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Implications for the distributional
range of the European bark beetles
under future climate change

Shengqi Jian?, Yufei Han?, Risto Kasanen?, Juha Honkaniemi?, Samuli Junttila* &
Fred O. Asiegbu?**

The European continent is rich in forest resources, with bark beetles being the most significant
biological disturbance impacting European forest ecosystems. Over the past few decades, many trees
have died due to bark beetle infestations, causing considerable economic damage to forestry. It is
estimated that climate change will affect the distributional range of bark beetles, increasing the risk of
outbreaks. However, the ability of different beetle populations to respond to climate change remains
unknown. For this purpose, we selected nine species of bark beetles commonly found in Europe and
constructed the MaxEnt model to simulate the distribution pattern of bark beetles under climatic
conditions based on 21 environmental variables. Modeling projected changes in the distribution of
different species of bark beetles under four climate scenarios for 2081-2100 using future climate
variables and testing the hypothesis that narrow-ranged species are more vulnerable to climate change
than wide-ranged species. The results show that the distribution of most bark beetles is influenced by
temperature-related variables. With climate change, the suitable distribution areas for most species
will expand and gradually shift to higher latitudes. Furthermore, most of northern Europe will be
invaded by multiple bark beetle species in the future. These findings contribute to understanding

the distributional dynamics of bark beetles in Europe under climate change, thereby facilitating the
development of early-intervention strategies to reduce the risk and impact of species outbreaks.
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Biotic and abiotic factors, including fires, droughts, storms, herbivores, pathogens, and insect outbreaks are key
factors affecting global temperate forest systems'. However, in recent decades, the disturbance regime for forests
has changed significantly, and disturbances have become more frequent and severe’’. Among other things,
climate change contributes significantly to forest system disturbances, and is likely to contribute to bark beetle
outbreaks. Bark beetles, which frequently infest trees, are the most important biological disturbance affecting
forest systems*>.

Bark beetles, belonging to the subfamily Scolytinae within the family Curculionidae in the order Coleoptera,
are a group of beetles that primarily damage trees. They are widely distributed and highly diverse, with over 6,000
species identified to date. It is known that only a small fraction of bark beetle species severely harm trees, while
most species have little impact on tree health®”. Bark beetles can be categorized into primary and secondary
species. Primary bark beetles are capable of successfully invading and killing healthy trees, while secondary
bark beetles settle only on dead or dying trees®®. Temperature and drought are the two most important factors
influencing bark beetle outbreaks in Europe. The development and generational cycles of bark beetles are directly
related to temperature; under suitable temperatures, they exhibit high reproductive capacity, with some regions
experiencing two or even three generations per year>!. Additionally, water stress increases the intensity of bark
beetle attacks on trees'!.

Climate is a major factor influencing species” distributions and abundance'?. The Intergovernmental Panel
on Climate Change (IPCC) Sixth Assessment Report (AR6) indicates that human activities, such as fossil fuel
combustion and land use changes, have led to global warming over the past century, raising the current global
average temperature by 1.1 °C above pre-industrial levels. It is anticipated that the distributional ranges of
many species will change under future climate conditions, and species that are not sufficiently adaptable to
climate change may face extinction!'>!. Ecological niches describe the range of environmental conditions within
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which a population survives in an ecosystem!>. Many studies have concluded that there is a positive correlation
between the breadth of a species’ niche and its distributional range!¢~!8. Species with narrower niches are more
susceptible to the impacts of climate change and are at a higher risk of extinction.

Ecological niches are one of the most important foundations for the study of ecology, revealing the relationships
between species distribution changes and environmental variables under climate change!>!°. Currently, Species
Distribution Models (SDMs) are widely used in various research fields, including the spatiotemporal distribution
patterns of species, species invasions, and the impacts of climate change on species distribution or diversity
patterns®®?!, SDMs use species occurrence records and environmental variables to simulate the fundamental
niche of species and predict their potential distribution?2. With advancements in ecological research, Several
SDM algorithms have been developed, such as Generalized Linear Models (GLM), Random Forests (RF), and
the Maximum Entropy Model (MaxEnt). The MaxEnt model, with its high prediction accuracy and simplicity
of operation, is currently one of the most widely used models**~?*. For instance, in the Congo, Cokola et al.*®
predicted the suitable habitat areas for the major maize pest Spodoptera frugiperda using MaxEnt. Li et al.?” used
the MaxEnt model to simulate the ecological niches of suitable habitats for 15 species of Rhododendron and
their eight pollinators, and found that the range of suitable habitats for species of the Rhododendron genus will
be reduced under future climate change. Similarly, Sun et al.?? used MaxEnt and six General Circulation Models
(GCMs) to simulate the potential abundance distribution of oak species in China, discovering that oak species
would migrate to higher altitudes or latitudes under climate change.

In recent decades, the frequency and scale of bark beetle outbreaks in Europe have increased significantly,
resulting in the death of a large number of trees annually?®. Recurring infestations have gradually changed
the structure of forests across Europe, resulting in large areas of dead trees and greater damage to the forestry
economy®. For example, the European spruce bark beetle (Ips typographus) has caused the death of more than
150 million m® of forest in the last fifty years®. In the Czech Republic, just 3 million m? of trees were damaged
by insects prior to 2015, and this has steadily increased to 22 million m? by 2019%!. Climate change has induced
shifts in the ecological niches of bark beetles. Some studies have shown that climate change will affect the ranges
of certain beetles. For instance, Hansen et al.*? predicted that under global warming, the populations and spread
of Dendroctonus rufipennis and Dendroctonus ponderosae would increase in western USA and Canada; Also
in Europe, Marini et al.** found that temperature is the primary climatic driver facilitating Ips typographus
outbreaks in eight European countries. However, it remains unclear whether all bark beetle species will be
similarly affected by climate change and whether they will expand their range in the future. Meanwhile, current
research usually focuses on Ips typographus while our study goes a step further by considering different bark
beetle species and comparing their distributional changes. To better understand the dynamics of bark beetles
and to identify potential outbreaks exacerbated by climate change, it is crucial to consider various factors so that
we can fully understand the suitability of different populations of beetles to climate change, to prevent large-scale
outbreaks and reduce future economic losses.

