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Abstract: Spruce taiga forests in Northeast Asia are of great economic and conservation importance.
Continued climate warming may cause profound changes in their distribution. We use prognostic
and retrospective species distribution models based on the Random Forest machine learning method
to estimate the potential range change of the dominant taiga conifer Jezo spruce (Picea jezoensis
(Siebold & Zucc.) Carriere) for the year 2070 climate warming scenarios and for past climate epochs—
the Last Glacial Maximum (LGM) (~21,000 years before present) and the mid-Holocene Climatic
Optimum (MHO) (~7000 years before the present) using the MIROC-ESM and CCSM4 climate
models. The current suitable climatic conditions for P. jezoensis are estimated to be 500,000 km?. Both
climatic models show similar trends in past and future ranges but provide different quantitative areal
estimates. During the LGM, the main part of the species range was located much further south than
today at 35-45° N. Projected climate warming will cause a greater change in the distributional range
of P. jezoensis than has occurred since the MHO. Overlapping climatic ranges at different times show
that the Changbai Mountains, the central parts of the Japanese Alps, Hokkaido, and the Sikhote-Alin
Mountains will remain suitable refugia for Jezo spruce until 2070. The establishment of artificial
forest stands of P. jezoensis and intraspecific taxa in the future climate-acceptable regions may be
important for the preservation of genetic diversity.

Keywords: climate change; boreal forest; spruce forest; Picea jezoensis; species distribution modeling;
Last Glacial Maximum; Northeast Asia

1. Introduction

Current climate changes in the boreal zone of Eurasia have led to visible changes in
vegetation cover due to increased fire frequency, the proliferation of insect pests, desiccation,
and wind disturbances, which alter the structure of the vegetation cover and the distribution
of plants and whole biomes [1]. However, it remains unclear how current changes in the
distribution of boreal forests and their dominant species deviate from long-term dynamics
and what the prospects are. Studying the spatial distribution of dominant species in
changing boreal forests can therefore help us better understand the factors behind their past
and present occurrence, assess possible climate-induced range shifts, and predict future
forest dynamics [2,3].

Recently, species distribution modeling (SDM) methods have been widely used to
study the effects of climate change on species ranges [4-7]. Using data on the current
distribution of climatic indicators characterizing species range, it is possible to predict
climatically suitable areas under current climatic conditions, under climatic conditions
of the past, or predicted climatic conditions of the future [8-11]. Identifying areas and
climates that have been able to sustain relict populations of dominant boreal species from
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the Last Glacial Maximum (LGM) to the present and will be able to sustain them in the
future are important for the establishment of protected reserves, as these areas have the
potential to contain populations with a continuous history of several tens of thousands
of years. This is important for maintaining genetic diversity [12] and further opens the
possibility of adaptive management in areas such as forestry and agriculture as well as ex
situ species conservation [13,14].

One of the most important taiga forest species for the ecosystem’s functioning and
timber industry in Northeast Asia is Picea jezoensis (Siebold & Zucc.) Carriere (Jezo or
Yezo spruce, by the old name of Hokkaido Island), also known as Picea ajanensis Fisch. ex
Carriere (Ajan spruce) [15]. P. jezoensis is a coniferous evergreen tree up to 35 m tall and
120 cm in diameter at breast height. The life expectancy of the trees is 300—400 years; the
maximum age is 520 years [16]. Phylogenetically and ecologically, P. jezoensis is close to
the North American P. sitchensis (Bong.) Carriére. This conclusion is also supported by the
fact that both P. jezoensis and P. sitchensis have flattened leaves and loosely arranged seed
scales [17]. P. jezoensis occurs in the sub-maritime and maritime areas of Northeastern Asia
between 40° N and 55° N, where it forms zonal forests [18].

P. jezoensis forms mono-dominant or mixed spruce—fir stands (with Abies nephrolepis
(Trautv.) Maxim. in the mainland area and A. sachalinensis (F.Schmidt) Mast. in the insular
part of the region) from the elevation of sea level to 1500-2000 m, depending on latitude.
Forests formed by P. jezoensis occupy almost the whole range of ecologically different sites
in this belt, except only in mires and on rock outcrops. The optimal climatic parameters for
this species include a mean annual temperature from —1 to 0 °C, a vegetative period of
145-155 days, and a mean summer precipitation of 370-590 mm. Mean annual air humidity
within the range of species does not fall below 60%. The climatic optimum of P. jezoensis is
thus much more severe than that of European species Picea abies (L.) H.Karst. [15,16].

