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Abstract
Holocene climate warming has dramatically altered biological diversity and distributions. Recent human-induced
emissions of greenhouse gases will exacerbate global warming and thus induce threats to cold-adapted taxa.
However, the impacts of this major climate change on transcontinental temperate species are still poorly under-
stood. Here, we generated extensive genomic datasets for a water strider, Aquarius paludum, which was sampled
across its entire distribution in Eurasia and used these datasets in combination with ecological niche modeling
(ENM) to elucidate the influence of the Holocene and future climate warming on its population structure and demo-
graphic history. We found that A. paludum consisted of two phylogeographic lineages that diverged in the middle
Pleistocene, which resulted in a “west–east component” genetic pattern that was probably triggered by Central
Asia-Mongoxin aridification and Pleistocene glaciations. The diverged western and eastern lineages had a second
contact in the Holocene, which shaped a temporary hybrid zone located at the boundary of the arid–semiarid regions
of China. Future predictions detected a potentially novel northern corridor to connect the western and eastern po-
pulations, indicating west–east gene flow would possibly continue to intensify under future warming climate con-
ditions. Further integrating phylogeographic and ENM analyses of multiple Eurasian temperate taxa based on
published studies reinforced our findings on the “west–east component” genetic pattern and the predicted future
northern corridor for A. paludum. Our study provided a detailed paradigm from a phylogeographic perspective
of how transcontinental temperate species differ from cold-adapted taxa in their response to climate warming.

Key words: aridification, climate warming, Eurasia, transcontinental temperate species, hybrid zone, Pleistocene
glaciations.

Introduction
After the last ice age ended, our planet entered a period
with a stable, warm climate during the Holocene
(Dansgaard et al. 1993; deMenocal et al. 2000). This warm-
ing climate has accelerated under human-induced green-
house gas emissions since the mid-20th century, which

has resulted in a worldwide threat to biodiversity
(Omann et al. 2009). Many studies have shown that global
warming has already increased the risk of extinction, espe-
cially for cold-adapted taxa that are sensitive to environ-
mental changes (Lorenzen et al. 2011; Cooper et al. 2015;
Fedorov et al. 2020; Louis et al. 2020). In contrast,
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transcontinental temperate species are expected to have
a greater tolerance to warmer temperatures and there-
fore might be more flexible in their responses to climate
warming (Gottfried et al. 2012). Temperate species with
broad distributions usually have distinct intraspecific,
phylogeographic lineages that are likely to have wider
ecological breadths; hence, they might be able to cope
with a broader range of temperature shifts and even ex-
pand their ranges under future warming climate condi-
tions, which would potentially lead to hybridization
among phylogeographic lineages (Bolnick et al. 2011;
Ye, Chen, et al. 2020). An informative approach for pre-
dicting the biological consequences of ongoing global
warming in the near future is to investigate the impacts
of future climate scenarios on species through ecological
niche modeling (ENM), in which the suitable climatic en-
velope of a species is modeled from species occurrence
records and climate data before being projected across
space and/or through time (Capblancq et al. 2020).
Moreover, population genetics has been used to reveal
genetic architectures, such as genetic diversities, popula-
tion structures, and demographic histories, and such data
have been used to evaluate the genetic responses to cli-
mate warming for many cold-adapted species (e.g.,
Theodoridis et al. 2018; Fedorov et al. 2020; Louis et al.
2020). However, compared with the cold-adapted taxa,
there are still few case studies that have been performed
to study the responses of transcontinental temperate
species to climate warming by combining ENM and
population genetics.

Eurasia is a supercontinent that joins the European
and Asian continents and accounts for �36.2% of Earth’s
total land area (Usoltsev et al. 2020). This supercontinent
has experienced drastic climate changes since the
mid-Miocene Climatic Optimum (Zachos et al. 2001),
when Central Asia was transitioning to an arid environ-
ment. Thereafter, the arid conditions of Central Asia con-
tinued during the Pleistocene (Favre et al. 2015). The
expanded aridification in the vast interior of the supercon-
tinent from the mid-Miocene has gradually split this
giant landmass into west–east differentiated continents.
Furthermore, Pleistocene glaciation cycles began at
�2.58 Ma, which led to cooler and drier conditions
throughout the vast interior of Eurasia (Favre et al.
2015). These two major climate events significantly im-
pacted Palaearctic biotas, which resulted in a “west–east
component” genetic pattern for some Eurasian temperate
organisms, such as birds (e.g., Pica pica, Song et al. 2018),
mammals (e.g., Meles meles, Marmi et al. 2006), and inver-
tebrates (e.g., Argiope bruennichi, Krehenwinkel et al.
2016). However, as the temperatures have begun to rise
since the Holocene, it remains unclear whether transcon-
tinental genetic exchanges could occur between the west-
ern and eastern phylogeographic lineages and whether
such hybrid zones are associated with secondary contact.
One of the constraints for further studies of this hypoth-
esis is that the conclusions from recent phylogeographic
studies of Eurasian temperate species have mainly relied