We investigated the distributional dynamics of different bark beetle species in Europe under climate change
to test the hypothesis that insects with relatively narrow distribution are more susceptible to climate change™.
In this paper, we used the MaxEnt model in combination with six Global Circulation Models (GCMs), known
species distribution records and different environmental variables to simulate and predict the distributional
dynamics of European bark beetles for the current period and under four future scenarios. The study aims to
identify the potential suitable distribution and distribution changes for different bark beetle populations, analyze
the dominant environmental factors influencing their distribution, and predict their primary shift directions
under the four scenarios. Furthermore, we aim to validate whether narrowly distributed bark beetle species are
more susceptible to the impacts of climate change compared to widely distributed species.

Materials and methods

Species distribution data

We extracted distribution data for nine bark beetle species widely present in Europe, including eight primary bark
beetles and one secondary bark beetle’. These species comprise three from the genus Ips, three from Pityogenes,
one from Polygraphus, one from Pityophthorus, and one Tomicus. The occurrence records were mostly gathered
from the Global Biodiversity Information Facility (GBIF: https://www.gbif.org/) (Fig. 1). Through screening,
we removed erroneous, duplicate, and geographically incomplete records, as well as records located in non-
terrestrial areas. To reduce spatial autocorrelation and data redundancy that could impair prediction results, we
used the spatial rare occurrence data function of the SDM Toolbox (v2.5) in ArcGIS 10.2 the SDMtoolbox (v2.5)
in ArcGIS 10.2%53¢, Each occurrence point was assigned a 1 km radius buffer, in cases of overlap, we randomly
retained one occurrence point and deleted the others. After processing, we acquired distribution records for the
nine target species (Table 1; Fig. 1).

Environmental variables

The 19 climatic variables used in this study were obtained from the WorldClim v2.1 database (https://www.
worldclim.org/) (Table 2), with a spatial resolution of 30 arc-seconds (approximately 1 km?). These variables
cover both the current period (1970-2000) and the future period (2081-2100). To account for the impact of
climate change scenarios on model accuracy, we used data from the Coupled Model Intercomparison Project
(CMIP). In the 19705, under the auspices of the World Climate Research Program (WCRP), the first CMIP
was organized to coordinate and compare simulation results from different climate models around the world.
Currently, CMIP6 is the latest Coupled Model Intercomparison Project proposed by the WCRP. It represents
the most extensive effort in over 20 years in terms of the number of participating models, the completeness
of scientific experimental design, and the volume of simulation data. CMIP6 adopts a new framework that
combines Shared Socioeconomic Pathways (SSPs) with Representative Concentration Pathways (RCPs), and
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Fig. 1. Distribution records of 9 species of bark beetles. a, Ips acuminatus, Ips amitinus, Pityogenes quadridens,
Pityophthorus pityographus; b, Ips typographus; c, Pityogenes bidentatus; d, Pityogenes chalcographus; e,
Polygraphus poligraphus; £, Tomicus minor. The maps were created by ArcGIS 10.2 (https://www.esri.com/en-us
Jarcgis/products/arcgis-desktop/overview).

it has been demonstrated to be superior to CMIP5 in terms of its applicability across multiple regions. We
deployed six CMIP6 future climate models to obtain multimodel ensemble (MME) climate data®’The six
climate models are: CMCC-ESM2 (Italy)*® EC-Earth3-Veg (Europe)®* INM-CM5-0 (Russia)?® MPI-ESM1-2-
HR (Germany)*! MIROC6 (Japan)** and MRI-ESM2-0 (Japan)®’. Each model includes four different Shared
Socioeconomic Pathways (SSP): low-emission scenario SSP1-2.6 (SSP126), middle-of-the-road scenario SSP2-
4.5 (SSP245), high-emission scenario SSP3-7.0 (SSP370), and extremely high-emission scenario SSP5-8.5
(SSP585). Additionally, we extracted three topographic variables—altitude (Alt), slope (Slp), and aspect (Asp)—
from a digital elevation model (DEM) with a spatial resolution of 1 km. To avoid the negative impact of high
spatial collinearity among climate variables on model efficiency, Pearson correlation tests were undertaken for
each species in SPSS software. This helps in filtering out highly collinear variables that could contribute to model
complexity and overfitting®!. Among each set of significantly correlated variables (|r|>0.8), only the variable with
the clearest ecological relevance was retained for analysis. Following the correlation screening, jackknife tests
by the MaxEnt model was used to further analyze the contribution and importance of environmental variables
to the distribution of each species®. This approach allowed us to find the most suitable set of environmental
variables for each species (Fig. 3).
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The Area Under
Species Number of records | the Curve (AUC) Maximum training sensitivity plus specificity Cloglog threshold
Ips acuminatus 116 0.983 | 0.3067
Ips typographus 802 0.924 | 0.3293
Pityogenes bidentatus 608 0.947 | 0.3111
Pityogenes chalcographus 828 0.939 | 0.2397
Pityogenes quadridens 191 0.982 | 0.2182
Polygraphus poligraphus 375 0.967 | 0.2521
Tomicus minor 931 0.941 | 0.2837
Ips amitinus 72 0.989 | 0.2095
Pityophthorus pityographus | 64 0.976 | 0.1173

Table 1. Occurrence records, AUC values, and thresholds for suitable habitat classification for each species
(The value is a threshold for suitable habitats).

Environmental variable | Variable description Unit
Biol Annual Mean Temperature C
Bio2 Mean Diurnal Range (Mean of monthly (max temp - min temp)) | C
Bio3 Isothermality -
Bio4 Temperature Seasonality

Bio5 Max Temperature of Warmest Month C
Bio6 Min Temperature of Coldest Month C
Bio7 Temperature Annual Range C
Bio8 Mean Temperature of Wettest Quarter T
Bio9 Mean Temperature of Driest Quarter C
Biol0 Mean Temperature of Warmest Quarter C
Bioll Mean Temperature of Coldest Quarter C
Biol2 Annual Precipitation mm
Biol3 Precipitation of Wettest Month mm
Biol4 Precipitation of Driest Month mm
Biol5 Precipitation Seasonality (Coefficient of Variation) mm
Biol6 Precipitation of Wettest Quarter mm
Biol7 Precipitation of Driest Quarter mm
Biol8 Precipitation of Warmest Quarter mm
Bio19 Precipitation of Coldest Quarter mm
Slp Slope

Asp Aspect

Alt Altitude m

Table 2. Description of environmental variables.