In the most productive spruce forests, timber stock reaches 1000 m® with over 500 Mg ha~?
of aboveground biomass [15,16]. Due to its high economic potential, P. jezoensis is one of
the region’s main objects of logging and timber production. Besides logging, spruce forests
are also affected by natural disturbances. Since the middle of the 20th century, particularly
active processes of natural desiccation of P. jezoensis primeval forests have been recorded in
the continental part of the Far East, with a total area of 55,000 km? already in the 1970s [16].

The critically important ecosystem function of P. jezoensis and the high economic value
of this species in the context of current trends in boreal forest degradation due to climate
change [19-21] make understanding the P. jezoensis range changes by projected climate
change scenarios particularly important. Retrospective modeling over time of significant
milestones of evolutionary vegetation dynamics, i.e., the LGM (~21,000 years before the
present) and the mid-Holocene Climatic Optimum (MHO) (~7000 years before the present),
is interesting for assessing the movement of P. jezoensis climate optimum in Northeast Asia.
There is a clear relevance to paleoenvironmental and phylogenetic studies as well as the
understanding of current trends in biodiversity and biome distributions [22].

In this study, we build the SDMs of P. jezoensis using the distribution data of the
species in its natural habitats (not under culture or plantation conditions) and the World-
Clim 1.4 climate dataset [23] associated with the downscaled paleoclimate data [24]. Using
paleoclimate data MIROC-ESM [25,26] and CCSM4 [27], we reconstruct the spatial distri-
bution of areas with climatic conditions suitable for P. jezoensis in the LGM and MHO. We
also construct prognostic models of the potential distribution for 2070 under the RCP2.6
(representative concentration pathway) climate change scenarios [28] and RCP8.5 [29]. We
used the MIROC-ESM and CCSM4 models because they cover paleoclimates and predicted
future climates among other climatic models. Both prognostic and retrospective SDMs
were developed using ensembles of decision trees. Tree-based supervised learning algo-
rithms are quite efficient tools for handling complicated decision boundaries in multifactor
spaces [30]. Another advantage of decision trees and their ensembles for SDMs is the ability
to estimate the importance of climatic variables and the impacts on the observed species
distribution. We focused on building SDMs using the RF classifier (a versatile machine
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learning algorithm) and the investigation of overlapping ranges of potential species oc-
currence under the LGM and projected future climates (RCP2.6, RCP8.5) which could be
considered long-term P. jezoensis refugia.

2. Materials and Methods
2.1. Study Area

The dark coniferous forests of P. jezoensis are widespread from the mountainous
regions of central Japan and South Korea in the south to central Kamchatka in the north.
The species range extends in latitude from 40° N to more than 55° N [18]. Details of the
species biology and ecology are described in previous works [15,16,18,31]. Clarification of
intraspecific taxonomy was performed based on allozyme analysis [32,33] and nuclear and
organelle DNA [34,35]. We suppose that the single subspecies of P. jezoensis subsp. jezoensis
exists throughout the entire range, except for isolated relict populations in the mountains of
central Honshu, attributed to the taxon P. jezoensis subsp. hondoensis (Mayr) P.A. Schmidt.

The range of P. jezoensis includes part of the Primorye Region, the southeast coast
of the Sea of Okhotsk, Sakhalin Island, the southern islands of the Kuril Archipelago,
part of Northeast China, central Kamchatka (the so-called “coniferous forest island”), the
north of the Korean Peninsula, Hokkaido Island, and the central part of Honshu Island
(Figure 1) [15,18]. The range of P. jezoensis lies in a deeply rugged mountain area. The
climate in the area of the P. jezoensis range is controlled by the seasonally alternating
maritime and continental air masses brought about by monsoon circulation. Annual
precipitation ranges from 460 mm in central Kamchatka to 1250 mm in the southern Kuril
Islands, and average annual temperatures range from —3 °C in the continental part to
+7.5 °C in Hokkaido. The influence of the East Asian monsoon decreases with distance
inland. In the continental part of the range, winters are sparsely snowy and cold, while
summers are cool and humid. Mean annual air humidity within the range of P. jezoensis does
not fall below 60%, although it varies considerably from region to region. Summarizing
climatic conditions in the areas where P. jezoensis forms pure and fir-mixed stands, the
climatic optimum is much harsher than for European P. abies. [15].

