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Abstract

Unraveling large-scale species richness patterns and drivers is central to ecology. While
climate, soil, topography, and human activities are widely recognized as key drivers, their
relative contributions to Pinus L. diversity (especially in Europe) remain inconclusive due
to scale dependence and methodological variations. This study integrates distribution data
for 17 European Pinus species along with climatic, soil, topographic, and anthropogenic
variables and employs Random Forest and Structural Equation Modeling to analyze spatial
patterns of overall, wide-ranged, and narrow-ranged species richness, quantifying factor
importance and driving pathways. Additionally, diversity hotspots were identified using
the complementarity algorithm and top 5% richness methods. Results indicate higher
species richness in topographically complex western Europe. Climatic seasonality emerges
as the primary direct driver of overall and wide-ranged species richness. Human activities
exert strong positive direct effects on all species groups and produce substantial indirect
effects by altering the environment, with a relatively prominent influence on narrow-
ranged species richness patterns. Although existing European Pinus hotspots are generally
well-protected, conservation gaps in southwestern Europe necessitate targeted strategies.
This study elucidates the regulatory mechanisms of Pinus species richness patterns across
different distribution ranges, highlighting the need for differentiated conservation under
ongoing climate change and anthropogenic pressures.

Keywords: climatic seasonality; hotspots; human activities; Random Forest; species
richness; Structural Equation Modeling

1. Introduction

Identifying the spatial distribution patterns of large-scale species richness and their
driving mechanisms is one of the core issues in ecology and biogeography [1]. Multiple
hypotheses have been proposed to explain the formation of species richness spatial pat-
terns. Among these, climate-related hypotheses (e.g., the energy hypothesis, water-energy
dynamic hypothesis, climatic seasonality hypothesis, and climatic stability hypothesis) are
recognized as key theories for elucidating large-scale species richness patterns [2-8]. Addi-
tionally, several theoretical hypotheses centered on factors including habitat heterogene-
ity [9-14], soil properties [15], and human activities [16-19] have also attracted substantial
attention. Existing research indicates that species richness patterns are typically driven
by multiple factors, including climate, soil, topography, and human activities [20-25],
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with the relative influence of these factors varying with the geographical range of the
species [20,23,26-28]. Therefore, when investigating the distribution patterns of species
richness and their influencing mechanisms, it is critical to comprehensively consider the
interrelationships between these factors and species richness.

Pinus L., comprising 113 species, is the largest coniferous genus in the Northern
Hemisphere and the most widely distributed tree genus [29,30]. It forms a key component
of vegetation across most regions of the Northern Hemisphere and plays a critical role in
regulating both regional and global climates [30]. Studies indicate that Pinus has a deep
evolutionary history, with 90% of its extant species originating in the Miocene epoch [31].
The diversity centers of Pinus species are primarily located in the mid-to-low latitudes of
North America, Europe, and East Asia [30-32]. Notably, Pinus is an important component of
the European tree flora and plays a crucial role in the evolution of vegetation dynamics [30].
Hence, Europe serves as an ideal region for investigating the distribution patterns of Pinus
species richness and their underlying drivers.

Previous studies have primarily analyzed the spatial distribution patterns of Pinus
species richness at both global and regional scales [20,31,32]. While global studies on
Pinus [31,32] have elucidated broad biogeographic patterns and drivers, they lack insights
into the region-specific mechanisms shaping Pinus richness in Europe. The study on Pinus
in China [20] identified historical climate change as the dominant driver of overall species
richness. However, Europe possesses a unique ecological context characterized by distinct
west—east topographic complexity (mountains versus plains) and long-term anthropogenic
disturbances, which remain underexplored. Additionally, generic tree richness studies in
Europe [7,33] mostly focus on broad taxonomic groups and often overlook the lineage-
specific responses of Pinus—an ecologically critical genus with prominent fire adaptation
syndromes and niche conservatism [34].

