producing species such as beech (Fagus sylvatica), 
various oak species (Quercus sp.) and sweet chestnut (Castanea 
sativa) (e.g., Ambarlı, 2016; Bojarska and Selva, 2012; Ciucci et al., 
2014; De Angelis et al., 2021; Naves et al., 2006; Paralikidis et al., 
2010; Rodríguez et al., 2007), some of which are threatened by the 
effects of climate change (del Río et al., 2021; Dyderski et al., 2025, 
2017; Kasper et  al., 2022; López-Tirado et  al., 2018; Rubio-
Cuadrado et al., 2018; Urli et al., 2015).

Climate change severely impacts forest ecosystems, as prolonged 
droughts, heatwaves and heavy rainfall compromise primary 
productivity (Nussbaumer et al., 2018), a key factor in the fruiting 
success of nut-producing species (Journé et al., 2021). Climate change 
alters the phenology of nut-producing trees, affecting the timing of 
phenological events (e.g., flowering and fruiting); it lengthens the 
growing season, which favors increased productivity but also makes 
irregular yields more likely due to extreme weather events. Thus, 
phenology has been suggested to be a key factor in determining future 
species distribution, as climate-driven shifts in timing can lead to 
decline or expansion of suitable habitats for many plant species (Piao 
et al., 2019; Vitasse et al., 2011). Several nut-producing species, such 
as beech and oaks, show remarkable interannual variability in fruit 
production inherent to the species, although mast years 
(Gea-Izquierdo et al., 2006; Nussbaumer et al., 2018, 2016) may also 
be associated with the effects of climate change (Hacket-Pain and 

Bogdziewicz, 2021). For example, Clevenger et al. (1992) observed 
fruiting failure in Quercus spp. and F. sylvatica in northern Spain for 
up to 4 consecutive years, in some cases overlapping among species in 
the same year.

Bears relying on nut-producing trees for food during hyperphagia 
have to adapt to the aforementioned changes, such as in the case of 
bears in the Cantabrian Mountains (northern Spain) (Lucas et al., 
2025; Navarro et al., 2021; Pérez-Girón et al., 2022). Here, the long-
term climate-related changes in the availability of food resources, such 
as a decrease in the availability of Vaccinium fruits, have already been 
linked to an increase in the consumption of nuts by Cantabrian bears 
(Rodríguez et  al., 2007). The non-territorial character of bears 
(Swenson et al., 2023) allows them to increase their use of space or to 
carry out long-distance movements searching for food resources 
across the landscape (De Angelis et  al., 2021). Indeed, bears can 
aggregate, sometimes in remarkable numbers, at clustered food 
sources during hyperphagia (Ballesteros et  al., 2018; Ciucci et  al., 
2014). For example, during the 2017 hyperphagia period, Ballesteros 
et al. (2018) reported exceptional bear aggregations linked to a large 
variation in the availability of nuts; at least 31 different bears were 
feeding on oak acorns in an area of ca. 3 km2 (with the main 
concentration observed in about 50 ha) where good acorn production 
occurred for orographic and microclimatic reasons, in a year when 
there was generalized fruiting failure in nut-producing species caused 
by heavy frosts in spring throughout most of the bear range. The 
dependency on nut-producing trees could become even greater, as 
warming conditions may lead to a further reduction in the hibernation 
period in addition to that already observed (e.g., Pigeon et al., 2016; 
Planella et al., 2019), increasing energy demands and intensifying 
reliance on stable, year-round food sources. Additionally, if these 
resources become scarce, bears may increasingly turn to anthropogenic 
food sources, potentially intensifying human-wildlife conflicts (Kurth 
et al., 2024).

Under the current scenario of climate change, the distribution 
and productivity of species such as thermophilic oaks (Q. faginea, 
Q. ilex, and Q. suber) and sweet chestnut may increase (Benito 
Garzón et al., 2008; Pérez-Girón et al., 2020) as a result of a better 
tolerance, adaptation and competitive capacity of these tree 
species, compared to beech or Atlantic oaks (Duque-Lazo et al., 
2018; Dyderski et al., 2025; Urli et al., 2015). Although a shift in 
dominant species may ultimately occur, hybridization among oak 
species (Sánchez De Dios et al., 2006) and the gradual development 
of mixed stands are also likely. Mixed stands are up to 30% more 
productive in biomass than pure stands (Pretzsch et al., 2013), 
thus potentially increasing available resources to bears. Dietary 
plasticity is expected to help bears to cope with the effect of 
interannual variability in nut production among tree species 
(Ambarlı, 2016; Bojarska and Selva, 2012; Ciucci et al., 2014; De 
Angelis et  al., 2021; Naves et  al., 2006; Paralikidis et  al., 2010; 
Rodríguez et  al., 2007). However, as some species are more 
constant in producing nuts (e.g., sweet chestnut; Petit and Larue, 
2022), the potential impact of climate change on the distribution 
of nut-producing species could generate new scenarios of food 
availability and shortage for bears during hyperphagia (Navarro 
et al., 2021). In such scenarios, spatial complementarity among 
nut-producing species may be  essential to ensure a minimum 
availability of food to bears at a landscape level. Spatial 
complementarity in our case is understood as the spatial and 
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temporal availability of multiple nut-producing species, which can 
collectively support the dietary needs of brown bears during 
hyperphagia. However, to date, the different responses of these 
nut-producing species and their complementary provision of food 
for the brown bear under different climatic scenarios has not 
been evaluated.