The presence of refugia both in the northern part of the range (isolated populations
in Kamchatka) and in the southern part (isolated populations in the mountains of South
Korea and P. jezoensis ssp. hondoensis in the Japanese Alps) testifies to an extensive shifting
of the species range in the past associated with periods of warming and cooling in the
Pleistocene. Thus, the explanation of the modern range of P. jezoensis lies not only in the
current climatic conditions of the present but also in its changes over the past millennia.
This is confirmed, among other things, by modern population genetics data [34,35].

2.2. Presence Points

Georeferenced occurrence points of P. jezoensis were taken from different sources:
1—Ilocal herbarium collections of the Botanical Garden-Institute FEB RAS (herbarium
acronym VBGI) and Institute of Biology and Soil Science FEB RAS (VLA); 2—Global
Biodiversity Information Facility database (GBIF) [36]; 3—own archival data of geobotanical
relevés and occurrences points sampled in the field research. To create the models, we
used only those points of P. jezoensis presence that belong to P. jezoensis subsp. jezoensis, i.e.,
not including P. jezoensis subsp. hondoensis, whose relict populations are isolated from the
contiguous range of this species in the mountains of central Honshu.
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Figure 1. Topography map of the region (a), the built species distribution model of Picea jezoensis
(Siebold & Zucc.) Carriére represented as a probability map; black dots indicate presence points in
the model train (n = 479) (b).

The presence of points outside the natural distribution area (forest plantations on the
islands of Hokkaido and Sakhalin) and in urbanized areas (gardens, parks) was excluded
using high-resolution satellite images. A filtering algorithm was then applied to remove
presence points located closer to each other than 2 km apart. The algorithm was imple-
mented using the geopy package [37]. We then calculated the average nearest neighbor
index implemented in the ArcMap 10.8 program [38] for the remaining data which com-
pares the observed average distance between all presence points to the expected distance for
a set of evenly distributed points. If the index is less than 1, the pattern exhibits clustering;
if the index is greater than 1, the trend is toward dispersion or competition. Thus, we
managed to avoid significant data imbalance effects when one region could be represented
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by a disproportionately large number of presence points. As a result, 479 unique points of
species presence were used in the modeling (Figure 1b). The number of pseudo absence
points randomly placed throughout the simulation area was estimated to be 2 times greater
than the number of presence points.

2.3. Climatic Data

To model the distribution of P. jezoensis, we used the 5 most informative bioclimatic
indices from a set of more than 30 indices provided by [39,40]: Kira’s warmth index
(WKI, the sum of average monthly temperatures above +5 °C), which showed the highest
contributions to the distribution of P. jezoensis vegetation in Northeast Asia; Kira’s coldness
index (CKI, the sum modulo of average monthly temperatures below +5 °C); the index of
continentality (IC, difference between annual maximum and minimum average monthly
temperatures); the rain precipitation index (Pp, the amount of precipitation during the
period with positive average monthly temperatures); and the snow precipitation index (Pn,
the amount of precipitation in the period with negative average monthly temperatures) [40].
We conclude that it is better to choose a few predictors with a clear biological interpretation
than to select a slightly optimal subset of predictors that have an implicit or unclear impact
on species distribution [11].

Preconditions checked before training the classifier included a multicollinearity check
of selected bioclimatic indices using NumPy package for Python [41] and the “omcdiag”
function from the mctest R-package [42]. The combination of selected bioclimatic indices
led to significantly different than zero values of the determinant of the covariance matrix
(p < 0.05). The index values were calculated from monthly mean temperatures and total
precipitation data provided in the WorldClime v.1.4 [23] with a spatial resolution of 30 arc-
seconds (~0.0083°), which were extracted from the source data files using the Geospatial
Data Abstraction Library [43]. Similar data presented in the MIROC-ESM [25,26] and
CCSM4 [27] climate models were used to reconstruct the climatic situation during the LGM
and MHO and to forecast the climatic situation for the year 2070. Prognostic modeling was
performed in accordance with two global climate change scenarios: 1—RCP2.6 implies an
increase in the average planetary temperature of 0.3-1.7 °C by 2100 [28]; 2—RCP.5 implies
an increase of 2.6—4.8 °C [29].