The development of Random Forest (RF) and Structural Equation Modeling (SEM) of-
fers more effective methods for addressing these challenges. RF, a powerful non-parametric
machine learning algorithm, improves predictive accuracy by aggregating multiple deci-
sion trees [35]. This method can effectively handle nonlinear and complex relationships
between variables while quantifying the relative importance of each predictor variable,
thereby enhancing the model’s explanatory power [36-38]. SEM functions as a key tool
for exploring multivariate causal relationships and has been widely applied in various
ecological studies [39-42]. It can not only simultaneously handle complex relationships
among multiple independent and dependent variables but also incorporate direct and
indirect effects, clearly illustrating path associations between variables, thereby accurately
revealing the inherent logic of driving mechanisms [43,44]. This approach is particularly
applicable to analyzing the complex processes shaping Pinus species richness patterns.

Given the significant ecological functions and conservation value of Pinus species in
Europe, this study compiled distribution data for 17 Pinus species and integrated multiple
influencing factors, including climate, soil, topography, and human activities. By employing
RF and SEM, we offer novel insights into the geographical distribution patterns of species
richness and their underlying driving mechanisms. The specific objectives of this study
are: (a) to reveal the geographical distribution characteristics of overall, wide-ranged, and
narrow-ranged Pinus species richness, and compare their spatial distribution differences;
(b) to quantify the relative importance of environmental and anthropogenic factors for the
species richness patterns of the three Pinus groups, and clarify the strength and direction
of driving pathways; and (c) to identify diversity hotspots of the three Pinus groups and
evaluate the effectiveness of existing conservation measures. Our research results not only
advance our understanding of the regulatory mechanisms underlying species richness
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patterns but also offer critical scientific support for developing conservation strategies to
mitigate biodiversity loss amid global climate change.

2. Materials and Methods
2.1. Distributions of Pinus in Europe

We integrated distribution data for European Pinus species from the Chorological
maps [45] and the EU-Forest dataset [46], with supplementary records from the Global
Biodiversity Information Facility (GBIF, https://doi.org/10.15468/dl.bwc7mh, accessed
on 7 May 2025) [47]. For the Chorological maps, we strictly excluded distribution records
falling outside the natural range of each Pinus species to avoid non-native occurrences.
After compiling data from all three sources, we applied a spatial thinning procedure
at 5-km resolution—retaining only one occurrence record per species per 5-km grid
cell—to reduce sampling bias, spatial autocorrelation, and overrepresentation of high-
sampling areas (e.g., intensive plantation regions). Ultimately, this study retained a total of
353,854 occurrence records for 17 Pinus species (Table S1).

To mitigate the impact of area on the estimation of species richness and the ensuing
statistical analysis, we converted the distribution data into 50 x 50 km grid cells, excluding
those with a land area less than 1250 km? [25]. In calculating species richness, we used
the number of Pinus species present in each grid cell as the species richness value for that
grid. A total of 3424 grid cells were included in subsequent analyses. To further explore the
latitudinal pattern of Pinus species richness, we analyzed the Latitudinal Diversity Gradient
(LDG)—a classic biogeographical pattern describing the change in species richness with
latitude. We used the Locally Weighted Scatterplot Smoothing (LOWESS) method to fit
the relationship between latitude and species richness. In addition, to evaluate spatial
distribution differences in Pinus species richness across Europe, we divided grid cells
containing Pinus species into 16 bioregions (One Earth, 2020, https:/ /www.oneearth.org/
bioregions/, accessed on 20 April 2025) and calculated species richness values for each
regional grid cell (see Figure S1 for the spatial distribution map and bioregion names).

By counting the number of grid cells occupied by each species, we estimated the
distribution range of each species and subsequently categorized all species into wide-
ranged and narrow-ranged groups. Using the previous classification method [20,27,48,49],
we first ranked all species in descending order based on their distribution range sizes. The
top 25% of species (5 out of 17) were classified as wide-ranged species, with distribution
ranges spanning 553-3189 grid cells. The bottom 50% of species (9 out of 17) were classified
as narrow-ranged species, with distribution ranges of 41-355 grid cells. Notably, the
remaining 3 species fell into the intermediate species category, with distribution ranges of
385-451 grid cells. Due to the lack of distinct ecological traits or distribution patterns that
would support an independent analytical group, and to maximize the ecological contrast in
driver analyses, the intermediate species were only included in the ‘overall species richness’
analysis and excluded from group-level (wide-ranged vs. narrow-ranged) comparisons.
The distribution records for wide-ranged and narrow-ranged species accounted for 91.73%
and 2.09% of the total dataset, respectively. Detailed classification results for each species
are presented in Supplementary Table S1.