Construction and validation of maxent
MaxEnt (V3.4.4) was used to construct and analyze the suitability models for nine species of bark beetles under
different climate change conditions. The filtered species distribution points and corresponding environmental
variables were imported into the model. From the bark beetle distribution points, 75% were randomly selected as
the training set, while the remaining 25% were used as the test set. The options for “Create response curves” and
“Jackknife test” were selected. To reduce model error, the model was run 10 times using the bootstrap method.
The final model results were based on the average values from these ten replicates. The output format was set to
ASCIL

The model’s predictive performance was evaluated using the Receiver Operating Characteristic (ROC)
curve, with the Area Under the Curve (AUC) serving as the metric for model prediction accuracy*. The AUC
is a threshold-independent rank test for the occurrence-background point prediction results, assessing the
probability that the occurrence points are ranked higher than the background points. The AUC values range
from 0 to 1, with values closer to 1 indicating greater model performance?®. The AUC evaluation criteria are as
follows: Fail: 0.5-0.6; Poor: 0.6-0.7; Fair: 0.7-0.8; Good: 0.8-0.9; Excellent: 0.9-1.0%. Response curves were used
to investigate the relationships between various environmental variables and the predicted probability of bark
beetle presence.

To identify suitable and unsuitable habitats for the species, the commonly applied “Maximum training
sensitivity plus specificity Cloglog threshold” was used. The model output was transformed into binary format
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maps using the raster reclassification tool in ArcGIS*®. Areas above the threshold were defined as suitable
habitats, while those below the threshold were classified as other areas.

Additionally, to classify different bark beetle into groups, a clustering analysis method was chosen to study
the regional bark beetle populations. Clustering analysis directly compares the characteristics of different
entities, grouping those with similar properties together while placing those with significant differences into
separate categories. The main clustering analysis methods include K-means clustering, K-medoids clustering,
and hierarchical clustering. Among them, K-means clustering is a method that calculates the degree of data
aggregation based on distance. Due to its simplicity, strong interpretability, and effective clustering performance,
it has been widely applied. The K-means clustering analysis method in SPSS software was applied for analyzing
the habitat similarity of the nine bark beetle species based on the contribution of environmental variables from
the model output. The methodology helps in classifying distinct bark beetle populations according to their
habitat characteristics.

SDMtoolbox 2.0 was applied to analyze the changes in species habitat under four future climate scenarios,
including contraction, expansion, no change, and other regions. Additionally, centroid analysis was conducted
to determine the centroid coordinates of each species and their development directions from the current period
to beyond 2100%. Furthermore, the correlation between the extent of change for each species and the current
distribution area was analyzed to assess whether species with broad and narrow distributions respond differently
to climate change®. A positive correlation between future species distribution change and current distribution
area size indicates that species with broader distributions will gain more (or lose less) suitable habitat, while a
negative correlation suggests the opposite scenario®.

Results

Model accuracy evaluation and dominant environmental variables

According to the results of the MaxEnt model, AUC values were obtained for each species (Table 1). All AUC
values were above 0.92, showing a good model performance and high accuracy. Based on cluster analysis of
environmental variable contributions from the MaxEnt model results for each species, the Bark beetle species
were divided into two groups (Fig. 2). The first group includes species with temperature variables serving
as the primary relevant factors, such as Ips acuminatus, Ips typographus, Pityogenes bidentatus, Pityogenes
chalcographus, Pityogenes quadridens, Polygraphus poligraphus, and Tomicus minor. The second group comprises
species with precipitation variables serving as the primary contributors, including Ips amitinus and Pityophthorus
pityographus. In the first group, temperature-related environmental variables were the strong driver factors of
current and future distribution (Fig. 3). Isothermality (bio3) was the most important environmental factor for
P. bidentatus and T. minor, while Temperature Seasonality (bio4) had the greatest impact on I. typographus. The
distribution of I. acuminatus was mainly determined by Mean Temperature of Wettest Quarter (bio8), while Mean
Temperature of Warmest Quarter (biol0) was the most important environmental factor for P. chalcographus, P
quadridens, and P. poligraphus. The potential distribution of species in the second group was driven primarily by
precipitation-related environmental variables, with Precipitation of Warmest Quarter (biol8) having the most
significant impact on I. amitinus, and Precipitation Seasonality (biol5) being the most important environmental
variable affecting the distribution of P. pityographus.

Current potential distribution

Using the collected occurrence records, the potential distribution of nine species of bark beetles under current
climate conditions was obtained (Fig. 4). The main distribution of the first group of species is in northern
Europe, including nations such as Sweden, Finland, and Norway. Some species, such as I. typographus and P
bidentatus, were also found throughout central Europe. Overall, the countries with the largest distributional
area include Norway, Sweden, Finland, Latvia, Poland, Slovakia, Germany, and France. The general potential
distribution pattern shows a north-south difference, with the distributional area of bark beetles increasing
with latitude. I. typographus has the broadest distributional range, including Norway, Sweden, Finland, Latvia,
Poland, Lithuania, and Germany, covering an area of approximately 192,427 km? (Table 3). The next most widely
distributed species is P. chalcographus, which has a similar distributional range to I. typographus and is mainly
found in Norway, Sweden, Finland, Denmark, Slovakia, Romania, and Ukraine, with a distribution area of
approximately 147,462 km®.

The distribution of the second group of species (Fig. 4h, i) differs from the first group. P. pityographus has
its main distribution in southern Europe, with occurrences in France, Germany, Italy, Switzerland, Bosnia and
Herzegovina, covering an area of approximately 937,753 km”. Ips amitinus, by contrast, has its main distribution
in northern Europe, with occurrences in Finland, Estonia, Latvia, Lithuania.