on mitochondrial DNA. Due to the maternal inheritance
of mitochondria, the genetic information contained in
mitochondrial DNA cannot fully represent the evolution-
ary history of both parents, which might ignore the discov-
eries of hybrid populations and bias inferences on the true
complexity of demographic histories (Andrews et al. 2016;
Hinojosa et al. 2019; Ye, Yuan, et al. 2020). Recent develop-
ments in high-throughput sequencing techniques have
provided the ability to identify genetic structures and hy-
bridization at an unprecedented level, assess demographic
histories with much greater robustness, and identify candi-
date loci under divergent natural selection in nonmodel
taxa (Andrews et al., 2016). These advancements will great-
ly enhance our understanding of the underlying phylogeo-
graphic mechanisms that are involved in shaping the
“west–east component” genetic pattern of Eurasian tem-
perate species.

Aquarius paludum (Fabricius), a semiaquatic insect,
has a wide distribution in the low and middle latitudes
(1–50°N) of Eurasia, where it is geographically distributed
from western Europe (England) to East Asia (Japan), which
is typical of transcontinental temperate species (Andersen
1990). There are no significant color or size differences and
no specific differences in the male genital structures
among the specimens from western Europe and East
Asia, which justify its consideration as a widespread
Eurasian species (Andersen 1990). It prefers lentic habitats
and has often been recorded in large stagnant water bod-
ies, such as ponds, canals, slow-flowing stretches of rivers,
lakes, rain pools, and paddy fields (Andersen 1990; Chen
et al. 2005; Cianferoni and Mazza 2012). Most individuals
are macropterous and can disperse over relatively great
distances. A molecular phylogenetic analysis of the A. pa-
ludum group that involved multiple individuals of A. palu-
dum using a 425 bp COI gene fragment suggested that A.
paludum consisted of two genetic lineages that corres-
pond to the western and eastern regions of its distribution
range (Damgaard and Zettel 2003), which was consistent
with the “west–east component” genetic patterns found
in other Eurasian temperate organisms (e.g., Marmi et al.
2006; Wu et al. 2015; Krehenwinkel et al. 2016; Fields
et al. 2018; Song et al. 2018). In addition, a physiological
and behavioral study established that A. paludum could
change its reproductive and dispersal characteristics in re-
sponse to climate warming (Harada et al. 2013). These
findings make A. paludum an ideal case study for examin-
ing whether climate warming since the Holocene is an im-
portant driver for promoting west–east communication in
this transcontinental temperate species.

In the present study, we adopted comprehensive sam-
pling and generated a variety of datasets to test this hy-
pothesis. We used a combination of mitochondrial
fragments (COI+COII), whole mitochondrial genome
(13 mitochondrial protein-coding genes, PCGs), double-
digest restriction site-associated DNA sequencing
(ddRAD-seq), and whole-genome sequencing (WGS) to in-
fer population structure and demographic history, where-
as searching for outlier loci associated with lineage
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differentiation of A. paludum. We then utilized morpho-
logical diagnostic characteristics and climatic variables to
examine differences in external morphology and to quan-
tify niche comparisons between the divergent lineages.
Finally, we conducted phylogeographic and ENM analyses
of multiple Eurasian temperate taxa based on the novel da-
taset and published studies to reveal phylogeographic pat-
terns and simulated their responses to future climate
warming under minimum and maximum greenhouse gas
emission scenarios.

Results
Mitochondrial DNA Sequencing
A total of 1,280 bp of the mitochondrial PCGs were ob-
tained from 390 individuals, including segments of the
COI (647 bp) and COII (633 bp) genes. The mitogenome
contained 13 typical mitochondrial PCGs, and the lengths
of the mitochondrial PCGs ranged from 156 bp (ATP8) to
1,713 bp (ND5). The concatenated matrix of the 13 mito-
chondrial PCGs included 10,960 aligned nucleotide sites
representing 112 individuals from 22 populations.

Nuclear SNP Calling
For the ddRAD-seq dataset, 249 individuals were se-
quenced, which resulted in 1,375,147,138 raw reads. The
number of reads that were mapped to each individual ran-
ged from 1,494,153 to 22,973,092, with an average of
5,522,679 reads per individual. A total of 1,364,149,347
clean reads were retained after the low-quality reads
were filtered out. The ddRAD_95 SNPs dataset contained
1,179 ddRAD-seq loci, 32,114 SNPs and 2.98% missing sites,
from which 1,179 unlinked SNPs were randomly selected
and constituted the ddRAD_95 USNPs dataset (generated
by ipyrad software). For the whole-genome sequencing da-
taset, themapping of 21 resequenced data points to the ref-
erence genome of Gerris buenoi resulted in an average
depth and breadth of coverage of 7.16 and 99.4%, respect-
ively, with an average mapping rate of 44.2%. We finally
identified a total of 510,262 high-quality SNPs after filtering.