2.4. Model Building

The formal side of SDM consists in finding nonlinear relationships between species
distribution and bioclimatic parameters. To handle this problem, we chose the Random
Forest (RF) machine learning method implemented in the Python programming language in
the Scikit-learn package [44]. We selected RF as a method to build the models following the
results of several studies indicating that RF may be more applicable in predicting the native
potential distribution of species with sufficient species occurrence data [45,46]. Scikit-learn
is a general-purpose machine learning package focused on rapid prototyping, validating,
and deploying supervised and unsupervised learning models. It is widely used in the data
science world and allows researchers to formulate the process of building SDMs at a high
level of abstraction. Using Scikit-learn, the SDM creation process is expressed as a piece
of code in Python programming language, which efficiently performs all the necessary
steps related to machine learning model development, such as feature engineering and
feature selection, training, and model testing phases. We used a grid search cross-validation
procedure to find the optimal subset of RF hyperparameters. As a result, optimal values
for the configuration parameters of the RF algorithm were found to be equal to the values
used in similar models [47]. The optimal number of random trees was found to be equal to
100 and the maximum tree depth was limited to 10. The remaining RF parameters were set
to their default values.

The constructed model was evaluated using the continuous Boyce index [48], which
is calculated using only species presence points, based on 100 iterations by randomly
dividing the original spatial data set into training (3/4 points) and test (1/4 points) data



Forests 2023, 14, 219

6 of 16

sets. Using the continuous Boyce index to assess model quality is preferable to using ROC
AUC because it is based solely on empirical data on the location of species sites, without
reference to pseudo presence points [49].

We evaluated the contribution of each of the five predictors to the final model using
the “feature_importances” attribute [50] implemented for the RF from Scikit-learn [44].

The result of applying the trained classifier to climatic data is a probability map (from
O0—presence is unlikely to 1—the maximum probability of presence) of habitat suitability for
P. jezoensis. For practical purposes, such as calculating the area of territory that a species can
potentially occupy, we represented the probability maps in binary form, namely “species
absent” (0) or “species present” (1). Binary probability maps require finding the optimal
threshold value. If the probability in each point exceeds the threshold value, we convert it
to 1 and treat it as a “species presence” point. Otherwise, the probability value is converted
to 0 and the corresponding point is considered a “species absence” point.

To estimate the optimal threshold value, we considered the problem of maximizing
the mean value of maxSSS [51], calculated based on 100 random splits of the original spatial
data set into training (3/4) and test (1/4) data sets. A similar optimization issue was noted
when compared to actual skill statistics and the F1 score metric (a measure of accuracy, the
harmonic mean of precision and recall). To verify the obtained optimal threshold value, we
used an expert approach [51,52]. Based on computational experiments, we concluded that
the optimal maxSSS yield values for the P. jezoensis distribution maps are consistent with the
expert evaluation. Binarization using an optimal threshold calculation is a convenient way
of quantification, but this approach is not the only one possible; the overall interpretation
of the ranges is also important [11]. To this end, we created potential distribution maps
with probability levels of 0.4-1 and 0.2-0.4.

Thus, the process of creating the SDM using the RF classifier consisted of the following
phases: (1) collection of P. jezoensis occurrence data; (2) data preprocessing (removal of duplicates,
local equalization of point density, generation of pseudo-absence points); (3) applying recursive
feature elimination and expert-based feature selection; (4) grid search for the best set of model
parameters (number of trees, tree depth, available trees building criterion); (5) finding the best
threshold value (by maximizing maxSSS and expert-based approach); and (6) applying the
model to past, present, and future climatic data to result in interpretation.

Finally, we calculated response curves for each model predictor. Response curves are
essentially smooth estimates of the modeled probability of species occurrence for a fixed
value of a particular predictor. Higher values on the response curves correspond to a higher
probability of species occurrence and suitability of climate.

All distribution maps were built in ArcMap 10.8. The relief map was drawn using
elevation data from the Shuttle Radar Topography Mission (SRTM) [53].

3. Results

Verification of decision trees by cross-validation of the obtained models of the modern
distribution of P. jezoensis showed high predictive accuracy. The continuous Boyce index
value for all models was 0.99, indicating their high prognostic abilities; the AUC value was
0.89 £ 0.004; the maxSSS was 1.696 £ 0.179; and the accuracy was 0.932 £ 0.019. Using the
five selected bioclimatic factors as predictors, the most important predictors are related to
moisture rather than temperature. The absence of strong differences in the contribution of
the factors generally indicates their common high importance in constructing the model
(Table 1).