Range changes of bark beetle under future climate change

By 2100, the primary trend in suitable habitat changes for most species under different climate scenarios is
expansion (Figs. 5 and 6). Under the low-forcing SSP126 scenario, six species exhibit significant range expansion.
The largest expansion is observed in L typographus, with an increase of approximately 309.719x 10> km?,
primarily in northern Sweden and Norway, as well as central European countries such as France and Poland.
The smallest expansion occurs in P. pityographus, with an increase of approximately 73.166 x 10> km?, mainly
concentrated in Sweden, Finland, Estonia, the Czech Republic, and Germany. Conversely, the suitable habitat
of P. bidentatus, P. chalcographus, and P. pityographus exhibited contraction under this scenario. The largest
contraction is observed in P. chalcographus, with a reduction of approximately 286.022x 10> km?, mainly in
Germany, France, Italy, Serbia, Bulgaria, and Belarus. The smallest contraction occurs in P. quadridens, with
a reduction of approximately 61.604 x 10*> km?, primarily in France, Belarus, Latvia, Lithuania, and northern
Sweden.
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Fig. 2. Cluster analysis of environmental variables based on 9 Bark Beetle.

Under the moderate-forcing SSP245 scenario, the suitable habitat of five species contracted significantly. The
largest reduction is observed in I. typographus, with a decrease of approximately 413.467 x 10°> km?, primarily
in countries along the Baltic Sea coast and inland regions such as Belarus, the Czech Republic, and Hungary.
By contrast, the remaining species exhibited significant range expansion. The most substantial expansion was
observed in I amitinus, with an increase of approximately 161.968 x 10*> km?, primarily in Norway, Finland,
Sweden, Lithuania, and Latvia.

Under the high-forcing SSP370 scenario, only I. typographus exhibited a significant range contraction, with
a reduction of approximately 413.467 x 10° km®. In contrast, the suitable habitat of all other species expands. P.
bidentatus shows the most extensive range expansion, increasing by approximately 295.382x 10> km?, with a
broad distribution across France, Germany, Norway, Sweden, and Slovakia.

Under the extremely high-forcing SSP585 scenario, the suitable habitat of seven species is projected to
expand significantly. P. chalcographus exhibited the largest expansion, increasing by approximately 242.152 x 10*
km?, with a widespread distribution across France, Germany, Norway, Finland, Sweden, Poland, and the Czech
Republic. By contrast, I. typographus experienced the most substantial range contraction, with a reduction of
approximately 516.783 x 10° km®.

By the year 2100, the changes in species numbers under the four climate scenarios exhibit spatial specificity,
with some areas having higher species numbers than the current period (Figs. 7 and 8). These areas were mainly
located in countries such as Sweden, southern Norway, southern Finland, Latvia, and Estonia. This shows that
most species are more likely to grow and reproduce in higher-latitude regions.

Under future climate conditions, most bark beetles will shift to higher latitudes (Fig. 9). Only L. amitinus
(group 2) will migrate to lower latitudes. Additionally, under the SSP245 and SSP370 scenarios, I. acuminatus
(group 1) will also gradually move towards lower latitude areas.

Under the four future climate scenarios, the current suitable area size of the nine bark beetle species shows a
negative correlation with changes in their future suitable area (Fig. 10). Moreover, as radiation intensity increases,
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Fig. 3. Influence of environment related variables on the 9 species (Red font indicates temperature-related
variables, blue font indicates precipitation-related variables, and gray font indicates terrain-related variables).

this correlation becomes stronger. In other words, among the nine bark beetle species in this study, those with
a broader geographical distribution experienced smaller changes in their suitable area under climate change.

Discussion

Distributional range changes and key environmental variables

The geographical distribution range of most bark beetles is primarily driven by temperature-related variables,
with only a small portion associated with precipitation-related variables (Fig. 2). This result is consistent
with Smith’s findings, which indicate that the developmental rates of some bark beetle species are primarily
influenced by temperature, as it is typical for ectotherms. Also Cao et al.>! discovered that the key influencing
factors for the potential range of I. typographus and P. chalcographus in Europe were mean temperature in the
warmest season and mean temperature in the coldest season, respectively. Gonzalez-Hernéndez et al.>? through
simulating the potential distributional range of Dendroctonus beetles in Mexican temperate forests, identified
key bioclimatic variables affecting distribution, including annual temperature range, mean temperature of the
wettest quarter, and mean temperature of the hottest quarter.

Under the influence of future temperature changes, by the year 2100, the suitable distribution areas for most
of the study organisms will expand (Figs. 5 and 6). Previous research has showed that in warmer temperatures,
the growth rate of bark beetles accelerates, leading to an increase in the number of generations per a year>’.
Concurrently, high temperatures may indirectly weaken the defense systems of host trees, considerably improving
the efficiency of beetle infestation and gradually expanding the distribution area of their populations®. Different
species are affected by environmental conditions differently. The Mean Temperature of Warmest Quarter and
Isothermality were discovered as critical variables strongly correlated with the distribution of several species.
The mean temperature of the warmest quarter generally represents the average temperature of the summer
in European regions, and suitable temperatures during this period can enhance insect oviposition and larval
growth. Meanwhile, isothermality, which refers to the annual temperature range, is also an important factor
influencing insect generations and normal growth.