Assessing the potential effects of climate change on nut-producing 
species during hyperphagia is key to understand the adaptation of 
Cantabrian brown bears to changing environmental conditions, and 
its potential impacts on its recovery (Lucas et al., 2025). However, 
despite growing evidence of climate-driven changes in forest 
composition, little is known about how these shifts may affect the 
availability and spatial distribution of key trophic resources for the 
Cantabrian brown bear during critical stages such as hyperphagia. In 
particular, the spatial complementarity of nut-producing species, 
where the presence of multiple species may offset local deficits, 
remains understudied. The Cantabrian Mountains offer a particularly 
suitable setting for investigating these dynamics, given the region’s 
ecological complexity and the heightened sensitivity of mountain 
ecosystems to climate change. Projected climate change impacts are 
expected to drive rapid ecological shifts in these habitats, including a 
significant decline in suitable habitat and upward shifts in ecological 
niches (Dyderski et al., 2025, 2017; Lenoir et al., 2008; Pérez-Girón 
et al., 2024).

In this context, the objectives of this study are: (i) to evaluate the 
impact of climate change on nut-producing species that are important 
to the diet of the brown bear (Ursus arctos) during the hyperphagia 

period; (ii) to analyze functional complementarity among species 
through species richness; and (iii) to identify vulnerable areas to better 
understand the challenges faced by the brown bear in adapting to 
changing environmental conditions. Additionally, conservation 
strategies are proposed to safeguard key trophic resources critical for 
the survival and well-being of the brown bear. Together, this work 
aims to provide a comprehensive understanding of the interactions 
between climate change, food resource availability, and the ecological 
requirements of the brown bear during hyperphagia, ultimately 
contributing to its long-term conservation under increasing 
environmental pressure.

Materials and methods

Study area

The study area encompasses the provinces of Lugo, Ourense, 
León, Zamora, Asturias, Cantabria, Palencia and Burgos, covering 
the entire range of the brown bear in the Cantabrian Mountains 
(Figure  1). The study area extends approximately from 41°N to 
43.5°N latitude and from 3°W to 7°W longitude. Elevation ranges 
from sea level to high mountain peaks exceeding 2,500 m a.s.l., 
creating pronounced topographic heterogeneity. This mountain range 
also serves as a transitional zone between the Atlantic and 
Mediterranean biogeographical regions and has a unique climate 
gradient. The Cantabrian Mountains are characterized by an oceanic 

FIGURE 1

Estimated range of brown bears in the study area in the period 2018–2023 (black solid line; López-Bao et al., 2024) and predicted ranges (dashed red 
and blue lines) (Díaz-Fernández et al., 2023; Pratzer et al., 2023). Elevation was derived from the 30 m European Digital Elevation Model (EU-DEM).
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climate, heavily influenced by their proximity to the Atlantic Ocean 
and their geographical orientation. The northern side supports forest 
dominated by broadleaved Atlantic species, whereas in the southern 
side tree species adapted to greater temperature variability and drier 
conditions predominate. Soils are generally acidic in the western and 
central parts of the range, while the eastern sector and some localized 
areas within the study region contain calcareous soils, which support 
distinct vegetation communities. In terms of nut-producing species, 
the study area hosts several taxa known to be important in the brown 
bear’s diet during hyperphagia. Based on their nutritional relevance, 
we  included the following nine species in our analysis: beech, 
pedunculate oak (Quercus robur), sessile oak (Quercus petraea), hazel 
(Corylus avellana), Pyrenean oak (Quercus pyrenaica), Portuguese 
oak (Quercus faginea), sweet chestnut, holm oak (Quercus ilex) and 
cork oak (Quercus suber) (Navarro et al., 2021; Naves et al., 2006; 
Rodríguez et al., 2007).

Presence of nut-producing species

Although our study was focused on northern Spain, which is 
characterized by an Atlantic climate, we  gathered georeferenced 
occurrences of nut-producing species relevant to the brown bear 
across the entire Iberian Peninsula. This approach ensured that 
we  captured the full range of climatic conditions in which these 
species can occur, including Mediterranean environments. 
Occurrences were compiled from the 3rd and 4th National Forest 
Inventory of Spain (NFI3 and NFI4), the 6th National Forest 
Inventory of Portugal (NFI6), the Continuous Forest Inventory of 
Galicia (IFCG), and the Global Biodiversity Information Facility 
(GBIF) (GBIF, 2024; ICNF, 2015; MITECO, 2022; Xunta de Galicia, 
2022). Those plots from the NFIs where no individuals of the targeted 
nut-producing species were recorded were treated as true absences. 
The NFIs employ a systematic sampling approach, surveying all plots 
and documenting all species present. Consequently, the absence of a 
species in a plot reliably indicates its true absence. To improve data 
accuracy, we  filtered the GBIF presences, retaining only those 
locations with <25 m of coordinate uncertainty. Subsequently, only 
those occurrences located outside of areas subject to human 
management, such as parks, gardens or agricultural lands, were 
considered. For this purpose, we intersected all occurrences with 
CORINE land cover 2018. Finally, to avoid any spatial bias arising 
from the integration of multiple data sources, we applied geographical 
filtering using the ecoinfo R package (Carlisle and Albeke, 2016), in 
which only those occurrences separated from each other by >200 m 
were retained, while a threshold distance of >1,000 m, consistent with 
the NFI sampling resolution, were used for true absences (Álvarez-
Álvarez et al., 2025). As a result, we compiled 1,921 occurrences of 
C. avellana, 4,360 of C. sativa, 5,110 of F. sylvatica, 4,755 of Q. faginea, 
17,586 of Q. ilex, 1,258 of Q. petraea, 6,244 of Q. pyrenaica, 5,669 of 
Q. robur and 5,909 of Q. suber.