2.2. Environmental and Anthropogenic Variables

To comprehensively explore how environmental factors and human activities influence
the species richness pattern of European Pinus, this study selected climate, soil, topography,
and human activities as four variable categories, encompassing 37 factors for analysis.
These predictive factors represented hypotheses related to contemporary climate, historical
climate change, soil characteristics, habitat heterogeneity, and human activities (Table S2).
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Variables related to contemporary climate were classified into three groups: environmental
energy, water availability, and climatic seasonality. All climate data were sourced from the
CHELSA database (https:/ /chelsa-climate.org/) and the Consultative Group for Interna-
tional Agricultural Research (CGIAR, http://www.cgiar-csi.org/), with a spatial resolution
of 30 arc seconds (approximately 1 km at the equator). Water deficit (WD) was quantified
as the difference between potential evapotranspiration (PET) and annual actual evapo-
transpiration (AET). Additionally, climate data for the Last Glacial Maximum (LGM) were
downloaded from the WorldClim database (https://worldclim.org/) and derived from
the average of three widely used Global Climate Models (GCMs): CCSM4, MIROC-ESM,
and MPI-ESM-P, with a spatial resolution of 2.5 arc minutes. We calculated the temperature
absolute anomaly (TA) and precipitation absolute anomaly (PA) since the LGM to char-
acterize historical climate change. TA and PA were computed as the absolute differences
between LGM and contemporary temperatures and precipitations, respectively [27,48,50].

Soil data were sourced from the SoilGrids database (https://soilgrids.org/), which
has a spatial resolution of 1 km. We further divided the soil variables into two groups:
soil texture and soil fertility (Table S2). Elevation data were obtained from WorldClim at a
resolution of 30 arc seconds. Habitat heterogeneity was evaluated by calculating elevation
range (max—min elevation) within each grid cell (ELER). Human Footprint (HFP) data, also
with a resolution of 1 km, were derived from research by Mu et al. [51]. By extracting the
annual mean of HFP from 2000 to 2018, we effectively characterized the average intensity
of human activity disturbance. All environmental and human activity related predictive
factors were aggregated into 50 x 50 km grid cells, and the mean and range of each variable
within each grid cell were calculated.

2.3. Statistical Analyses

In this study, we first employed correlation analysis to examine pairwise relationships
among variables. To mitigate collinearity, we partially excluded variables exhibiting strong
correlations (Ir| > 0.8) and with a Variance Inflation Factor (VIF) greater than five. Con-
sequently, the initial 37 variables were reduced to 24 across eight categories as following:
(1) Environmental energy variables, including mean annual temperature (MAT), mean
diurnal temperature range (MDR), isothermality (Iso), and mean temperatures of wettest
quarter (MTWEQ); (2) Water availability variables, including annual precipitation (MAP),
mean precipitation of warmest quarter (PWAQ), annual actual evapotranspiration (AET),
and water deficit (WD); (3) Climatic seasonality variables, including temperature season-
ality (TSN) and precipitation seasonality (PSN); (4) Climate change since LGM variables,
including temperature absolute anomaly (TA) and precipitation absolute anomaly (PA);
(5) Soil texture variables, including bulk density (BDOD), clay content (CLAY), coarse
fragments volumetric (CFVO) and silt content (SILT); (6) Soil fertility variables, including
cation exchange capacity (CEC), organic carbon density (OCD), organic carbon stock (OCS),
organic carbon content (SOC), total nitrogen (N) and pH; (7) Habitat heterogeneity vari-
able, including elevational range (ELER); (8) Human activities variable, including human
footprint (HFP).

To compare the relative importance of different factors affecting the species richness of
Pinus, we employed a RF to quantify the relative importance and significance of predictive
factors in explaining the distribution pattern of species richness. The RF model constructed
in this study includes 500 decision trees, with 1000 random permutation tests conducted
on the response variable, and all other parameters used the default settings. Percentage
Increase in Mean Squared Error (%IncMSE) was selected as the primary metric for quantify-
ing variable importance, and its statistical significance was verified. Statistically significant
predictive factors were included in subsequent SEM analyses. Finally, we evaluated the di-
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rect and indirect effects of various variables on Pinus species richness using piecewiseSEM.
Fisher’s C test was used to assess the goodness-of-fit of modeling results, with subsequent
modifications based on path significance (p < 0.05) and model fit (0 < Fisher’s C/df <2 and
0.05<p <1).