The distribution range of only two species were affected by precipitation. I. amitinus primarily parasitizes
coniferous forests in northern Europe, while P. pityographus is more commonly found in coniferous forests in
southern Europe. For these two insects, Precipitation in the Warmest Quarter is a crucial influencing factor.
Water scarcity can significantly affect the resilience of trees, thereby compromising their health. Bark beetles take
advantage of weakened trees due to water stress to facilitate rapid reproduction®. Under future climate change

Scientific Reports|  (2025) 15:29556 | https://doi.org/10.1038/s41598-025-15546-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

suitable area

suitable area

suitable area e
. 0 500 1,000 2, o 0 500 1,000 2, .
“Sunsuitable area R 20 unsuitable area A unsuitable area

0 500 1,000 Z,Own

suitable area L
“Iunsuitable area

suitable area
unsuitable area

“suitable area D
o 0 500 1,000 2,
ynsuitable area 9010 0

0 500 1,000 2.0?((11“
— - m—

0 500 1,000 2,0%

“Hsuitable area B
“unsuitable area

= suitable area
0 500 1,000 2,0%)“

" =isuitable area
N unsuitable area

0 500 1,000 .
“unsuitable area

Fig. 4. The potential distribution of the nine bark beetle species under current climatic conditions. (a)

Ips acuminatus, (b) Ips typographus, (c) Pityogenes bidentatus, (d) Pityogenes chalcographus, (e) Pityogenes
quadridens, (f) Polygraphus poligraphus, (g) Tomicus minor, (h) Ips amitinus, and (i) Pityophthorus pityographus
(Red frame indicates the potential area for the first group, while blue frame indicates the potential area for the
second group). The maps were created by ArcGIS 10.2 (https://www.esri.com/en-us/arcgis/products/arcgis-des
ktop/overview).
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P. chalcographus | 147.462 151.02 2 1522 3 146.91 0 |139.92 -5
P, quadridens 75.7113 91.7 21 |89.21 18 | 90.1 19 |85.76 13
P. poligraphus 97.2062 99.14 2 | 98.65 1 100.96 4 1103.71 7

T. minor 112.279 113.99 2 | 112.66 0.3 |110.97 -1 |108.45 -3
L. amitinus 47.5704 68.18 43 | 60.30 27 | 53.64 13 |63.05 33
P. pityographus | 93.7753 89.66 -4 191.82 -2 196.83 3 104.44 11

Table 3. Bark beetle’s distribution area changes in the future climate change scenarios.

scenarios, a reduction in precipitation during the warmest quarter could lead to extreme summer droughts,
affecting tree health and providing favorable environmental conditions for bark beetle infestation of host trees.

The distributional range of bark beetles under future climate

Previous studies reported that climate change will expand the distributional range of bark beetles in Europe
Our research further supports this viewpoint, showing that with continuous future climate changes, the major
distribution areas for most of the species of bark beetles will increase (Fig. 5). Under the SSP126 scenario, the
distribution area of I. amitinus is expected to expand the most, nearly 43% of its current distribution area. As
many bark beetles typically have 1 to 2 generations per year with a short maturation time, adult activity in
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P. chalcographus

P. quadridens

P. pitvographus

P. poligraphus

T. minor

B Range expansion B8 No change MM Range contraction

Fig. 5. Potential range changes for nine species of bark beetles under four future scenarios (blue areas indicate
range expansion, green areas indicate no change in range, red areas indicate range contraction, and gray areas

indicate other areas). The maps are created by ArcGIS 10.2 (https://www.esri.com/en-us/arcgis/products/arcgi
s-desktop/overview).

the forest varies, with some species exhibiting clear bursts of emergence throughout the growing season. This
enables them to rapidly alter their distributional ranges. Therefore, bark beetles are likely to adapt to future
climate changes and expand their distributional ranges®’-*%. However, despite the general trend of expansion
for most bark beetles, certain species exhibit a reduction in their distributional range under the influence of
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Fig. 6. Changes in potential range area (10° km? of nine bark beetle species under four future scenarios (a
indicates the area of expansion of the nine species under the four future scenarios; b indicates the area of
contraction of the nine species under the four future scenarios).
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Fig. 7. Distribution of the number of species under the current period. The maps are created by ArcGIS 10.2 (
https://www.esri.com/en-us/arcgis/products/arcgis-desktop/overview).

climate change. For example, I. typographus shows a contraction in SSP245, SSP370, and SSP585 scenarios.
The trend of range contraction under high forcing scenarios may be related to the diapause restrictions of L.
typographus. Jonsson's research indicates that changes in spring temperature and photoperiod can affect the
spring diapause of I. typographus®. The climate scenario data used in Jonsson’s study suggest that suitable spring
temperature conditions will arrive earlier in the future, but L typographus may not optimally respond to these
earlier temperature conditions.

Range shifts are an important adaptive ability of species to future climate changes. Numerous research indicate
that most species will migrate to higher latitude regions®. For instance, Bentz et al.>® used phenological models
to simulate the heat response of European I. typographus, indicating that I. typographus will shift northward
under warming conditions. Similarly, Yang et al.®* analyzed the distributional dynamics of invasive Asteraceae
species in China under climate change, finding that most invasive Asteraceae species will move northward in the
future. In our study, most temperature-affected bark beetles are predicted to shift to higher latitudes. However,
I. amitinus, influenced by precipitation, is expected to move to lower latitudes in the future. This is probably
because I. amitinus is also affected by changes in drought conditions than by temperature change®!. The future
dry conditions in southern regions are just what I. amitinus populations require for development.

Future outbreaks of bark beetles could lead to widespread invasions across much of the Scandinavian
Peninsula (Figs. 7 and 8). Notably, the model predictions show that, in addition to the increasing species
numbers in high-latitude regions, the Western Carpathians appear to be an ideal habitat for many species. This
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Fig. 8. Changes in the distribution of species numbers of bark beetles under four future scenarios (a represents
under SSP126 scenario, b under SSP245 scenario, ¢ under SSP370 scenario, and d under SSP585 scenario). The
maps are created by ArcGIS 10.2 (https://www.esri.com/en-us/arcgis/products/arcgis-desktop/overview).
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Fig. 9. Distribution centers and direction of change of nine bark beetle species under four future scenarios.
The maps are created by ArcGIS 10.2 (https://www.esri.com/en-us/arcgis/products/arcgis-desktop/overview).

finding aligns with Zumr®who observed considerable numbers in this area. Insect numbers near the mountains
are expected to increase significantly in the future, likely due to species shifting to higher latitudes or altitudes
in response to global warming®. However, it must be recognized that bark beetles are not merely destructive
pests, but also important natural disturbance agents. In some cases, they are even considered “keystone species,”
as their activities can significantly enhance biodiversity, accelerate nutrient cycling, and create critical niches
for subsequent forest regeneration. Therefore, when assessing the impacts of bark beetle range expansion under
climate change, it is essential to fully consider their dual role in ecosystems, rather than viewing them solely as
harmful pests.
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Fig. 10. Correlation of current period area of nine bark beetle species with changes in distribution area under
four future scenarios (a shows under the SSP126 scenario, b under the SSP245 scenario, ¢ under the SSP370
scenario, and d under the SSP585 scenario).