Current and future habitat suitability for 
nut-producing species

Given the range of species considered, we  selected generalist 
topographic, soil, and climatic variables with ecological significance 

across multiple species (Supplementary Table S1). We derived slope 
and aspect from the 30 m European Digital Elevation Model 
(EU-DEM), and to prevent redundancy in aspect values at 0° and 
360°, we transformed aspect into northness (cosine of aspect) and 
eastness (sine of aspect). Soil-related parameters included soil pH 
and soil organic carbon content (SOC) in the 5–15 cm layer, sourced 
from SoilGrids250m version 2.0 (Poggio et al., 2021). To account for 
potential climate change effects, we used bioclimatic variables from 
the CHELSA V.2.1 dataset, excluding variables 8, 9, 18, and 19 due to 
known spatial discontinuities (Álvarez-Álvarez et al., 2025; Booth, 
2022; Karger et al., 2017).

To project future habitat suitability, we  replaced current 
information on climate variables with future projections of the same 
ones on the basis of climate scenarios derived from the Coupled 
Model Intercomparison Project Phase 6 (CMIP6) provided by 
CHELSA V2.1 (Karger et al., 2017). Specifically, we used five high-
performance General Circulation Models (GCMs) (GFDL-ESM4, 
IPSL-CM6A-LR, MPI-ESM1-2-HR, MRI-ESM2-0, and UKESM1-
0-LL) and two Shared Socioeconomic Pathways (SSPs) (SSP3-7.0, 
Regional Rivalry, and, SSP5-8.5, Fossil-fueled Development) 
spanning three distinct periods: 2011–2040, 2041–2070 and 2071–
2100 (Lange, 2021). Since the SSP5-8.5 scenario represents an 
unlikely and high-risk future (Hausfather and Peters, 2020), 
we  focused on the SSP3-7.0 scenario, highlighting its greater 
relevance for climate change research and policy-making. 
Consequently, analyses based on SSP5-8.5 are provided in 
Supplementary material. Additionally, to assess climatic extrapolation 
risks, we employed the Mobility-Oriented Parity (MOP) test (Owens 
et al., 2013), which identifies areas with high climatic dissimilarity 
relative to a reference set. Specifically, we  sampled the current 
climatic conditions occupied by each species and normalized the 
results. Higher MOP distances indicate greater dissimilarity or 
“non-analogous” conditions, suggesting a higher risk of extrapolation 
when transferring ecological models to that area.

All predictors were cropped to fit the study area, reprojected to 
GRS84 (EPSG:4326) and resampled to a 100 m resolution using bilinear 
interpolation. These processes were completed using the terra package 
(Hijmans et al., 2022) and graphically plotted using the tidyterra and 
tidyverse R packages (Hernangómez, 2023; Wickham et al., 2019). The 
MOP analysis was conducted using the mop package in R (Cobos 
et al., 2025).

Species distribution modeling: evaluation 
and ensembling

We fitted species distribution models (SDMs) for each tree species 
and then combined these into stacked species distribution models 
(SSDMs), to create comprehensive maps and flows highlighting forest 
diversity hotspots and areas of potential species overlap. In the present 
context, SSDMs could be used to help identify vulnerable areas for bears 
in terms of the potential availability of nuts, as well as areas where less 
climate-sensitive species of interest for bears, such as chestnut, could 
potentially be established (Navarro et al., 2021; Pérez-Girón et al., 2022, 
2020). We employed a down-sampled Random Forest (RF) algorithm to 
develop the SDMs, as this approach has been shown to be particularly 
effective when used as a standalone modeling method (Valavi et al., 
2022). This method addresses class imbalance by equalizing the number 
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of majority-class samples (absences) with the minority-class samples 
(presences) (Liu et al., 2009).

The RF model was trained on a balanced sample using 80% of 
the occurrences, with the mtry value set as the square root of the 
number of predictors, and 1,000 trees. For each species model, 
we excluded those variables with a Spearman’s pairwise correlation 
coefficient > |0.7| or a Variance Inflation Factor (VIF) > 5 (Sillero 
et al., 2021). The predictive accuracy and discriminative capacity of 
the down-sampled Random Forest (RFdown) models were 
evaluated using the area under the precision-recall curve 
(PR-AUC), applied to the remaining 20% of the occurrence data. 
We selected PR-AUC instead of the commonly used AUC-ROC 
metric to avoid the inflation of model performance scores that can 
occur when modeling over large spatial extents (Sillero et al., 2021). 
Finally, spatial predictions were binarized using the minimum 
training presence threshold (Liu et al., 2016), and future projections 
were derived using the median value for each scenario and 
time interval.

Post-processing of SDMs

First, we used the brown bear range in the Cantabrian Mountains 
as a framework to analyze changes in the spatial distribution of 
environmentally suitable habitats for each species under current and 
future climatic conditions, across different scenarios and time 
intervals. For this purpose, we used three ranges: the estimated range 
for the 2018–2023 period (López-Bao et al., 2024) and the future 

ranges predicted by Díaz-Fernández et al. (2023) and Pratzer et al. 
(2023) (Figure 1).