Genetic Polymorphism, Population Genetic
Structure, and Mantel Test
The measures of genetic polymorphisms including HO, HE,
and πS estimated based on the 32,114 SNPs of the
ddRAD_95 SNPs dataset are shown in supplementary
table S5, Supplementary Material online. The πS value
was higher in the eastern lineage, whereas the HO and HE

values of the western lineage exhibited relatively high het-
erozygosities. Our BayeScan analysis identified 74 outlier
SNPs that had significantly elevated FST values
(supplementary fig. S2, Supplementary Material online),
and we removed them and therefore retained the 1,105
neutral SNPs for the downstream analyses. In the
STRUCTURE analysis, the plot ofΔK against a range ofK va-
lues (from 1 to 10) revealed a distinct peak at K= 2 (fig. 1).
Two genetic lineages, a western lineage (i.e., AZER, BGLY,

BKKL, DKZE, ELSR, FRAN, GEOR, ITAJ, SWRA, LMNS,
UZBK, XJAL, and NMBT) and an eastern lineage (i.e.,
HLQQ, SXWN, SCMY, HNBS, LBLB, THAN, TWYT, GZQN,
FJXM, YNTC, and ZJZS), were revealed. The NMBT and
HLQQ populations exhibited heterozygosity that incorpo-
rated the western and eastern lineages (fig. 1). The combin-
ation of admixture clustering using snmf and discriminant
analysis of principal components (DAPC) also allowed us to
identify this fine-scale genetic structure based on the nu-
clear SNPs data (supplementary figs. S3 and S4,
Supplementary Material online). Within their respective
lineages, STRUCTURE analysis determined that K= 3 and
K= 2 were the best-fitting numbers for the western and
eastern populations, respectively (supplementary fig. S5,
Supplementary Material online). For the mitochondrial
data, Bayesian analysis of population structure (BAPS) ana-
lysis identified the two genetic lineages, which was in ac-
cordance with the results based on the nuclear SNPs
dataset (supplementary fig. S6, Supplementary Material
online). However, the hybrid populations (i.e., NMBT and
HLQQ) detected by the nuclear SNPs dataset were not sup-
ported by the BAPS analysis based on the mitochondrial
data, which were both grouped into the eastern lineage
(supplementary fig. S6, Supplementary Material online).
The hierarchical analysis of molecular variance (AMOVA)
results identified significant genetic differentiation when
the populations were divided into two lineages (i.e., west-
ern and eastern lineages) (supplementary table S6,
Supplementary Material online).

The Mantel tests indicated significant correlations be-
tween the genetic and geographic distances (r= 0.6483, P
= 0.001), genetic and environmental distances (r=
0.4226, P= 0.001), and genetic and cost distances (r=
0.5323, P= 0.001) (supplementary fig. S7, Supplementary
Material online). The least cost distances (LCDs) analysis
suggested that the least-cost paths for A. paludum oc-
curred mostly in Europe and East Asia for the current
and future conditions (supplementary fig. S8,
Supplementary Material online). A novel northern disper-
sal corridor between the western and eastern populations
was identified under the maximum greenhouse gas emis-
sion scenario for the year 2070 (supplementary fig. S8,
Supplementary Material online).

Demographic Model Testing
The demographic model selection strongly indicated that
model M6 was the best fit to the observed data
with Akaike information criterion (AIC) weight= 1
(supplementary table S7, Supplementary Material online),
which favored an initial divergence between the western
and eastern lineages with no gene flow, followed by a re-
cent secondary contact with bidirectional gene flows be-
tween the two lineages. All other models were poorly
supported (AIC weights= 3.75147e−84–7.879677e−21,
supplementary table S7, Supplementary Material online).

Point estimates of the demographic parameters for
model M6 were provided with 95% confidence intervals
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(CIs) (fig. 2, supplementary table S8, Supplementary
Material online). The Ne values of the western lineage
(W_Ne= 7,024,866, 95% CIs: 6,285,572–7,764,159) were
much higher than those of the eastern lineage (E_Ne=
549,728, 95% CIs: 491,442–608,014), both of which were
much higher than the estimates for the ancestor of the
two lineages (N0= 5,666, 95% CIs: 4,940–6,393). The esti-
mated mean times indicated that the western lineage first
split from the eastern lineage 383,708 ya (95% CIs:
343,278–424,139 ya), and the two diverged lineages had
a second contact of 2,870 ya (95% CIs: 2,529–3,212 ya).
Estimates of the migration probabilities per generation be-
tween the two lineages were asymmetric, with high prob-
abilities observed for migration of the eastern lineage into
the western lineage at 1.2E−6 (1.1E−6–1.3E−6) and low
probabilities for migration of the western lineage into
the eastern lineage at 3.6E−7 (3.4E−7–3.8E−7).