Relationship between current range size and magnitude of future range changes

The ecological niche and the geographical range of a species’ population are closely related. Some studies indicate
that species with narrower ranges are more vulnerable to climate change compared to those with wider ranges.
For example, Wang et al.!® found a negative correlation between the vulnerability of Magnolia species to future
climate change and their distributional range. Similarly, Vincent et al.% studied 35 rare species and discovered
that rarer species have weaker adaptive capacities to climate change. Our findings are in line with these studies,
showing a negative correlation between the impact of climate change on bark beetles and their geographical
distribution range (Fig. 10). Most species with a broad range exhibited smaller changes in distribution area under
future climate change compared to those with a narrow range. For example, I. amitinus, which has a relatively
small distribution range, shows a trend of rapid expansion in future environments with increased drought
frequency. In contrast, P. bidentatus and T. minor, which have larger distribution ranges, exhibit the smallest
changes in area among the nine bark beetle species studied, suggesting that they are relatively less affected by
climate change. In other words, bark beetles with smaller distribution areas are more sensitive to future climate
change. However, species with narrow distributions may also be more locally constrained by climate and more
vulnerable to the negative impacts of localized stochastic events, potentially leading to a reduction in suitable
habitat or even extinction®. For instance, the suitable area of P. pityographus is expected to decrease under low
and medium forcing scenarios (SSP126 and SSP245), possibly due to local climatic constraints limiting its large-
scale dispersal. Therefore, species with narrower distributions are more likely to exhibit strong responses to
climate change. Though a relationship between distributional range and climate change susceptibility could be
confirmed, this pattern should not be generalized. For instance, Qiu et al.>* simulated the future distributional
ranges of eight Habenaria and ten Calanthe orchid species and found no correlation between the current range
size and future range changes.

Limitations of this study
The influence of environmental variables and topographic factors was considered without accounting for species
dispersal abilities and biotic interactions. Considering only abiotic variables may lead to less accurate model
predictions®®. For instance, the analysis did not account for host tree availability, which is a crucial factor given
that host trees will also shift their ranges under climate change and influence bark beetle dynamics—especially
for those species that target stressed hosts. Additionally, the conclusions depended on the selected global
circulation models (GCMs), thus, the uncertainty of GCMs can affect the accuracy of the results. A multi-model
ensemble based on six different GCMs was used to minimize the impact of GCM uncertainty on the model.
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The suitable distribution of bark beetle under future climates was predicted by using observed available
records of the species. However, due to the possibility of incomplete records, the present distribution may not
be fully reflected. Further research should consider the temporal aspect of occurrence records and incorporate
biotic interactions for more accurate predictions.

Conclusions

MaxEnt model combined with bioclimatic variables from the CMIP6 multi-model ensemble (MME) was
utilized to simulate and predict the potential impact of future climate on the distribution of narrowly and widely
distributed bark beetles. Environmental factors influencing their distribution was also analyzed. For most
species, temperature variables were the key factors influencing their distribution, with Mean Temperature of the
Warmest Quarter and Isothermality being the most significant contributors. Under current climate conditions,
Northern Europe is the primary potential distribution area. Under future climate scenarios, by 2100, eight bark
beetle species are projected to expand northward, while only I. amitinus is expected to expand southward due
to drought conditions. Furthermore, our findings suggest that the impact of climate change on bark beetles
is negatively correlated with their distributional range. Consequently, the ability of both narrowly and widely
distributed species to threaten forests under climate change requires further investigation and validation. The
results of this study will contribute to a comprehensive and detailed understanding of the distribution patterns
and dynamic changes of important bark beetles, and their future impact on European forests.
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able from the corresponding author upon request.

Received: 23 August 2024; Accepted: 8 August 2025
Published online: 12 August 2025