Second, we  computed an SSDM by combining each of the 
previously calculated individual binary SDMs to measure predicted 
species richness, where pixels with the highest values indicated 
regions of greatest expected availability of nut-producing species. 
We tracked species richness dynamics at pixel level from the current 
state through three future periods, by using a Sankey diagram 
(Sjoberg, 2024).

Third, we searched for potential vulnerable areas for bears by 
using a circular moving window analysis of the resulting species 
richness maps, to identify broader areas of potential food-shortage 
for bears. The value assigned to each target pixel was determined 
by the maximum species richness within a window size 
approximating the use of space by adult female bears. As home 
range estimates were limited in the study area (average minimum 
convex polygon for 4 adult females: 30.8 km2; Mateo-Tomás et al., 
2024), we assumed a conservative area of 75 km2, similar to the 
average home range described for adult female bears in Eurasian 
regions similar to the Cantabrian Mountains (i.e., 78.5 km2; 
extracted from Ambarlı and Bilgin, 2012; Gavrilov et al., 2015; 
Huber and Roth, 1993; Mertzanis et  al., 2005). Finally, given 
reports of exceptional bear aggregations during years of widespread 
nut production failure (Ballesteros et  al., 2018), we  defined 
potentially vulnerable areas as pixels where <2 nut-producing 
species were accessible, and we  also tracked the transitions of 
expected species availability from the current state through three 
future periods (Figure 2).

FIGURE 2

Current projections of habitat suitability for (a) Corylus avellana, (b) Castanea sativa, (c) Fagus sylvatica, (d) Quercus faginea, (e) Quercus ilex, (f) 
Quercus petraea, (g) Quercus pyrenaica, (h) Quercus robur, and (i) Quercus suber. Each panel represents the current spatial distribution of habitat 
suitability (values from 0 to 1). Habitat suitability is color-coded from low suitability (blue, 0) to high suitability (red, 1). The black lines represent the 
estimated distribution range of the Cantabrian brown bear for the 2018–2023 period in the Cantabrian Mountains (López-Bao et al., 2024).
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Results

Current and future habitat suitability

The RF models performed well for all nut-producing species 
(validation PR-AUC values ≥ 0.90, with the exception of PR-AUC = 0.77 
for Q. ilex; Supplementary Table S2). At present, within the current 
estimated bear range for the period 2018–2023, the proportion of 
estimated suitable habitat was above 30% for three species: Q. pyrenaica 
(44%), Q. petraea (40%), and F. sylvatica (32%) (Table 1). By contrast, 
considering the predicted bear ranges proposed by Díaz-Fernández et al. 
(2023) and Pratzer et al. (2023), the highest figures corresponded to 
Q. pyrenaica (49 and 34%, respectively), C. sativa (39 and 26%, 
respectively), and Q. robur (31 and 25%, respectively) (Table 2).

Under the different climate change scenarios, predicted habitat 
suitability varies significantly among nut-producing species over time 
(Supplementary Figures S1–S9 for individual spatial predictions, and 
Supplementary Figures S10–S19 for the associated GCM uncertainty 

for each species). Within the bear range, a decrease in the suitable 
habitat is predicted for Atlantic species, such as C. avellana, F. sylvatica, 
Q. robur, and Q. petraea, while suitable habitat for thermophilic 
species, such as C. sativa, Q. ilex, and Q. suber, are expected to increase 
(Table 1). The habitat suitability for sweet chestnut is projected to 
increase remarkably by 2071–2100, particularly in the western and 
central areas of the bear range (Supplementary Figure S2), whereas 
Q. pyrenaica is expected to maintain most of its suitable habitat and 
even expand slightly in the short term. Suitable habitat for the other 
thermophilic Quercus spp. is also expected to increase 
(Supplementary Figures S5–S9). By contrast, suitable habitat for 
Atlantic tree species is predicted to decrease in all scenarios, with 
C. avellana and Q. petraea experiencing near-complete losses. 
Considering the predicted bear range (Table 2), the suitable habitat for 
C. sativa would mainly occupy areas to the northwest and southwest 
(Supplementary Figure S2), whereas Q. ilex would occupy the eastern 
side (Supplementary Figure S5). The corresponding values for the 
SSP5-8.5 scenario are provided in Supplementary Tables S3, S4.

TABLE 1 Habitat suitability estimates and changes over time for nine tree species under the Shared Socioeconomic Pathway SSP3-7.0 (Regional Rivalry) 
within the current distribution range of Cantabrian brown bears (López-Bao et al., 2024).

Specie Current range 
(km2)

Years Stable (%) Loss (%) Gain (%) Change (%)