Historical Demographic Changes
The stairway plot analysis showed that the western and
eastern lineages expanded rapidly 5,000 and 10,000 ya after
the last glacial maximum (LGM), respectively, and eventu-
ally maintained stable effective population sizes until now
(fig. 3a). The pairwise sequential Markovian coalescent
(PSMC) analysis indicated that the demographic history
of A. paludum could be traced back to �1 Ma, and the
western and eastern lineages both experienced similar
demographic histories, which exhibited recent population
declines that were most likely caused by the LGM, which
supports the results of the stairway plot (fig. 3b).
However, when the analysis of the demographic dynamics
accounted for the mitochondrial data, the BSP plots could
not reject population stability since the LGM for the two
genetic lineages (supplementary fig. S9, Supplementary
Material online).

Niche Comparison
The results of Humboldt indicated that both the equiva-
lency test and background test were nonsignificant,
meaning that the occupied environmental spaces of
the western and eastern lineages were not significantly
different (fig. 4a). However, the niche overlap test
(NOT) and niche divergence test (NDT) might be incon-
clusive due to the relatively high potential niche trunca-
tion index of our analyses (PNTI), which suggested that
the measured occupied niche might not reflect the spe-
cies’ fundamental niche due to niche truncation driven
by the limited available E-space and might have led to
the inability to obtain appropriate background data.
Therefore, we further explored the five most informative
climatic variables identified by Humboldt. We found
that the western lineage of A. paludum tended to oc-
cupy habitats with lower temperatures and less precipi-
tation than the eastern lineage (fig. 4b). The hybrid
populations (i.e., NMBT and HLQQ) fell into the inter-
mediate environmental space with respect to the
mean temperature of wettest quarter (fig. 4b). A prin-
ciple component analysis (PCA) of the pooled environ-
mental variables revealed reduced significant
components, thus defining a realized niche space occu-
pied by the two lineages and hybrid populations (fig.
4c). The first three components of the PCA together ex-
plained 92.2% of the overall variance. The first compo-
nent (PC-1) was closely associated with the mean
temperature of the wettest quarter and precipitation
seasonality, whereas the second component (PC-2) was
associated with the precipitation of the driest month
(supplementary table S9, Supplementary Material on-
line). The climate space occupied by the western lineage
departed from that occupied by the eastern lineage
mainly with respect to component 1 (supplementary
table S9, Supplementary Material online).

FIG. 1. Sampling of A. paludum throughout Eurasia for ddRAD-seq analyses and population structure estimated by the STRUCTURE method for
K= 2 based on the ddRAD_95 USNPs dataset (upper right). The sample locations are colored according to the genetic lineages, which are color-
coded by the population structure. Black dotted circles indicate the detected hybrid populations (NMBT and HLQQ). The photographic image
of A. paludum is from a copyrighted website (http://www.biopix.com/).
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Scans for Selection Signatures
In our pcadapt analysis, we detected 5,610 outlier SNPs out
of 510,262 SNPs (1%) by using a false discovery rate (FDR) of
0.05 based on the three cut-off methods (supplementary fig.
S10a and b, Supplementary Material online). The gene
ontology (GO) enrichment analysis identified 57 significant-
ly enriched GO terms (FDR, 0.05) corresponding to 1,293
outlier sequences. These sequences covered a wide range of
functions in biological processes: metabolic process, cellular
process, regulation of biological process, biological regula-
tion, response to stimulus, signaling, localization, cellular
component organization, or biogenesis (supplementary
fig. S1c, Supplementary Material online).

Morphological Cluster
In the PCA of eight morphological characteristics, a visual in-
spection revealed that the two genetic lineages could not seg-
regate with respect to components 1 and 2 (supplementary
fig. S11, Supplementary Material online). The compared box-
plots indicated that the western lineages ofA. paludummales
tended to have wider bodies and slightly shorter seventh ab-
dominal sterna and connexival spines (supplementary fig.
S12, Supplementary Material online).

Phylogeographic and Ecological Niche Analysis of
Multiple Eurasian Temperate Species
The Eurasian temperate species all exhibited deep west–
east differentiation patterns, and the divergence times

between the western and eastern populations occurred
in the Pleistocene (i.e., 0.29–2.27 Ma) (supplementary fig.
S13, SupplementaryMaterial online). For the ENManalyses,
the best-fit combinations of the feature classes and regular-
ization multipliers of the six Eurasian temperate species
were used (supplementary fig. S14, Supplementary
Material online). The niche model exhibited good predict-
ive performance (mean AUC= 0.81–0.92). ForA. paludum,
highly suitable areas were observed in most of Europe, the
Central Asian piedmont across northwestern Xinjiang, the
southern foot of the Himalayas, northern India, and East
Asia (fig. 5). The unsuitable areas were mainly located in
the Central Asia-Mongoxin arid region (“Mongoxin” specif-
ically refers to the region covering Inner Mongolia, Alxa,
Tarim, Qaidam, Junggar basin, and Tianshan Mountains)
and Qinghai-Tibet Plateau (fig. 5). Integrating the current
niche model into the simulated LGM climate conditions
suggested that the potential range of A. paludum con-
tracted greatly toward the south in Europe and East Asia
(below 50°N) (fig. 5). The future predictions suggested
that the highly suitable habitats expanded moderately to
northern Eurasia, thus forming a potentially novel northern
corridor to connect the western and eastern populations,
especially under the maximum greenhouse gas emission
scenario representative concentration pathways (RCP)
8.5 (fig. 5). Under the past and future climate scenarios,
the environmental anomaly area (,0, black area) in the en-
tire potential distribution regionwas small (supplementary
fig. S15, Supplementary Material online). The average