References
1. Turner, M. G. Disturbance and landscape dynamics in a changing world. Ecology 91, 2833-2849 (2010).
2. Seidl, R. et al. Forest disturbances under climate change. Nat. Clim. Chang. 7, 395-402 (2017).
3. McDowell, N. G. et al. The interdependence of mechanisms underlying climate-driven vegetation mortality. Trends Ecol. Evol. 26,
523-532 (2011).
4. Weed, A. S., Ayres, M. P. & Hicke, J. A. Consequences of climate change for biotic disturbances in North American forests. Ecol.
Monogr. 83, 441-470 (2013).
5. Hlasny, T. et al. Bark beetle outbreaks in europe: state of knowledge and ways forward for management. Curr. Rep. 7, 138-165
(2021).
6. Marvaldi, A. E. Larval morphology and biology of Oxycorynine weevils and the higher phylogeny of Belidae (Coleoptera,
Curculionoidea). Zool. Scr. 34, 37-48 (2005).
7. Oberprieler, R. G., Marvaldi, A. E. & Anderson, R. S. Weevils, weevils, weevils everywhere. Zootaxa 520, 491-520 (2007).
8. Martikainen, P, Siitonen, J., Kaila, L., Punttila, P. & Rauh, J. Bark beetles (Coleoptera, Scolytidae) and associated beetle species in
mature managed and old-growth boreal forests in Southern Finland. Ecol. Manage. 116, 233-245 (1999).
9. Schafstall, N. et al. Sub-fossil bark beetles as indicators of past disturbance events in temperate Picea abies mountain forests. Quat
Sci. Rev. 275, 107289 (2022).
10. Wermelinger, B., Epper, C., Kenis, M., Ghosh, S. & Holdenrieder, O. Emergence patterns of univoltine and bivoltine Ips typographus
(L.) populations and associated natural enemies. J. Appl. Entomol. 136, 212-224 (2012).
11. Rouault, G. et al. Effects of drought and heat on forest insect populations in relation to the 2003 drought in Western Europe. Ann.
Sci. 63, 613-624 (2006).
12. Pauli, H. et al. Recent plant diversity changes on europe’s mountain summits. Science 336, 353-355 (2012).
13. Aitken, S. N., Yeaman, S., Holliday, J. A., Wang, T. & Curtis-McLane, S. Adaptation, migration or extirpation: climate change
outcomes for tree populations. Evol. Appl. 1,95-111 (2008).
14. Wiens, J. J. Climate-Related local extinctions are already widespread among plant and animal species. PLOS Biol. 14, 2001104
(2016).
15. Davies, S. J. H., Matthew, P., McGeoch, Melodie, A. & Clusella-Trullas Susana thuiller, wilfried. Niche shift and resource
supplementation facilitate an amphibian range expansion. Divers. Distrib. 25, 154-165 (2019).
16. Slatyer, R. A., Hirst, M., Sexton, J. P. & Kleijn, D. Niche breadth predicts geographical range size: a general ecological pattern. Ecol.
Lett. 16, 1104-1114 (2013).
17. Boulangeat, I. et al. Niche breadth, rarity and ecological characteristics within a regional flora spanning large environmental
gradients. J. Biogeogr. 39, 204-214 (2012).
18. Wang et al. Anthropogenic climate change increases vulnerability of Magnolia species more in Asia than in the Americas. Biol.
Conserv. 265, 109425 (2022).
19. MacDougall, A. S., Gilbert, B. & Levine, . M. Plant invasions and the niche. J. Ecol. 97, 609-615 (2009).
20. Gong, X. et al. Double-edged effects of climate change on plant invasions: ecological niche modeling global distributions of two
invasive alien plants. Sci. Total Environ. 740, 139933 (2020).
21. Taryn, E C. et al. Modelling the current and future biodiversity distribution in the Chilean mediterranean hotspot. The role of
protected areas network in a warmer future. Divers. Distrib. 25, 1897-1909 (2019).
22. Sun, S. etal. The effect of climate change on the richness distribution pattern of Oaks (Quercus L.) in China. Sci. Total Environ. 744,
140786 (2020).
23. Phillips, S. J., Anderson, R. P. & Schapire, R. E. Maximum entropy modeling of species geographic distributions. Ecol. Model. 190,
231-259 (2006).
24. Phillips, S. J. & Dud & k, M. Modeling of species distributions with Maxent: new extensions and a comprehensive evaluation.
Ecography. 31, 161-175 (2008).
25. Atwater, D. Z. & Barney, J. N. Climatic niche shifts in 815 introduced plant species affect their predicted distributions. Glob Ecol.
Biogeogr. 30, 16711684 (2021).
26. Cokola, M. C. et al. Bioclimatic zonation and potential distribution of spodoptera Frugiperda (Lepidoptera: Noctuidae) in South
Kivu province, DR congo. BMC Ecol. 20, 66 (2020).
27. 1i, K, Liu, X,, Yang, L. & Shen, S. Alpine rhododendron population contractions lead to Spatial distribution mismatch with their
pollinators under climate change. Sci Total Environ. 926, 171832 (2024).

Scientific Reports |

(2025) 15:29556 | https://doi.org/10.1038/541598-025-15546-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

28. Bérta, V., Hanus, J., Dobrovolny, L. & Homolovd, L. Comparison of field survey and remote sensing techniques for detection of
bark beetle-infested trees. Ecol. Manag. 506, 119984 (2022).

29. Muller, M. How natural disturbance triggers political conflict: bark beetles and the meaning of landscape in the Bavarian forest.
Glob Environ. Change. 21, 935-946 (2011).

30. Seidl, R., Schelhaas, M. J. & Lexer, M. J. Unraveling the drivers of intensifying forest disturbance regimes in Europe. Glob Change
Biol. 17, 2842-2852 (2011).

31. Ogris, N. et al. RITY - A phenology model of Ips typographus as a tool for optimization of its monitoring. Ecol. Modell. 410,
108775 (2019).

32. Hansen, E. M. et al. Climate change and bark beetles of the Western united States and canada: direct and indirect effects. BioScience
60, 602-613 (2010).

33. Marini, L. et al. Climate drivers of bark beetle outbreak dynamics in Norway Spruce forests. Ecography 40, 14261435 (2017).

34. Qiu, L. et al. Contrasting range changes of terrestrial orchids under future climate change in China. Sci. Total Environ. 895, 165128
(2023).

35. Phillips, S.J. et al. Sample selection bias and presence-only distribution models: implications for background and pseudo-absence
data. Ecol. Appl. 19, 181-197 (2009).

36. Brown, J. L., Bennett, J. R. & French, C. M. SDMtoolbox 2.0: the next generation Python-based GIS toolkit for landscape genetic,
biogeographic and species distribution model analyses. Peer] 5, 4095 (2017).

37. Fordham, D. A., Wigley, T. M. L. & Brook, B. W. Multi-model climate projections for biodiversity risk assessments. Ecol. Appl. 21,
3317-3331 (2011).

38. Lovato, T. et al. CMIP6 simulations with the CMCC Earth system model (CMCC-ESM2). J. Adv. Model. Earth Syst. 14, 1-27
(2022).

39. Wyser, K. et al. On the increased climate sensitivity in the EC-Earth model from CMIP5 to CMIP6. Geosci. Model. Dev. 13,
3465-3474 (2020).

40. Volodin, E. M. Possible climate change in Russia in the 21st century based on the INM-CM5-0 climate model. Russ Meteorol.
Hydrol. 47, 327-333 (2022).

41. Jungclaus, J. H. et al. A Higher-resolution version of the max planck Institute Earth system model (MPI-ESM1.2-HR). J. Adv.
Model. Earth Syst. 10, 1383-1413 (2019).

42. Tatebe, H. et al. Description and basic evaluation of simulated mean state, internal variability, and climate sensitivity in MIROC6.
Geosci. Model. Dev. 12, 2727-2765 (2019).

43. Yukimoto, S. et al. 2.0, MRI-ESM2.0: description and basic evaluation of the physical component. J. Meteorol. Soc. Japan Ser. II. 97,
931-965 (2019).