The binarization probability level according to the maxSSS optimal threshold value
is 0.43. The climatic ranges of P. jezoensis distribution correspond well to the species dis-
tribution from ground-based data. A comparison of the distribution model of P. jezoensis
(Figure 1) with expert range maps of the species shows a high degree of agreement, thus
allowing the model of the current climatic range of the species to be used for retrospective
and predictive modeling. The inferred climatic ranges of P. jezoensis distribution corre-
sponded well to the distribution maps of the species derived from ground-based expert
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surveys (Figure S1) [16,18,35]. Cartographic models of the area potentially suitable for P.

jezoensis for different climatic conditions are shown in Figure 2.

Table 1. Importance of the climatic predictors in the Random Forest model.

Model Predictor Importance (Mean =+ SE, n = 100)
Pp 0.234 £ 0.010
Pn 0.234 £ 0.009
WKI 0.210 £ 0.005
CKI 0.164 £ 0.003
IC 0.158 £ 0.001

Pp—annual precipitation in the months with the positive mean temperature; Pn—annual precipitation in the
months with the negative mean temperature; WKI—Kira’s warmth index; CKI—Kira’s coldness index; IC—index
of continentality.
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Figure 2. Potential distribution of Picea jezoensis (Siebold & Zucc.) Carriére built using the MIROC-
ESM and CCSM4 climatic models under the Last Glacial Maximum (LGM), the mid-Holocene
Climatic Optimum (MHO), and 2070 RCP2.6 and RCP8.5 scenarios; red crosses indicate the central
geographical points of the predictable distributions.
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The potential distribution area of P. jezoensis is estimated at 513,000 km? in current
climate conditions. Quantification of the climatically suitable area of P. jezoensis in the
LGM, the MHO, and climate projections for the year 2070 are shown in Table 2. Both the
MIROC-ESM and CCSM4 climate models showed similar trends in past and future climatic
range patterns but provide different quantitative areal estimates. Based on the MIROC-ESM
climate model, the potential area of suitable climate conditions of P. jezoensis was predicted
to be the highest in the 2070-year RCP2.6 scenario and lowest in the MHO (Table 3). Based
on the CCSM4 climate model, the potential area of suitable climate conditions of P. jezoensis
was predicted to be the highest in the 2070-year RCP8.5 scenario and lowest in the MHO.
In addition to reflecting similar trends in bioclimatic ranges, the two models are different
from each other in terms of quantitative areal estimates: the MIROC-ESM predicted area is
significantly (~100,000 km?) smaller than that of CCSM4 (Figure 2).

Table 2. The potential area (km?) of highly suitable climate conditions of Picea jezoensis (Siebold
& Zucc.) Carriere.

Scenario CCSM4 MIROC-ESM
LGM 546,250 * 456,471
MHO 494,278 322,155

RCP2.6 614,347 * 581,760 *
RCP8.5 625,076 * 483,805

* Asterisks indicate an increase in the potential area in comparison to the current distribution.

Table 3. The estimation of the overlapped area with the LGM time to the 2070-year climate condition.

Climate Model Scenario MIROC-ESM
RCP2.6 18,293
MIROC-ESM RCP85 4480
RCP2.6 54,725
CCSM4 RCP85 20,416

During the LGM, the main part of the species range was located much further south
than today at 35-45° N. Projections for the MHO indicate a retreat from southern territories
and northward expansion with a distribution center shifted to 45-55° N.

The SDMs of P. jesoensis from the LGM to the year 2070 superimposed on each other
revealed the geographical locations where P. jezoensis always had favorable conditions.
The intersection of potential areas occupied by this species in different periods showed
the location of long-term stable refugia. Overlapping climatic ranges at different times
showed that the Changbai Mountains, the central parts of the Japanese Alps, the Hokkaido
mountains, and the Sikhote-Alin Mountains were the areas where P. jezoensis persisted over
time. These mountain areas indicate the existence of long-term stable refugia (Figure 3)
that deserve the highest priority in the conservation of the P. jezoensis gene pool and are
expected to be represented by the most ancient populations.
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Figure 3. Overlay of Picea jezoensis (Siebold & Zucc.) Carriere potential distribution models of the
four-time frames LGM-MHO-Current-Future follow the projected state of the MIROC-ESM and
CCSM4 models and the RCP2.6 and RCP8.5 scenarios for the year 2070.