The conceptual model of the piecewiseSEM is based on ecological theories and empiri-
cal evidence, focusing on the direct and indirect relationships between key factors and Pinus
species richness. Core assumptions of the model include: (1) Energy and water availability
are fundamental drivers of species richness, as regions with sufficient environmental energy
and water resources support higher species coexistence [3,4]. (2) Climatic seasonality regu-
lates richness by influencing species’ niche differentiation, environmental adaptability, and
evolutionary dynamics [6,52]. (3) Historical climate change shapes contemporary richness
patterns by affecting species migration, refuge dynamics, and long-term persistence [7,8].
(4) Habitat heterogeneity promotes species diversity by creating diverse microenviron-
ments and refugia, reducing interspecific competition [9,10]. (5) Soil properties (texture and
fertility) constrain or facilitate species richness by influencing resource availability [53,54].
(6) Human activities impact species richness through direct and indirect pathways: direct
pathways include habitat modification (e.g., conservation management, land use), while
indirect pathways are achieved by altering environmental factors such as surface energy
balance, hydrological cycles, and soil properties [17,55-57]. Additionally, interrelationships
exist among environmental factors. This conceptual framework captures the complex multi-
pathway driving mechanisms of Pinus species richness, reflecting ecologically meaningful
causal relationships.

All statistical analyses were performed using R version 4.2.3 (http://www.r-project.
org/). We employed the “Hmisc” package for correlation analysis [58], the “car” package
for VIF calculation [59], the “randomForest” and “rfPermute” packages for RF [60,61], and
the “piecewiseSEM” package for constructing piecewiseSEM [42]. A detailed flowchart of
the research methodology was provided in Figure 1.

This study used the complementary algorithm and top 5% richness hotspot algorithm
to identify Pinus diversity hotspots and compare the efficiency of both methods in delineat-
ing priority protected areas in Europe [62-65]. The complementary algorithm, proposed by
Dobson et al. [66], is based on the theory of complementary subsets. This algorithm first
selects grid cells with the highest species richness and subsequently removes all species con-
tained within those cells from the distribution grid. Then, it selects the grid cells containing
the most remaining species and repeats this process until all species are included. Therefore,
the core objective of complementary algorithms is to achieve complete species coverage
with the minimum number of grid cells. In contrast, the top 5% richness hotspot algorithm
adopts a more simplified standard, designating grid cells with species richness in the top
5% as biodiversity hotspots. In addition, using global protected area polygon data from
the World Database on Protected Areas (WDPA, https://www.protectedplanet.net), we
conducted a spatial overlay analysis of identified diversity hotspots and existing protected
areas, defining grid cells outside the protection network as protection gaps. By counting the
number and proportion of diversity hotspot grids inside and outside protected areas, this
study systematically evaluated the effectiveness of the existing protection system. It should
be clarified that the protected area data used in this study include all WDPA polygons,
aiming to fully reflect the overall scope of current conservation efforts across Europe.
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Figure 1. Flowchart of the research methodology.

3. Results
3.1. Geographical Distribution Pattern of Pinus Species Richness

Our results indicated that Pinus species covered 87% of Europe’s land area, with
almost no distribution in most regions of Iceland, the Greater Eurasian Tundra, and the
Pontic Steppe. The species richness of European Pinus exhibited significant regional
differences along the transect from the eastern Baltic Sea coast to the western Black Sea
coast. Specifically, its species richness was higher in western Europe and lower in eastern
regions, which are predominantly plains (Figures 2a, S1 and S2). Overall, contrary to the
widely recognized LDG, Pinus species showed higher species richness in mid-latitude
regions (37-60° N) (Figure 2b).