C. avellana 5,205.55

2011–2040 53.14 46.85 8.13 −38.73

2041–2070 23.73 76.27 5.30 −70.97

2071–2100 5.17 94.83 1.81 −93.02

C. sativa 4,799.03

2011–2040 97.47 2.53 25.15 22.63

2041–2070 92.26 7.74 33.72 25.97

2071–2100 94.67 5.33 57.66 52.33

F. sylvatica 6,066.27

2011–2040 52.28 47.72 10.90 −36.82

2041–2070 20.51 79.49 9.49 −70.00

2071–2100 2.29 97.72 7.47 −90.24

Q. faginea 817.82

2011–2040 83.06 16.94 88.07 71.13

2041–2070 50.70 49.30 88.42 39.12

2071–2100 0.11 99.89 10.96 −88.92

Q. ilex 260.23

2011–2040 78.68 21.32 484.08 462.75

2041–2070 57.42 42.58 646.79 604.21

2071–2100 57.56 42.44 867.95 825.51

Q. petraea 7,462.25

2011–2040 65.70 34.30 5.07 −29.24

2041–2070 36.31 63.69 5.71 −57.98

2071–2100 9.71 90.29 2.95 −87.33

Q. pyrenaica 8,219.59

2011–2040 78.45 21.55 41.63 20.08

2041–2070 53.82 46.18 52.91 6.72

2071–2100 7.92 92.08 34.02 −58.06

Q. robur 4,008.02

2011–2040 76.67 23.33 10.05 −13.28

2041–2070 61.69 38.31 5.96 −32.35

2071–2100 46.61 53.39 4.20 −49.19

Q. suber 0.23

2011–2040 0.00 100.00 9,691.30 9,591.30

2041–2070 4.35 95.65 15,269.57 15,173.91

2071–2100 0.00 100.00 22,113.04 22,013.04

Values for stability, loss, gain and percentage change are expressed relative to the current distribution range.
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Species richness and dynamics over time

Under the SSP3-7.0 scenario, it was estimated that 35% of the 
current bear range would be suitable for more than 2 nut-producing 
species (Figure 3a; see Supplementary Figure S19 for SSP5-8.5 scenario). 
However, this proportion is projected to decrease over time, reaching 
23% by the end of the century. The suitable habitat for C. sativa, and 
combinations with other species like Q. pyrenaica and Q. robur, is 
predicted to increase gradually over time. In the predicted bear ranges 
(Figures 3b,c), the suitable habitat for Q. pyrenaica fluctuate between 13 
and 7% in the short term, becoming unsuitable by the end of the 
century. An increase in suitable habitat for C. sativa and Mediterranean 
oaks (Q. ilex) over time is also predicted. By the end of the century, the 
suitable areas for C. sativa and Q. ilex would be around 32–21% and 
25–26%, respectively. Importantly, we estimated that the area unsuitable 
for any of these tree species is likely to increase over time, reaching 25% 

within the current bear range, and 19–34% in the predicted ranges. 
Spatially, the highest richness of nut-producing species is concentrated 
along the central and northern areas of the Cantabrian Mountains, 
which are expected to undergo a gradual contraction over time 
(Figure 4; see Supplementary Figure S20 for spatial projections under 
SSP5-8.5 scenario).

Forecasting areas of potential food 
shortage for bears

Under the SSP3-7.0 scenario (Figure 5; see Supplementary Figure S12 
for SSP5-8.5 scenario), more than 90% of both current and predicted 
bear ranges are expected to provide access to more than 2 nut-producing 
species to bears. This proportion is predicted to decrease over time, 
although it is not expected to drop below 68% within the current brown 

TABLE 2 Habitat suitability estimates and changes over time for nine tree species under the Shared Socioeconomic Pathway SSP3-7.0 (Regional Rivalry) 
within the predicted distribution ranges of the Cantabrian brown bear according to Díaz-Fernández et al. (2023) and Pratzer et al. (2023).

Species Current range 
(km2) (Díaz-
Fernández 
et al., 2023)

Current 
range (km2) 

(Pratzer 
et al., 2023)

Period Predicted changes based 
on Díaz-Fernández et al. 

(2023)

Predicted changes based 
on Pratzer et al. (2023)

Stable (%) Change (%) Stable (%) Change (%)

C. avellana 1,632.49 4,430.34

2011–2040 73.56 −20.98 68.25 −23.80

2041–2070 48.99 −46.75 40.21 −55.93

2071–2100 11.69 −85.17 8.29 −89.29

C. sativa 2,545.16 10,465.24

2011–2040 96.07 10.02 80.51 −5.32

2041–2070 81.53 2.08 57.23 −27.02

2071–2100 86.13 17.68 56.38 −20.74

F. sylvatica 1,243.44 3,411.58

2011–2040 45.65 −51.06 49.29 −48.50

2041–2070 15.80 −81.25 16.04 −82.53

2071–2100 1.71 −95.49 1.27 −97.53

Q. faginea 606.89 4,462.2

2011–2040 77.89 18.45 81.24 −0.36

2041–2070 60.43 −16.55 35.99 −52.68

2071–2100 0.65 −98.62 0.19 −97.50

Q. ilex 309.9 2,401.94

2011–2040 81.00 292.37 82.94 132.20

2041–2070 90.69 425.23 88.40 200.29

2071–2100 89.54 430.29 77.18 189.43

Q. petraea 910.19 2,410.69

2011–2040 62.72 −29.38 64.37 −29.44

2041–2070 32.40 −58.52 31.07 −60.83

2071–2100 8.76 −80.59 6.24 −87.54

Q. pyrenaica 3,216.19 13,634.17

2011–2040 57.98 −22.41 56.01 −27.28

2041–2070 24.46 −63.45 21.26 −71.73

2071–2100 1.17 −96.08 0.95 −97.83

Q. robur 2,046.1 10,115.05

2011–2040 90.35 −2.95 82.26 −13.40

2041–2070 66.89 −27.80 54.13 −42.10

2071–2100 45.36 −51.86 34.08 −63.88

Q. suber 0.04 57.76

2011–2040 0.00 62,400.00 67.88 504.48

2041–2070 25.00 28,700.00 43.59 550.68

2071–2100 0.00 24,125.00 23.23 226.63

Values for stability and percentage change are relative to the current distribution range.
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FIGURE 3