4. Discussion
4.1. Model of Current Distribution

In the continental part, P. jezoensis has an almost continuous range along the Pacific
coast of Eurasia from 40 to 50° N. The ranges most distant from the seacoasts correspond
to the Lesser Khingan Ranges and the Tukuringra Range. The climatic model predicted
suitable areas for this species as relict isolated populations in the mountainous region of
the Korean Peninsula, for the northern part of which there are only literature indications
on the presence of P. jezoensis [54], but the presence points were absent in these locations
according to our modeling protocols. Non-zero presence probabilities of P. jezoensis were
obtained for several areas in South Korea, such as Mount Seorak (38.12° N, 128.46° E) and
Mount Odae (37.80° N, 128.53° E), for which we had no presence points, but the P. jezoensis
distribution is known from literature data [54]. On the other hand, the sensitivity of our
model was not sufficient to predict the southernmost point of occurrence of P. jezoensis on
Mount Jiri (35.33° N, 127.73° E).

Although we excluded the presence points of P. jezoensis subsp. hondoensis in central
Honshu from the analysis, the mountainous areas where this taxon is commonly found
were marked with a non-zero probability of presence. This region supports conditions
for the existence of many other rare conifer taxa isolated from the main range besides
P. jezoensis, for example, Pinus koraiensis Siebold & Zucc. [47].

4.2. Reconstructed Distribution in the LGM

The LGM climate in the region was characterized by lower temperatures and an
arid environment [55]. Fundamentally different climatic conditions and different land
contours during the sea level regression were reflected in a different distribution of biomes
and their constituent species [56]. The MIROC-ESM and CCSM4 climate models provide
generally similar climatic ranges of P. jezoensis during the LGM, with the main part of the
species range located much further south than today, at 41-42° N. In addition to reflecting
similar trends in bioclimatic extent, the two models are very different from each other:
the MIROC-ESM predicted area is significantly smaller than that of the CCSM4. The
climatically suitable area for the species according to the MIROC-ESM is somewhat smaller
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and the CCSM4 is somewhat larger than the area of the modern climatic range. It should
be considered that the total land area during the LGM was higher due to marine regression.
In particular, the CCSM4 model predicts the area between modern Hokkaido and Sakhalin
(the Soya Landbridge) as a climatically suitable area. The seabed in the form of coastal
plains represented additional habitats [57].

According to the CCSM4 model, areas with suitable bioclimatic conditions for
P. jezoensis up to 50° N were preserved along the coast of the Sea of Japan, the eastern
slopes of the Sikhote-Alin Mountains, and the western coast of Sakhalin Island. In the
MIROC-ESM model, the northern limits of the climatically acceptable area for the species
are located much more south. Although vegetation reconstructions [56] carried out for
the area north of 45° N imply the presence of sparse larch forests (tundra-like vegetation)
and the landscape complex supporting the mammoth tundra—steppe vegetation [58,59], P.
jezoensis is recorded in the palynological spectra of Sakhalin and Northeastern Hokkaido
during the LGM [60,61]. At the same time, Picea (probably P. jezoensis) pollen is recorded in
the Lake Khanka area (45° N 132° E) [62]. The continental regions of Northeastern China
had an arid climate and, judging by pollen surveys, supported forest-steppe and shrub-
steppe vegetation. Herbs expanded rapidly, dominated mainly by Poaceae. During the
LGM, the forest in the northern part of Northeast China was relatively open and dominated
by larches. Forests composed of birch, pine, and alder have developed in the Changbai
Mountains [63]. Vegetation structure in areas with less arid climates closer to seacoasts was
clearly more complex than in homogeneous larch forests, and areas of light coniferous taiga
were interspersed with refugia of dark coniferous taiga [64], and the overall vegetation
heterogeneity was supported by ample populations of megafauna [65].

The range of P. jezoensis was located much farther south in the climatic conditions of
the LGM than at present (Figure 2). On the contrary, the current isolated area of P. jezoensis
on the mainland in the central part of Kamchatka corresponds with the minimal influence
of the sea within the whole peninsula, and in this zone, the so-called “coniferous forest
island” is formed. Populations of P. jezoensis in Kamchatka are thought to be relict and
have been preserved in this area since past warm epochs when the distribution area of P.
jezoensis included the entire coast of the northern Okhotsk Sea. The time of isolation of the
Kamchatka population of P. jezoensis is estimated to be more than 400 thousand years [32].
However, both models do not predict the preservation of climatic refugia of P. jezoensis in
central Kamchatka, even though there is no doubt about the preservation of the species
in this area since the interglacial period. According to [34], the Kamchatka Peninsula
population of P. jezoensis was part of the mainland Asian range and separated during the
mid-Pleistocene. We explain this by the insufficient accuracy of model reproduction for
remote and sparsely populated areas of Northeast Asia.