Our study also found that distribution records of the five wide-ranged species ac-
counted for 91.73% of the total dataset (Table S1), indicating that their distribution regions
were largely consistent with those of overall species, covering 86% of Europe’s land area.
Furthermore, their species richness pattern was highly similar to that of overall species
(Pearson’s r = 0.88, p < 0.001), exhibiting a distribution pattern of higher richness in western
Europe and lower richness in eastern Europe (Figure 3a). In contrast, distribution records
of the nine narrow-ranged species accounted for only 2.09% of the total dataset (Table S1),
with these species primarily scattered in the mountains of western Europe (Figure 3b).
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Scatterplot Smoothing (LOWESS) curves (red line), with 95% confidence intervals indicated by
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Figure 3. Species richness patterns of Pinus L. across different geographical ranges. (a) Wide-ranged
species; (b) Narrow-ranged species.

3.2. Determinants of Pinus Species Richness Patterns

Random Forest (RF) results indicated that environmental and anthropogenic factors
jointly explained 80.34%, 79.40%, and 11.73% of the variance in species richness for overall,
wide-ranged, and narrow-ranged species, respectively (Figure 4). In analyses of overall and
wide-ranged species, the initially selected predictor variables were statistically significant.
Furthermore, climatic seasonality and human activities had a notably more pronounced
impact on the richness of overall and wide-ranged species than other variables, with their
cumulative relative importance exceeding 56% (Figure 4a,b). In contrast, for narrow-ranged
species, only six variables were statistically significant, with human activities identified as
a relatively prominent predictor shaping narrow-ranged species richness (Figure 4c).
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Figure 4. Importance ranking of environmental and human activities variables from the RF model.
(a) Overall species; (b) Wide-ranged species; (c) Narrow-ranged species. Inner radial bar charts
illustrate variable importance values. Outer donut charts display weighted importance proportion of
composite variables, calculated from the importance weights of all variables. Predictor significance is
denoted as * p < 0.05, ** p < 0.01, and ns for p > 0.05.

Structural Equation Modeling (SEM) results showed that SEM explained 65%, 62%,
and 13% of the variance in species richness for overall, wide-ranged, and narrow-ranged
species, respectively (Figure 5). Specifically, for overall species, environmental energy
and historical climate change had significant negative direct effects on species richness,
indicated by path coefficients of —0.13 and —0.05, respectively. In contrast, the negative
direct effect of soil texture was found to be weak and statistically non-significant. The
remaining direct path coefficients were positive, with climatic seasonality exerting the
strongest direct effect on species richness, reaching a coefficient of 0.50, followed by human
activities and habitat heterogeneity. Notably, human activities had a substantial indirect
effect on species richness by affecting other factors, resulting in the highest total effect value
for human activities (Figure 5a,b).

The piecewiseSEM results for wide-ranged species were largely consistent with those
for overall species. Although the effects of historical climate change and soil texture on
wide-ranged species richness were contrary to those observed for overall species, their
influence remained weak. Consequently, our study not only elucidated the direct effects of
climatic seasonality on the richness patterns of both overall and wide-ranged species but
also emphasized the indirect shaping effects of human activities (Figure 5c,d).

In contrast to overall and wide-ranged species, the model’s path for narrow-ranged
species was simpler, with only human activities, historical climate change, habitat hetero-
geneity, and environmental energy exerting significant direct effects on species richness.
However, the model exhibits weak explanatory power. It should be noted that, unlike over-
all and wide-ranged species, historical climate change exerted a significant positive direct
effect on narrow-ranged species richness (0.21) and was one of the dominant variables
shaping narrow-ranged species richness patterns. In addition, human activities played a
direct and relatively prominent role in explaining the variance in narrow-ranged species
richness (Figure 5e,f).
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Figure 5. PiecewiseSEM results and standardized effect statistics for Pinus L. species richness.
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standardized path coefficients, with arrow thickness reflecting relationship strength. Dashed lines
denote non-significant paths (p > 0.05). Solid lines indicate significant paths (p < 0.05), where blue
and red lines represent positive and negative relationships, respectively. Path coefficient significance
is denoted as * p < 0.05, ** p < 0.01, and *** p < 0.001. The colors of the bar charts in the right
panels are consistent with the background colors of the corresponding variable categories in left
panels, respectively.