FIG. 2. Reconstruction of the
best-fit demographic model
for A. paludum (Model 6).
The vertical chronological
coordinates are referenced
against the International
Chronostratigraphic Chart
(Cohen et al. 2013). The magni-
fied graph from the LGM to
date indicates the recon-
structed air temperatures
from the GISP 2 Ice core in
Greenland (brown solid line,
Platt et al. 2017). Images of
sun and snowflake showed
that the climate was warm dur-
ing the Holocene and cold dur-
ing the late Pleistocene. N0,
W_Ne, and E_Ne, effective
population size estimates of
the ancestral, western, and
eastern lineages, respectively;
T0, divergence time; T1, contact
time; black arrows represent
relative estimates of the migra-
tion probabilities, with vari-
ation in the arrow size with
magnitude, and the estimated
migration rates (MEW, MWE)
are labeled near the arrow.

Phylogeography of the Eurasian Species Aquarius paludum · https://doi.org/10.1093/molbev/msac089 MBE

5

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/39/5/m
sac089/6575397 by guest on 14 M

ay 2022

http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
https://doi.org/10.1093/molbev/msac089


similarity values of the 212 record points for A. paludum
were .0 under different predicted climate scenarios. The
current suitable areas for the other five Eurasian temperate
species were similar to that of A. paludum, indicating that
the highly suitable habitats weremainly distributed inmost
of Europe and East Asia, together with unsuitable areas
being present in the Central Asia-Mongoxin arid region
and Qinghai-Tibet Plateau (supplementary figs. S16–S21,
Supplementary Material online). After projecting the cur-
rent niche into the LGM historical climate condition, all
six Eurasian temperate taxa exhibited consistently con-
tracted patterns (below 50°N) (supplementary fig. S16,
Supplementary Material online). Under future climate
scenarios, three of the five Eurasian temperate species,
namely, Daphnia magna, Lymantria dispar, and P. pica, ex-
hibited similar or expanded corridors as suitable areas be-
tween the western and eastern regions in northern
Eurasia (supplementary fig. S16, Supplementary Material
online).

Discussion
Central Asia-Mongoxin Aridification and Pleistocene
Glaciations Triggering a “West–East Component”
Genetic Pattern
Our population structure analyses based on a variety of
types of molecular data indicated that A. paludum con-
sisted of two phylogeographic lineages (i.e., western and
eastern lineages), and AMOVA analyses identified strong
genetic differentiation when the populations were divided

into the two lineages. In addition, our selected demo-
graphic model strongly favored an initial divergence be-
tween the western and eastern lineages with no gene
flow, and the divergence between the western and eastern
lineages occurred at 383,708 ya (95% CIs: 343,278–
424,139 ya) in the middle Pleistocene. These results rein-
forced the “west–east component” genetic pattern of A.
paludum, which was consistent with the conclusion from
previous phylogenetic studies using a 425 bp COI gene
fragment (Damgaard and Zettel 2003). We suggest that
this “west–east component” genetic pattern was most
likely caused by habitat fragmentation because of the ari-
dification and climatic cooling during the middle
Pleistocene (i.e., 0.12–0.78 Ma, Cohen et al. 2013). The ar-
idification in the vast interior of Eurasia was mainly caused
by the rapid uplift of the Qinghai-Tibet Plateau and the re-
gression of the Paratethys Sea. In the Late Eocene (i.e., 34–
37 Ma), the collision between the Indian and Asian Plates
caused the uplift of the Tibetan Plateau, which disrupted
the water exchange between Central Asia and East Asia
(Rögl 1998; Hou et al. 2011). Afterwards, as the African
and Indian Plates moved northwards and converged
with the Eurasian Plate, which resulted in the rapid regres-
sion of the Paratethys Sea, aridification appeared in Central
Asia and persisted throughout the Pleistocene (Rögl 1998;
Hou et al. 2011). Meanwhile, a dramatic climate shift,
termed the “mid-Pleistocene revolution” (i.e., 0.9 Ma), oc-
curred in the Pleistocene epoch (Willeit et al. 2019).
Around this time, climate oscillations shifted from the
41,000-year cycles of the earlier Pleistocene to the
100,000-year cycles of the later Pleistocene (Huang et al.