The genetic structure of P. jezoensis on the mainland is closer to the population in the
northern part of Sakhalin Island [35]. The southern part of the island is closer to Hokkaido
Island, which was settled from the mainland by land bridges in the mid-Pleistocene.
Analysis of microsatellite loci indicates that P. jezoensis populations in southern Sakhalin and
Hokkaido have passed through a series of bottlenecks [35]. In the context of our modeling
data, this clearly signals the existence of isolated refugia in Sakhalin and Hokkaido during
the LGM period, as confirmed by palynological studies [60,61,66].

4.3. Reconstructed Distribution in the MHO

The MHO in the region was characterized by a higher temperature compared to the
present, which was reflected in the expansion of mixed stands of the main plant species, in-
cluding more thermophilic taxa, as evidenced by palynospectrum imprints [67,68]. Changes
in climatic conditions in the region from the LGM to the MHO were accompanied by the
transformation of natural complexes and changes in the boundaries of the main vegeta-
tion types. Warming and increased precipitation were accompanied by the northward
expansion of the forest-forming species of the dark coniferous forests from more southern
latitudes and isolated refugia. Simultaneously with the poleward expansion, populations
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disappeared in the southern part of the range, where boreal and mixed forest ecosystems
were replaced by more thermophilic vegetation [66,68,69].

The MIROC-ESM and CCSM4 models for the MHO climates predict smaller areas
of P. jezoensis ranges than those under modern climates (Table 3). Both models show that
in the MHO, the zone of a continuous distribution of P. jezoensis in mainland Northeast
Asia was restricted to the southern Sikhote-Alin Mountains in the south, and the mountain
ranges of North Korea and Northeast China (the Changbai Mountains) represented refugia
separated from the main range. Palynological data from the southern Sikhote-Alin Moun-
tains show that P. jezoensis did not disappear from plant communities during the LGM,
but the proportion of pollen from this species was significantly lower than at present and
was higher in broadleaved species [70,71]. In the island part of the region, the MHO was a
period of a significant decrease in P. jezoensis pollen and an increase in the proportion of
Quercus mongolica Fisch. ex Ledeb. s.1. pollen [61,66]. In the MHO time, relict populations
of P. jezoensis subsp. hondoensis on Honshu and isolated populations of P. jezoensis in the
mountains of the southern part of the Korean Peninsula have formed. At the same time,
warmer climatic conditions in Kamchatka facilitated the spread of P. jezoensis from refugia
preserved in the LGM [34,35].

4.4. Predicted Distribution in the Year 2070

RCP models ensure an increase in the temperature and precipitation balance de-
pending on the concentration of greenhouse gases in the atmosphere. According to the
optimistic scenario RCP2.6, the temperature increase by 2100 will be 2 °C, and according to
the scenario RCP8.5 by 5 °C [28,29].

All scenarios and climate models for the year 2070 envisage more dramatic changes
in the range of P. jezoensis than those that have occurred from the MHO to the present.
In the RCP2.6 scenario, both the MIROC-ESM and CCSM4 project growth in areas of
optimal climatic conditions. Areas in much of Kamchatka and along the coast of the Sea of
Okhotsk will be suitable for the species. At the same time, a continuous area of climatically
acceptable habitats in the southern part of the species range on the continent will disappear.
A further reduction of potentially suitable areas will also occur in the extreme south of
the species range, in the mountains of the southern Korean Peninsula [72,73]. Effects
of climate change on coniferous tree species in the region have been observed [74-78].
Dendrochronological methods revealed a decline in the annual growth of P. jezoensis in
China and Korea since 1980 in the lower elevations of the Changbai Mountains [79]. At
the same time, an increase in the width of annual tree rings was observed in the higher
elevations, as well as an extension of the length of the growing season.

Warming under the RCP8.5 scenario would result in an even more significant change
in the contours of potentially suitable habitat for P. jezoensis, but while the projected area of
the CCSM4 model would be higher than the current one, the MIROC-ESM model would
reduce the final area of climatically suitable habitat.