3.3. Diversity Hotspots and Conservation

Based on the top 5% richness algorithm, we identified 171, 169, and 44 hotspot grid
cells for overall, wide-ranged, and narrow-ranged species, respectively, encompassing
all species within the three Pinus groups. The total absolute areas of these hotspots were
427,500 km?, 422,500 km?, and 110,000 km?, accounting for ~4.34%, ~4.29%, and ~1.12% of
Europe’s total land area, respectively. The richness hotspots for overall and wide-ranged
species were primarily located in western Europe, exhibiting a concentrated distribution
over a substantial area (Figure 6a,c). In contrast, the richness hotspots for narrow-ranged
species were scattered throughout western Europe (Figure 6e).
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species. Left panels show results of the top 5% richness algorithm, whereas right panels display
results of the complementary algorithm. Black circles highlight hotspot grid cells identified by the
complementary algorithm.

The complementary algorithm identified four, one, and two hotspot grid cells for
overall, wide-ranged, and narrow-ranged species, respectively. The hotspot grids for
overall species were scattered across Great Britain, the Western European Coastal region,
and the Western Mediterranean (Figure 6b). In contrast, hotspots for wide-ranged species
were highly concentrated, with only a single grid cell in the central Western European
Coastal region containing all wide-ranged species (Figure 6d). For narrow-ranged species,
the two hotspot grid cells were geographically distant. The eastern hotspot grid was
situated on the eastern coast of the Baltic Sea, while the western hotspot grid was located
at the westernmost edge of the European continent (Figure 6f).

The analysis of conservation effects revealed that 97.08%, 95.86%, and 100% of the
hotspot grids for overall, wide-ranged, and narrow-ranged species, as determined by the
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top 5% richness algorithm, were covered by nature reserves. Our statistical data indicated
that, although all species within the three Pinus groups had been effectively protected,
protection gaps remained in the existing protection network. These protection gaps for
overall and wide-ranged species mainly occurred in southwestern Europe, including Spain
(Iberian Peninsula), France, and the western Balkan Peninsula. Compared to other methods,
the complementary algorithm identified fewer hotspot grids, with all cells overlapping
with nature reserves and thus encompassing all Pinus species.

4. Discussion

This study found that the geographical distribution pattern of species richness in
European Pinus is closely related to topographic characteristics, with significant differences
observed between eastern and western Europe. The eastern region is dominated by plains
with relatively simple terrain. However, due to agricultural expansion and urbanization,
natural habitats here are becoming increasingly fragmented [67]. In contrast, western Eu-
rope features a mix of mountains and plains, resulting in more complex terrain (Figure S2).
Consequently, overall species and wide-ranged species exhibit higher richness in the west-
ern region. Based on these findings, we propose that topographic heterogeneity and refugia
history in western European mountains have played a synergistic role in the formation
of Pinus diversity hotspots. This inference is consistent with previous research indicating
that Pinus is more concentrated in mountainous areas and less prevalent or absent in
extensive lowland regions [29]. Mountainous areas, characterized by long-term climate
stability and high environmental heterogeneity, serve as the core foundation for generating
regional Pinus diversity hotspots [31,68]. Specifically, topographic heterogeneity creates
diverse microclimates and habitat types within small spatial scales, reducing interspecific
competition by providing differentiated niches and supporting the coexistence of multiple
Pinus species [10,14]. Additionally, western European mountains maintained relatively
stable climates during Quaternary glacial-interglacial cycles, serving as refugia for Pinus
species during the LGM [8,31].

The accumulation of narrow-ranged species in western European mountainous areas
can be primarily attributed to the slower rate of climate change during the Quaternary
period, which functioned as an important refuge [8]. During the LGM, extensive glaciation
covered the Eurasian continent, forcing many species to migrate southward or to higher
altitudes, and some even experienced local extinction [7,8]. Following the LGM, as tem-
peratures rose and glaciers retreated, narrow-ranged species were unable to relocate to
their potential northern distributions due to dispersal limitations [26]. These observations
indicate that the complex landforms and refuge effects of western European mountains
have facilitated the differentiation and preservation of narrow-ranged species. In contrast,
wide-ranged species, characterized by strong adaptability and dispersal capabilities, oc-
cupy most of Europe [33]. Overall, similarities and differences in species richness patterns
among the three Pinus groups emphasize the necessity of studying species with varying
range sizes, as richness patterns of different groups may be shaped by distinct regulatory
mechanisms [20,27,52,69,70].