FIG. 3. (a) Historical demographic changes of the two lineages based on the nuclear SNPs data inferred from stairway plots. (b and c) Historical
demographic changes estimated in the PSMCmodel of two individuals (AZER1 and ZJZS9) representing two genetic lineages (western lineage=
thick blue lines, eastern lineage= thick red lines) for A. paludum. Thin lines represent the 95% CIs. The X-axis is the time scale before the present.
The Y-axis is the estimated effective population size. The gray shaded lines indicate the LGM period.
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FIG. 4. (a) Humboldt results including the NOT and NDT; (b) boxplots of the five most important climatic variables (BIO1, BIO8, BIO12, BIO14,
and BIO15) comparing the western and eastern lineages together with their hybrid populations of A. paludum. Values significant at P, 0.001 are
marked with asterisks; (c) PCA of five climatic variables associated with the occurrence of the two lineages and their hybrid populations of A.
paludum.
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2005). The later cycles were characterized by the increasing
severity and duration of cold and dried climates, thus in-
tensifying the aridification of Central Asia, and they were
thought to have had profound impacts on the biota, espe-
cially in Eurasia (Head and Gibbard 2005). For instance, a
major faunal turnover was detected in Europe and East
Asia around the time of the climate transition (Wang
et al. 2000; Palombo et al. 2005).

This “west–east component” genetic pattern was fur-
ther supported by our phylogeographic analyses using
multiple Eurasian temperate species. All six Eurasian tem-
perate species exhibited consistent and deep west–east
differentiation patterns, and they were likely isolated by
the broad Central Asia-Mongoxin arid region. The esti-
mated divergences between the western and eastern po-
pulations all occurred in the Pleistocene (i.e., 0.29–
2.27 Ma), and it is likely that these species would have
been affected by the Pleistocene glaciations and forced
to migrate into the southern warmer refuges, which fur-
ther limited gene flow between the western and eastern
populations and deepened the “west–east component”
genetic pattern. Although we could not test this hypoth-
esis by using ENM analysis due to a lack of paleoclimatic

data for the early and middle Pleistocene, the potentially
suitable areas we simulated under the LGM in the late
Pleistocene might provide analogous evidence, thus indi-
cating that the suitable areas for all six Eurasian temperate
species contracted greatly toward the southern refuges
(i.e., below 50°N) in western Europe and East Asia during
the LGM period. Combined with the above analyses, we
suggest that the broad, arid habitats of Central
Asia-Mongoxin acted as an isolating barrier together
with the cold, dry climate in the Pleistocene inducing west-
ern and eastern population divisions for the Eurasian tem-
perate species, which finally shaped a “west–east
component” genetic pattern.

ClimateWarming Since the Holocene Shaped a Novel
Northern Corridor to Promote West–East Gene Flow
The level of climate warming is predicted to dramatically
alter the spatial distribution of global biodiversity
(McGaughran et al. 2021). For example, cold-adapted
Arctic taxa would move toward the poles or to higher al-
titudes to track suitable climates under climate warming
(e.g., Theodoridis et al. 2018; Fedorov et al. 2020; Louis

FIG. 5. Modeled suitable areas of A. paludum throughout the Eurasia under the 10 percentile training presence threshold from the current cli-
matic condition, the LGM, and the two greenhouse gas emission scenarios (RCP 2.6 and RCP 8.5) for the year 2070 under the CCSM4 and
MIROC-ESM. Red colors indicate habitat suitability areas. Occurrence localities (yellow dots) are used for ecological niche modeling.
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et al. 2020). Compared with the preceding glacial period,
the climate was relatively warm and stable during the
Holocene, especially after the Holocene climate optimum,
which was a warmer period (i.e., 5,000–9,000 ya) that has
been suggested to have experienced temperature increases
of up to 4 °C in the northern regions of Eurasia
(Koshkarova and Koshkarov 2004). Our optimal demo-
graphic model suggested that the diverged western and
eastern lineages of A. paludum experienced a recent sec-
ondary contact at 2,870 ya (95% CIs: 2,529–3,212 ya).
Further STRUCTURE and DAPC analyses detected two po-
pulations (i.e., NMBT and HLQQ) that showed hybrid
types incorporating the western and eastern lineages,
and they provided direct genetic evidence for the contact
between the western and eastern populations under the
Holocene climate warming conditions. The detected se-
cond contact area belongs to a transition zone that lies
at the boundary of the arid–semiarid regions of China
near the “Heihe-Tengchong Line,” which is characterized
by a variety of complex environmental landscapes (Wang
et al. 2020). This climatic boundary prevented further mi-
grations between the western and eastern populations,
where individuals of the western and eastern populations
shaped the hybrid zone through gene exchange. In add-
ition, hybridization between divergent lineages is regarded
as an important adaptive mechanism for adjusting to com-
plex environments (Maguilla et al. 2017). This process can
provide abundant raw material for instantaneously in-
creasing genetic variation by the transfer of adaptive alleles
via gene exchange (Nelson et al. 2017). Therefore, the de-
tected hybrid populations, NMBT and HLQQ, were ex-
pected to be more efficient in adapting to the complex
environment of the transition zone than either the west-
ern or eastern lineage.