Pixel-level transitions in dominant nut-producing species compositions under the Shared Socioeconomic Pathway SSP3-7.0 (Regional Rivalry). The 
flow diagrams illustrate temporal changes in the dominant nut-producing tree species (or co-dominant species pairs) at the pixel level across four time 
periods: current conditions, and three future projections (2011–2040, 2041–2070, and 2071–2100). Transitions are shown within three different spatial 
frameworks based on brown bear (Ursus arctos) distribution ranges in the Cantabrian Mountains: (a) the current distribution for the 2018–2023 period 
(López-Bao et al., 2024), (b) the predicted distribution by Díaz-Fernández et al. (2023), and (c) the predicted distribution by Pratzer et al. (2023). Each 

(Continued)
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bear range, and remains above 52 and 40% in the predicted future 
distributions, respectively. Bears would have increased access to species 
combinations dominated by C. sativa and Q. pyrenaica in the currently 
bear occupied area and in the predicted distribution ranges 
(Figures 5b,c). Toward the end of the century, access to Quercus ilex and 
to combinations involving C. sativa with Q. ilex and Q. suber becomes 
particularly notable. Only by the end of the century, some very small 
areas in the southern part of the bear range are expected to not have 
access to any species (0.2% for SSP3-7.0 scenario, <2% for SSP5-8.5 
scenario). The areas most vulnerable for bears in terms of shortage of 
nut-producing species would be located in the southern side of the 
Cantabrian Mountains, which may also be the first to undergo shrinkage 
under expected climate change (Figure 6; see Supplementary Figure S13 
for spatial projections under SSP5-8.5 scenario).

Discussion

Understanding the potential impacts of climate change on 
nut-producing species distributions requires acknowledging the 

limitations inherent to modeling approaches used in this study. Our 
SDMs assume static ecological niches over time, thereby not 
accounting for potential adaptive responses, or ecological plasticity of 
tree species under changing climatic conditions. Additionally, we did 
not incorporate dynamic vegetation feedbacks, such as species 
interactions, interspecific competition, ecological succession, or 
natural disturbances (e.g., wildfires, pest), all of which can significantly 
alter community composition and influence future species 
assemblages (Hao et al., 2025; Harvey et al., 2023; Wisz et al., 2013). 
Our models also do not consider species dispersal limitations, 
potentially overestimating the availability of suitable habitat in regions 
that may not be colonized within the projected timeframe. Finally, 
projections are subject to uncertainties inherent in climate models 
(GCMs) and emission scenarios (SSPs), which, although we  have 
attempted to minimize through median ensemble approaches, may 
still influence the robustness of future predictions. For these reasons, 
our results should be  interpreted as plausible trajectories under a 
specific set of assumptions, rather than precise forecasts, and are best 
used to inform adaptive and precautionary conservation strategies 
under future climate uncertainty.

colored band represents the number of pixels shifting from one dominant species composition to another over time, with the width of the band 
proportional to the magnitude of change. Categories include individual species (e.g., Q. pyrenaica, C. sativa), dominant species pairs (e.g., C. sativa—Q. 
pyrenaica), “More than 2 species” (pixels with three or more co-occurring nut-producing species), and “No species” (pixels where none of the 
considered species are present). Rare species combinations (<2% of the total area in each time step) were grouped under “Others” for visual clarity.

FIGURE 3 (Continued)

FIGURE 4

Projected changes in nut-producing tree species richness under the Shared Socioeconomic Pathway SSP3-7.0 (Regional Rivalry). Species richness is 
calculated as the number of nut-producing tree species (from a total of nine) present in each pixel. Richness values range from 0 (no species, shown in 
white) to 8 species per pixel (highest richness, shown in dark red). Projections are displayed across four timeframes: (a) current conditions, (b) 2011–
2040, (c) 2041–2070, and (d) 2071–2100. The black lines represent the current (black solid line) and predicted (red and blue dashed lines) distribution 
of the Cantabrian brown bear (Díaz-Fernández et al., 2023; López-Bao et al., 2024; Pratzer et al., 2023).
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FIGURE 5

Nut-producing species availability for bears under the Shared Socioeconomic Pathway SSP3-7.0 (Regional Rivalry). This figure illustrates how the 
availability of nut-producing species changes over time within the distribution ranges of the brown bear (Ursus arctos) in the Cantabrian Mountains. 
Availability was assessed using a 75 km2 circular moving window across four time periods: current conditions, 2011–2040, 2041–2070, and 2071–
2100. Three different spatial frameworks based on brown bear distribution ranges were considered: (a) the current distribution for the 2018–2023 

(Continued)
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The projected changes in habitat suitability for the main 
nut-producing species in the Cantabrian Mountains, influenced by 
climate change, may have implications for forest composition under 
different scenarios (SSP3-7.0 and SSP5-8.5) and for the availability of 
food for bears. Our findings, which are consistent with those of Benito 
Garzón et al. (2008); del Río et al. (2021); Dyderski et al. (2025, 2017) 
and López-Tirado et  al. (2018), suggest that the Atlantic species 
located at the margins of their distribution, such as F. sylvatica, 
Atlantic oaks (Q. petraea) and C. avellana, are projected to experience 
substantial shrinkage of their area of distribution as a shift in the 
ecological niche shifts to higher elevations or more northerly latitudes 
is not feasible (Lenoir et al., 2008). As an aggravating factor, some of 
these species may be considered more resistant or tolerant than others 
to certain climate factors such as drought. For instance, Q. petraea 
would be better able to tolerate drier conditions than F. sylvatica (Kunz 
et al., 2018), possibly indicating a loss of competitiveness of the latter 
(Kasper et al., 2022; Rubio-Cuadrado et al., 2018). By contrast, the 
suitable habitat for thermophilic and Mediterranean nut-producing 
species, such as C. sativa or Q. ilex, is expected to undergo expansion 