Our results show that the main conclusions of RF analysis are highly consistent with
those derived from SEM. Notably, the driving pathways and standardized effect sizes
identified via SEM provide further insights into the relative importance of these processes.
Although significant differences exist in how various factors impact Pinus species richness
patterns across groups, the substantial contribution (91.73%) of wide-ranged species to the
distribution of overall species combinations results in a more coherent driver mechanism
for the richness patterns of overall and wide-ranged species [27,49].
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Specifically, climatic seasonality exerts the most significant direct effect on the rich-
ness of both overall and wide-ranged species. This importance is supported by previous
studies on Rhododendron, Gesneriaceae, and Moraceae taxa, which consistently demonstrate
that climatic seasonality regulates richness patterns by influencing species” environmental
adaptability, niche differentiation, and evolutionary dynamics [27,52,71,72]. This study
hypothesizes that the positive correlation between climatic seasonality and species rich-
ness of European Pinus is closely linked to its unique evolutionary history and ecological
adaptation strategies. Previous research has indicated that Pinus originated in mid-latitude
regions and exhibits notable niche conservatism, which may have facilitated the gradual
evolution of extensive climate tolerance in temperate mountainous areas with pronounced
seasonal climates [31,32,34]. Furthermore, the adaptation of Pinus to seasonal climates is
reflected in its fire adaptation syndrome, which enhances its competitive ability and sur-
vival in seasonally variable environments, thereby sustaining high species richness [31,34].
While these macroevolutionary explanations are plausible, they remain indirect. Further
phylogenetic or experimental studies would help validate these causal links.

In contrast, this study found that narrow-ranged species richness is weakly and non-
significantly affected by short-term climatic seasonality (a proxy for contemporary climate
fluctuations) but strongly shaped by long-term climate change since the LGM (characterized
by temperature and precipitation absolute anomalies). This indicates that narrow-ranged
Pinus species richness patterns are better predicted by historical climate stability and change
velocity than by present-day climatic seasonality. This pattern aligns with previous research
highlighting that narrow-ranged species—with narrow niche breadths and low genetic
diversity—are more sensitive to long-term environmental changes, whereas wide-ranged
species are primarily influenced by current climate fluctuations [24,27,28]. Following
the LGM, rising temperatures provided ecological space for the northward migration of
Pinus species from glacial refugia [7,8], and genetic geographic evidence confirms that the
distribution and expansion trajectories of European Pinus species are highly consistent with
the upward temperature trend [73], further supporting the critical role of long-term climate
change in shaping narrow-ranged species richness.

It is noteworthy that human activities exert a major positive direct effect on the species
richness of the three Pinus groups in Europe. This phenomenon may be partially attributed
to two key aspects: first, human-mediated gene flow promotes genetic mixing and diversity
in Pinus populations, thereby enhancing their environmental adaptability and stress resis-
tance amid intensified climate change and increased biological stress [74]. Second, through
the implementation of adaptive management strategies, such as genetic resource conser-
vation and forest structure optimization, humans have supported the expansion of Pinus
populations and the maintenance of ecological stability. In addition, considering the exten-
sive use of Pinus in European forestry, this positive direct effect of human activities may
also include contributions from intentional planting (e.g., plantations, shelterbelts, urban
forests) and assisted migration, particularly in regions with intensive forest management.
For narrow-ranged species, the strong human activities effect may reflect both conservation
efforts (e.g., habitat restoration in native refugia) and occasional planting of rare species
for ecological restoration. Notably, our spatial thinning procedure (one record per species
per 5-km grid cell) has minimized the potential bias from concentrated plantations, as
high-density plantation records are reduced to a single occurrence per grid cell. However,
it is crucial to remain vigilant regarding the potential negative impacts of human activities,
including habitat loss and fragmentation caused by anthropogenic disturbances, which
remain significant constraints on ecosystem sustainable development [17,75]. Additionally,
the indirect positive effect of human activities on the richness of overall and wide-ranged
Pinus species via changes in environmental factors (e.g., climate and soil) should not be
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ignored. Therefore, future research and conservation strategies should focus on the indirect
environmental impacts of human activities, providing a scientific basis for the sustainable
management of Pinus biodiversity.