Since the beginning of the Anthropocene, humans have
both directly and indirectly driven new climatic trajector-
ies, which have resulted in hotter climatic conditions
(Steffen et al. 2018). The largest driver of warming is the
emissions of gases that create a greenhouse effect, and car-
bon dioxide (CO2) and methane account for more than
90% of these gases (Heede 2014). Fossil fuel burning (e.g.,
coal, oil, and natural gas) for energy consumption is the
main source of these emissions, with additional contribu-
tions from agriculture, deforestation, and chemical reac-
tions in certain manufacturing processes. Our LCDs
analysis and future predictions suggested that the highly
suitable habitats for A. paludum expanded moderately
to northern Eurasia, thus forming a potential northern cor-
ridor across the broad Central Asia-Mongoxin arid region
to connect the western and eastern populations, especially
under the maximum greenhouse gas emission scenario
(RCP 8.5). Furthermore, three of the five Eurasian temper-
ate species, D. magna, L. dispar, and P. pica, also exhibited
similar or expanded corridors as suitable areas between
western and eastern Eurasia under future climatic scen-
arios. Coupled with the results from the ENM and popula-
tion genetic analyses, we found that the west–east
communications for the Eurasian temperate species would

possibly continue to intensify under future warming cli-
mate conditions, and the hybrid zone due to the second
contact might continue to expand or even homogenize
the present “west–east component” genetic pattern.

Mito-Nuclear Discordance Pattern in the Hybrid
Populations of A. paludum
Mito-nuclear discordance has been increasingly found in
phylogeographic studies within and among conspecific
populations and closely related species (Avise et al.
2016). This intriguing phenomenon may be caused by vari-
ous biological processes, such as female-linked selection
(e.g., Fossøy et al. 2016), sex-biased dispersal (e.g.,
Roycroft et al. 2019), mitochondrial capture through intro-
gression (e.g., Andersen et al. 2021), and invasions by re-
productive parasites (e.g., Wolbachia spp., Arif et al.
2021). In this study, mito-nuclear discordance was mainly
observed in the populations located in the hybrid zone,
which suggested that the hybrid populations of NMBT
and HLQQ incorporating both the western and eastern
genetic components detected by the nuclear data were
completely grouped into the eastern lineage based on
the mitochondrial data. This most likely represented a spe-
cial case of “male-biased dispersal,” in which males of both
the western and eastern populations could mate freely,
whereas females remained restricted in their movements.
In other words, females from the eastern region could mi-
grate more easily to colonize the hybrid zone and produce
offspring by reproduction than females from the western
region. Two pieces of evidence likely support our hypoth-
esis. First, the hybrid zone lies at the boundary of the arid–
semiarid regions of China, which are far from the western
population. Our historical demographic results showed
that the eastern population began to expand before the
western population. These two points indicated that the
eastern population might reach the hybrid zone first.
Second, studies have indicated that semiaquatic bugs ex-
hibit distinct polymorphisms in their flight apparatus,
and macropterous females are usually less fertile than ap-
terous females within a species (Andersen 1982).
Therefore, we would favor an explanation for the mito-
nuclear discordance in the hybrid populations of A. palu-
dum based on the current data: in the face of rampant
male dispersal, the macropterous females from the west-
ern population who later arrived at the hybrid zone rela-
tive to females from the eastern population might suffer
from reduced reproductive success due to the low fertility
in the established hybrid populations. However, this ex-
planation should be further tested based onmore biologic-
al evidence, such as the dispersal abilities of males and
females and their reproductive behaviors.

Contrasting Demographic History of
Transcontinental Temperate Taxa vs. Cold-Adapted
Taxa in Response to Climate Warming
Most transcontinental cold-adapted species are adapted
to cold climates at high latitudes in northern Eurasia
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near the Arctic, and the magnitude of recent climate
warming in high latitude regions in northern Eurasia is lar-
ger than that in temperate Eurasian regions. The influence
of past or future warming events on the demographic and
genetic effects of extinct and extant cold-adapted Eurasian
species has been extensively studied by using paleoclimate
niche modeling and phylogeographic reconstruction. The
ENM predictions indicated that the decreases in suitable
habitat during the Holocene climate warming contributed
to the demographic decline of cold-adapted Eurasian ter-
restrial mammals, which led to extirpation and in some
cases the extinction of taxa, such as Coelodonta antiquita-
tis, Mammuthus primigenius, and Megaloceros giganteus
(Lorenzen et al. 2011; Cooper et al. 2015). For the extant
cold-adapted Eurasian species, their suitable areas might
further contract to the Arctic under future climate warm-
ing, as has been shown in some studies of bird and marine
mammal species (e.g., Jakubas et al. 2017; Louis et al. 2020).
Furthermore, most lineages within the cold-adapted
Eurasian species were genetically affected by Holocene cli-
mate warming, which resulted in declines in genetic diver-
sity and effective population sizes (Fedorov et al. 2020;
Louis et al. 2020). In contrast, the transcontinental temper-
ate species respond to climate warming quite differently.
A. paludum is typical of transcontinental temperate spe-
cies and has a wide distribution in the low and middle la-
titudes of Eurasia. The influence of the Central
Asia-Mongoxin aridification and Pleistocene glaciations
on A. paludum led to a “west–east component” genetic
pattern. However, both the western and eastern lineages
of the species have broad distribution ranges, which are
likely to have wider ecological breadths and are able to
cope with a broader range of temperature shifts.
Therefore, the two lineages of the species are expected
to adapt well to future warming climate conditions. The
ENM prediction of A. paludum together with the other
five Eurasian species confirmed this hypothesis and
showed that the suitable areas for the western and eastern
lineages did not contract but largely expanded under fu-
ture warming climate conditions. Moreover, the demo-
graphic reconstruction of the western and eastern
populations showed that the effective population sizes
of the two lineages reached their maximum values during
the warm interstadials in the last glacial period
(�130,000 ya), which indicated that climate warming
could promote population growth. Further local adapta-
tion studies on transcontinental temperate taxa and
cold-adapted taxa are needed to understand the functions
of candidate genes that adapt to temperate and cold cli-
mate conditions under the impacts of climate warming.