in the Cantabrian Mountains (Álvarez-Álvarez et al., 2025; Pérez-
Girón et al., 2020). These species may be more tolerant, adaptable and 
competitive under changing climatic conditions. Consequently, they 
are likely benefit from the decline in Atlantic species (Duque-Lazo 
et al., 2018; Dyderski et al., 2025, 2017; Urli et al., 2015). Consequently, 
a gradual shift in forest composition toward thermophilic and 
Mediterranean species is expected, accompanied by a reduction in the 
richness of nut-producing species, decreasing the diversity of nut 
resources for bears over time, which would have only two species (or 
less) available across wide areas within the estimated bear range. The 
effects of climate change are expected to occur gradually, leading 
species to first reduce or cease fruiting and eventually enter a survival 
phase, ultimately resulting in their replacement by other species.

These changes may, to some extent, reflect the scenario that 
bears have historically encountered in most of peninsular Spain, 
where Mediterranean acorns probably constituted a primary food 
source (Nores and Naves, 1993; Viana et al., 2022). Indeed, holm 
oaks are already present in many parts of the Cantabrian 
Mountains, and bears already feed on their fruits in their current 

period (López-Bao et al., 2024), (b) the predicted distribution by Díaz-Fernández et al. (2023), and (c) the predicted distribution by Pratzer et al. (2023). 
Each colored flow band represents transitions in the dominant availability class for a given area: individual species (e.g., Q. pyrenaica, C. sativa), 
dominant species pairs (e.g., C. sativa—Q. pyrenaica), “More than 2 species” (areas with three or more co-occurring species), and “No species” (areas 
without any of the nine nut-producing species). Rare combinations accounting for less than 0.5% of the total area in each time step are grouped under 
“Others” for clarity.

FIGURE 5 (Continued)

FIGURE 6

Maps of nut-producing species availability for bears under the Shared Socioeconomic Pathway SSP3-7.0 (Regional Rivalry). Availability was assessed 
using a 75 km2 circular moving window across four time periods: (a) current conditions, (b) 2011–2040, (c) 2041–2070, and (d) 2071–2100. The black 
lines represent the current (black solid line) and predicted (red and blue dashed lines) distribution ranges of the Cantabrian brown bear (Díaz-Fernández 
et al., 2023; López-Bao et al., 2024; Pratzer et al., 2023).
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range (Navarro et al., 2021). Both, Atlantic and Mediterranean 
oaks show a high variability in nut production both between 
individuals and within individuals between years, as well as 
synchronous nut production within species, even in mast years 
(Gea-Izquierdo et al., 2006; Nussbaumer et al., 2018, 2016), which 
could increase the risk of nutritional stress for bears relying solely 
on acorns in years of production failure (Ciucci et al., 2014). Such 
risks have been highlighted by observations of exceptional bear 
aggregations linked to a high level of variation in food availability, 
as reported by Ballesteros et  al. (2018). The primary concern 
arising from these limitations lies in their implications for 
reproduction: female bears must accumulate substantial fat 
reserves, estimated at a minimum of 19% body fat, to support 
successful female bear reproduction (López-Alfaro et al., 2013; 
Welch et  al., 1997). Additionally, although the approach of 
Cantabrian brown bears to humanized areas has been primarily 
attributed to intraspecific competition rather than a direct 
shortage of food (Blanco et al., 2021), it cannot be ruled out that 
increasing scarcity and unpredictability of food sources may 
intensify such competition. This, in turn, could lead to a greater 
reliance on anthropogenic food sources, thereby elevating the risk 
of human–wildlife conflict (Kurth et al., 2024).

By contrast, asynchronous nut production across different oak 
species increases the likelihood that at least one species is producing 
at any given time, helping to buffer interannual fluctuations in food 
availability (Gea-Izquierdo et  al., 2006). This temporal 
complementarity, combined with the higher overall productivity 
typically observed in mixed-species stands (Pretzsch et al., 2013), may 
help moderate the nutritional concerns associated with mast failure 
years by smoothing fruiting variability across the landscape. In this 
regard, the projected stability or slight increase in the habitat suitability 
of Q. pyrenaica could favor the formation of such mixed stands. This 
fact not only contributes to structural forest diversity but also provides 
potential refuge areas for bears, especially in landscapes where acorn 
production from Mediterranean oaks is expected to be  low and 
scattered (Quintano et al., 2016). Furthermore, brown bears have been 
shown to preferentially use large and diverse highly aggregated mixed 
deciduous forest stands to feed on acorns (Pérez-Girón et al., 2022), 
and the presence of mixed stands could therefore reduce the risk of 
food shortages.