A comparison of the complementary algorithm and the top 5% richness algorithm
reveals that the complementary algorithm achieves full species coverage with fewer grid
cells, exhibiting greater conservation efficiency and representativeness in identifying prior-
ity protected areas for European Pinus species. This conclusion is supported by previous
studies [76]. Conservation effectiveness analysis indicates that over 95.86% of hotspots iden-
tified by the top 5% richness algorithm are covered by nature reserves, while all hotspots
identified by the complementary algorithm are incorporated into the conservation system.
This suggests that current conservation measures have an overall significant effect on Pinus
species conservation. Nevertheless, some hotspots may include managed native stands.
This does not diminish their conservation value, as well-managed native plantations can
support ecosystem functions and connectivity between natural populations. However, it
highlights the need for protected areas to prioritize both natural and sustainably managed
native Pinus habitats to sustain long-term diversity, particularly in southwestern Europe
where protection gaps exist. Specifically, these gaps are concentrated in Spain, France, and
the western Balkan Peninsula. Notably, although narrow-ranged species have been fully
protected under both algorithms, their dispersed hotspot distribution poses specific chal-
lenges for conservation management. This is particularly true for isolated populations on
the Baltic Sea’s east coast and Europe’s westernmost regions, which require targeted in situ
conservation strategies to preserve their unique adaptive traits. Furthermore, complemen-
tary algorithms offer considerable practical value for protecting limited resources, as they
enable full species protection at minimal spatial cost, thereby providing a scientific basis
for European forest conservation planning. In summary, while Europe’s current Pinus con-
servation system is effective, it is crucial to strengthen conservation efforts in southwestern
gap areas and prioritize targeted management of narrow-ranged species hotspots.

It is important to note that due to the spatial continuity of environmental gradients and
biogeographical processes across Europe, spatial autocorrelation may exist in the residuals
of both RF and SEM analyses. Nevertheless, the core conclusions of this study remain
robust, as the identified dominant drivers are consistently supported by both analytical
frameworks, as well as ecological theories and previous biogeographical studies on Pinus.
Future research can further extend our findings by incorporating spatial effects (e.g., spatial
eigenvectors or biogeographic region-level random effects) into a spatial SEM framework,
thereby improving the accuracy of causal inference by explicitly accounting for spatial
dependence. Furthermore, given the limited explanatory power of our models for narrow-
ranged species, future studies should integrate more fine-scale environmental data and
species-specific ecological traits to better disentangle the effects of environmental and
anthropogenic factors on narrow-ranged Pinus species.

5. Conclusions

This study systematically investigates the species richness patterns of European Pinus
and their underlying driving mechanisms. The geographical distribution of Pinus species
richness in Europe exhibits distinct regional variations: overall and wide-ranged species
show higher richness in western Europe, while narrow-ranged species are primarily scat-
tered in mountainous areas of western Europe. These patterns reflect the critical role of
topographic heterogeneity and glacial refugia in shaping biodiversity patterns. Further-
more, the drivers of species richness differ significantly among Pinus groups with varying
distribution ranges, with the notable promoting effect of human activities highlighting their
complex influences. Specifically, climatic seasonality and human activities are the dominant
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factors regulating the richness of overall and wide-ranged species, whereas narrow-ranged
species are mainly influenced by historical climate changes since the Last Glacial Maximum
and human activities, underscoring their sensitivity to long-term environmental changes.
Although existing conservation measures have effectively protected most Pinus diversity
hotspots in Europe, protection gaps remain in southwestern Europe. These findings en-
hance our understanding of the regulatory mechanisms underlying coniferous species
richness patterns and provide critical scientific support for optimizing Pinus conservation
strategies in the context of global climate change.

The analytical framework developed in this study—combining RF and piecewiseSEM
to quantify the relative importance and causal pathways of multiple drivers, coupled with
hotspot identification using complementary and top 5% richness algorithms—exhibits
broad cross-taxon and cross-regional applicability. For instance, this approach can be
extended to other coniferous genera or angiosperm tree species. Geographically, it can
be applied to other biodiversity hotspots to explore consistent or region-specific drivers
of species richness patterns. Such studies will contribute to a more generalizable under-
standing of large-scale biodiversity patterns and their underlying mechanisms, providing a
unified scientific basis for global biodiversity conservation and management.
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