Nevertheless, even the realization of the most pessimistic climate change scenarios
will not cause the extinction of mainland populations in the Pektusan region (the southern
face of the Changbai Mountains), which has an uninterrupted history since the LGM, and
will not cause the complete disappearance of refugia in central Japan, although it will
greatly reduce them.

The overlay of climatically acceptable areas for P. jezoensis from the LGM to the year
2070 shows that such areas are extremely small. Even the pessimistic RCP8.5 scenarios
do not foresee the complete disappearance of P. jezoensis habitats from the Changbai
Mountains, where populations of this species have existed continuously since the LGM.
In the CCSM4 model, such areas of long-existing P. jezoensis include, in addition to the
Changbai Mountains, central and southern parts of the Sikhote-Alin Mountains, partially,
Hokkaido, southern Sakhalin, and southern Kurils (Figure 3).



Forests 2023, 14, 219

12 of 16

4.5. Implications for Conservation and Management

It should be noted that modeling methods provide a probabilistic assessment of
potential niches in terms of climate. Species distributions are affected by competition,
dispersal, niche size, and environmental conditions in space and time [80]. Natural shifts
in vegetation distribution may take longer because they depend on, among other things,
the availability of diaspores, competitive relationships between plants, and local factors
of a particular habitat [81,82]. At the same time, predictive models must always consider
not only the extent of suitable habitats but also the rate of species distribution expansion,
which is usually much slower than global climate change. The use of modeling techniques
provides insight into trends in the general state of populations, allows planning of the
conservation risks of P. jezoensis within the current range, and builds a systematic concept
for creating forest crops and establishing forest plantations outside the current distribution
of the species, with respect to expected climate changes [13,83,84].

To preserve the genetic diversity of P. jezoensis and intraspecific taxa, it is advisable
to think about establishing plantations in places where the climate will be acceptable in
the long term and in the context of projected changes. Forestry must take climate trends
into account when establishing new plantations of P. jezoensis. Establishing artificial forest
stands of this species in the southern part of its range against the background of a changing
climate appears to be a bad decision, while a deeper introduction of this species into forestry
practices could be a very prudent decision for areas of Northeast Asia where P. jezoensis
does not currently grow in natural ecosystems.

The departure of P. jezoensis populations from the optimal climate zone will not
cause their one-step extinction but will determine a trend towards gradual extinction by
increased tree elimination due to bacterial diseases, fungal diseases, limitation of natural
regeneration processes, drought, and fires accompanying drought. Within the study region,
the previously unknown occurrence of bark beetle outbreaks took place in the Sakhalin
and Kauril Islands as a result of massive windthrows in spruce and fir forests [85-87].

Due to the genetic diversity found in the populations of the species [32-35] and in
order to preserve it, it is necessary to create stands of P. jezoensis from those places where
the extinction of species is assumed. Such work cannot be carried out within one country
and will require the consolidation of the efforts of all the states of Northeast Asia into a
common project. The genetic structure of local populations of P. jezoensis in the mainland
part of the species range has not been sufficiently studied, in contrast to detailed studies
on the Japanese islands. First, it is of interest to collect materials from the boundaries of
the modern distribution of the species on the Sikhote-Alin Mountains, the Lesser Khingan
Mountains, the Tukuringra Range, and the southern Kurils.

5. Conclusions

SDMs of P. jezoensis built in this study are based on five bioclimatic factors and
considered the distribution of climate continentality, heat balance throughout the year, and
precipitation in warm and cold periods. The area of current suitable climatic conditions for
P. jezoensis is estimated at more than 500,000 km?. The MIROC-ESM and CCSM4 climate
models for retrospective and predictive modeling provide slightly different estimates of
potential range but describe similar trends in species range shifts.

We identify areas in the Changbai Mountains (China, North Korea) and the Sikhote-
Alin Mountains (Russia) as long-term climatically stable P. jezoensis refugia from the LGM
to projective climate conditions of the year 2070 under the scenario RCP8.5. These areas
could be prioritized for the in situ conservation of species populations. In addition to its
ecosystem role, P. jezoensis is also an economically important species, so the obtained results
should also be applied in forestry planning. Potentially favorable climatic areas in the
northern parts of Northeast Asia according to the obtained models should be considered
and used as places for establishing artificial forest stands of P. jezoensis in the future. A
reforestation process using P. jezoensis and commercial planting does not have long-term
perspectives in more southern areas.
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