Sweet chestnut emerge as an important food source for bears 
during the hyperphagia and winter time, when other nuts are 
scarce (Navarro et al., 2021; Pérez-Girón et al., 2022; Rodríguez 
et al., 2007). Our results suggest that the habitat suitable of sweet 
chestnut may increase toward areas in the northwest and southwest 
of the Cantabrian Mountains, coinciding with the current bear 
range and with a large part of the projected expansion areas. 
Chestnuts have the advantage of relatively consistent fruit 
production (Petit and Larue, 2022) compensating for variations in 
other nut-producing trees during the hyperphagia while possibly 
benefiting from climate change (Álvarez-Álvarez et  al., 2025; 
Pérez-Girón et al., 2020). However, chestnut stands are currently 
strongly linked to human settlements, which influences bear 
foraging behavior: for instance, bears tend to spend significantly 
less time foraging in chestnut orchards than in other forest 
ecosystems, presumably due to higher human activities in chestnut 
stands (Pérez-Girón et al., 2022). A wider availability of chestnut 
trees apart from human settlements may favor the accessibility for 

bears to sweet chestnuts, especially during years when other food 
sources, such as acorns and beech nuts, are less abundant.

From a conservation standpoint, the high mobility and the 
wide trophic niche of brown bears (Ambarlı, 2016; Ambarlı and 
Bilgin, 2012; Bojarska and Selva, 2012; Ciucci et  al., 2014; De 
Angelis et al., 2021; Gavrilov et al., 2015; Huber and Roth, 1993; 
Lucas et al., 2025; Martin et al., 2012; Mertzanis et al., 2005; Naves 
et al., 2006; Paralikidis et al., 2010; Rodríguez et al., 2007) are 
expected to help bears to cope with food shortages. However, 
special attention should be paid to areas characterized by high 
species richness, as reflected in Figure 4, because they constitute 
biodiversity hotspots that require specific sustainable management 
and conservation efforts (Ramachandra et  al., 2018). The 
establishment of chestnut trees in areas of both low and high 
species richness areas may enhance available nut production 
during hyperphagia. In addition, for Pyrenean oak trees, for which 
habitat suitability is projected to be  stable or showing a slight 
increase, actions to enhance fruiting and thereby improve food 
availability could benefit bears. For example, silvicultural 
management that increases light availability by reducing stand 
density, which would promote fruiting and thereby improve food 
availability across these ecosystems (Gea-Izquierdo et al., 2006; 
Martiník et al., 2013).

In this context, the recovery of the Cantabrian brown bear in 
Spain stands as a remarkable conservation success, but it also 
brings new challenges for coexistence with local communities. As 
bear populations expand and their range increases, the likelihood 
of encounters with humans, livestock, and agricultural activities 
inevitably grows (Bombieri et al., 2019). Effective management 
strategies must balance the conservation of this iconic species 
with the needs of rural communities. Restoring and managing 
forests, particularly those with chestnut and other native species, 
as part of ecological connectivity networks (Díaz-Varela et al., In 
Press) and area-based conservation measures (Díaz-Varela et al., 
2018) can strategically reduce human-bear conflicts. Such habitat 
management serves as a proactive approach, complementing 
financial compensation for damages and public awareness 
campaigns (Bautista et al., 2019). Ultimately, long-term success 
will depend on fostering a culture of coexistence, where both 
bears and people thrive in shared landscapes. Sustainable chestnut 
forest management and ecosystem restoration could play a pivotal 
role in achieving this balance. This is especially important taking 
into account that the conservation status of chestnut forests 
(Habitat 9260) in Spain is currently assessed as “Unfavourable-
Inadequate” in the Atlantic region and “Unfavourable-Bad” in 
both the Mediterranean and Alpine regions, highlighting the 
urgent need for targeted restoration and sustainable management 
efforts (European Environment Agency, 2023).

Conclusion

Our results suggest that climate change will lead to marked 
shifts in the distribution of nut-producing tree species in the 
Cantabrian Mountains, with important ecological implications for 
forest composition and brown bear conservation. Specifically, 
thermophilic and Mediterranean species such as C. sativa and 
Q. ilex are projected to expand, while Atlantic species such as 
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F. sylvatica, C. avellana, and Q. petraea are likely to contract 
significantly due to their limited climatic tolerance and geographic 
constraints. These transitions could result in reduced nut species 
richness across large portions of the brown bear’s current and 
future range, potentially increasing the risk of nutritional stress 
and food shortages, particularly during years of mast failure.

Despite these risks, our projections also highlight 
opportunities for proactive management. For instance, promoting 
sweet chestnut plantations in areas of both low and high species 
richness, particularly on mid-elevation slopes with minimal 
human disturbance in the western regions, could enhance the 
availability of reliable nut resources during hyperphagia. Within 
ecological corridors and connectivity networks where chestnut 
populations are present, prioritizing the conservation, restoration, 
and promotion of chestnut forest is essential. Moreover, in regions 
where Q. pyrenaica is projected to persist or expand, implementing 
targeted silvicultural interventions, such as thinning to increase 
light availability, may boost acorn production. This would not 
only improve seasonal food supply but also help maintain 
structurally diverse forest habitats preferred by bears. Therefore, 
collectively, these measures have the potential to enhance food 
availability, mitigate human-bear conflicts, and contribute to 
reversing the unfavorable conservation status of Castanea habitats 
throughout Spain.

Finally, it is important to acknowledge that our predictions 
carry inherent uncertainty due to modeling assumptions and 
climate change projections. Therefore, they should be interpreted 
as plausible trajectories rather than deterministic forecasts. 
Further research aimed at refining species distribution models, 
incorporating potential adaptive responses, integrating dynamic 
vegetation feedbacks, and synchronizing bear presence with the 
phenology of nut-producing species, will be essential to improve 
the predictive capacity and ecological relevance of future scenarios.
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