44. Kumar, S., Graham, J., West, A. M. & Evangelista, P. H. Using district-level occurrences in maxent for predicting the invasion
potential of an exotic insect pest in India. Comput. Electron. Agric. 103, 55-62 (2014).

45. Fois, M. et al. Using species distribution models at local scale to guide the search of poorly known species: review, methodological
issues and future directions. Ecol. Model. 385, 124-132 (2018).

46. Radosavljevic, A. & Anderson, R. P. Making better maxent models of species distributions: complexity, overfitting and evaluation.
J. Biogeogr. 41, 629-643 (2014).

47. Swets, J. Measuring the accuracy of diagnostic systems. Science 240, 1285-1293 (1988).

48. Fielding, A. & Bell, J. A review of methods for the assessment of prediction errors in conservation presence/absence models.
Environ. Conserv. 24, 38-49 (1997).

49. Smeraldo, S. et al. Species distribution models as a tool to predict range expansion after reintroduction: A case study on Eurasian
beavers (Castor fiber). J. Nat. Conserv. 37, 12-20 (2017).

50. Smith, R. H. Bark beetles of North American conifers: A system for the study of evolutionary biology. Sci. 31, 235-236 (1985).

51. Cao, R. & Feng, J. Future range shifts suggest that the Six-Spined Spruce bark beetle might pose a greater threat to Norway Spruce
in Europe than the Eight-Spined Spruce bark beetle. Forests 14, 2048 (2023).

52. Gonzalez-Hernandez, A., Morales-Villafana, R., Romero-Sanchez, M. E. & Islas-Trejo, B. Pérez-Miranda, R. Modelling potential
distribution of a pine bark beetle in Mexican temperate forests using forecast data and Spatial analysis tools. /. Res. 31, 649-659
(2020).

53. Kozhoridze, G., Korolyova, N. & Jakus, R. Norway Spruce susceptibility to bark beetles is associated with increased canopy surface
temperature in a year prior disturbance. For. Ecol. Manag. 547, 121400 (2023).

54. Erika, G. P. et al. Drought years promote bark beetle outbreaks in Mexican forests of abies religiosa and Pinus pseudostrobus. Ecol.
Manag. 505, 119944 (2022).

55. Miiller, M., Olsson, P. O., Eklundh, L., Jamali, S. & Ardg, J. Features predisposing forest to bark beetle outbreaks and their dynamics
during drought. Ecol. Manag. 523, 120480 (2022).

56. Qkland, B. et al. Range expansion of the small Spruce bark beetle Ips amitinus: a newcomer in Northern Europe. Agric. Entomol.
21, 286-298 (2019).

57. Marini, L. et al. Population dynamics of the Spruce bark beetle: a long-term study. Oikos 122, 1768-1776 (2013).

58. Bentz, B.]. et al. Ips typographus and dendroctonus ponderosae models project thermal suitability for Intra- and Inter-Continental
establishment in a changing climate. Front Glob Change. 2, 1-17 (2019).

59. Jonsson, A. M. et al. Modelling the potential impact of global warming on Ips typographus voltinism and reproductive diapause.
Clim. Change. 109, 695-718 (2011).

60. Yang, W. et al. Dynamics of the distribution of invasive alien plants (Asteraceae) in China under climate change. Sci. Total Environ.
903, 166260-166260 (2023).

61. Fei, S. et al. Divergence of species responses to climate change. Sci. Adv. 3, 1603055 (2017).

62. Zumr, V. Spatial distribution of bark-beetles (Coleoptera, Scolytidae) in Norway Spruce (Link) and their indifference in relation to
forest belts. Lesnictvi 30, 509-522 (1984).

63. Dyderski, M. K., Paz, S., Frelich, L. E. & Jagodzinski, A. M. How much does climate change threaten European forest tree species
distributions? Glob Change Biol. 24, 1150-1163 (2018).

64. Vincent, H., Bornand, C. N., Kempel, A. & Fischer, M. Rare species perform worse than widespread species under changed climate.
Biol. Conserv. 246, 108586 (2020).

65. Seliger, B. J., McGill, B. J., Svenning, J. & Gill, J. L. Widespread underfilling of the potential ranges of North American trees. J.
Biogeogr. 48, 359-371 (2020).

66. Wang, C. & Wan, . Functional trait perspective on suitable habitat distribution of invasive plant species at a global scale. Perspect.
Ecol. Conserv. 19, 475-486 (2021).

Acknowledgements

This research was funded by National Key Research Priorities Program of China (2023YFC3209303-04); Qian
Kehe Zhicheng [2023] Yiban 206; the Training Program for Young Backbone Teachers in Colleges and Universi-
ties of Henan Province (2021GGJS003). This work was supported by the Research Council of Finland (European
Union - NextGeneration EU instrument, grant number 353365).

Scientific Reports |

(2025) 15:29556 | https://doi.org/10.1038/s41598-025-15546-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Author contributions

Shenggqi Jian and Yufei Han: Writing - review & editing, Writing - original draft, Visualization, Validation,
Methodology, Formal analysis, Data curation, Conceptualization. Risto Kasanen: review & editing, Conceptu-
alization. Juha Honkaniemi: review & editing. Samuli Junttila: review & editing. Fred O. Asiegbu: review and
editing, Project administration, Funding acquisition, Supervision, Conceptualization. All authors reviewed the
manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-15546-z.

Correspondence and requests for materials should be addressed to EO.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:29556 | https://doi.org/10.1038/s41598-025-15546-z nature portfolio


https://doi.org/10.1038/s41598-025-15546-z
https://doi.org/10.1038/s41598-025-15546-z
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Implications for the distributional range of the European bark beetles under future climate change
	﻿Materials and methods
	﻿Species distribution data
	﻿Environmental variables
	﻿Construction and validation of maxent

	﻿Results
	﻿Model accuracy evaluation and dominant environmental variables
	﻿Current potential distribution
	﻿Range changes of bark beetle under future climate change

	﻿Discussion
	﻿Distributional range changes and key environmental variables
	﻿The distributional range of bark beetles under future climate
	﻿Relationship between current range size and magnitude of future range changes
	﻿Limitations of this study

	﻿Conclusions
	﻿References