Materials and Methods
Sample Collection and DNA Extraction
We sampled 52 populations, comprising a total of 409 in-
dividuals between 1999 and 2018 across the natural distri-
butional range of A. paludum in Eurasia. The latitude and

longitude of each collection site were recorded using a
handheld global positioning system (GPS) unit. All samples
were preserved in 70–95% ethanol and stored in a freezer
at −20 °C in the College of Life Sciences at Nankai
University (NKU, Tianjin, China). Genomic DNA of each
specimen was extracted from the entire body, excluding
the abdomen and genitalia, of each specimen using a
Universal Genomic DNA Kit (CWBIO). Detailed informa-
tion for molecular voucher specimens is provided in
supplementary tables S1–S4, Supplementary Material on-
line, which includes sample codes, sample sizes, collection
locations and data, longitude, and latitude.

Mitochondrial DNA Sequencing
A total of 390 out of 409 individuals were sequenced for
COI and COII fragments (supplementary table S1,
Supplementary Material online). Furthermore, 112 indivi-
duals representing 22 populations were selected to gener-
ate the whole mitochondrial genome (supplementary
table S2, Supplementary Material online). Details of mito-
chondrial DNA sequencing can be found in supplementary
methods, Supplementary Material online.

ddRAD-seq Library Preparation, Sequencing,
and Variant Calling
A ddRAD-seq library was prepared to obtain nuclear SNPs
following Peterson’s protocol (Peterson et al. 2012). A total
of 249 individuals representing 24 populations were se-
lected for ddRAD-seq analysis, which involved a wide geo-
graphic range and all major lineages identified by the
mitochondrial data (supplementary table S3,
Supplementary Material online). A ddRAD_95 SNPs data-
set was generated and each locus was required to be pre-
sent in at least 95% of individuals (i.e., 5% missing samples
per locus). To avoid linkages across sites within the same
locus, one random SNP was sampled from each locus,
and the ddRAD_95 USNPs dataset was finally generated
for the downstream analyses. Details of ddRAD-seq and
processing of ddRAD-seq data can be found in
supplementary methods, Supplementary Material online.

Whole-Genome Sequencing and Variant Calling
To further investigate the historical demographic changes
and scanning signatures of selection between the western
and eastern lineages of A. paludum, we chose one individ-
ual from each population and shotgun sequenced the gen-
omes of 21 individuals (6.51+ 0.89 Gb, range 5.62–
7.4 Gb) (supplementary table S4, Supplementary
Material online). Details of whole-genome sequencing
and variant calling can be found in supplementary
methods, Supplementary Material online.

Genetic Polymorphism, Population Genetic
Structure, and Mantel Test
The genetic diversity based on the 32,114 SNPs of the
ddRAD_95 SNPs dataset was measured by the observed

Ye et al. · https://doi.org/10.1093/molbev/msac089 MBE

10

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/39/5/m
sac089/6575397 by guest on 14 M

ay 2022

http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
http://academic.oup.com/molbev/article-lookup/doi/10.1093/molbev/msac089#supplementary-data
https://doi.org/10.1093/molbev/msac089


heterozygosity (HO), expected heterozygosity (HE), and nu-
cleotide diversity (πS), which were calculated in Arlequin
3.5 (Excoffier and Lischer 2010). For the nuclear SNPs data-
set, we first detected outlier loci before clustering to en-
sure the neutrality of the markers in the 1,179 unlinked
SNPs of the ddRAD_95 USNPs dataset using Bayescan
2.1 (Foll and Gaggiotti 2008). The analysis was carried
out under the default parameter settings, and outlier
loci were identified as those that exceeded a FDR of 0.05.
The population genetic structure was inferred in the pro-
gram STRUCTURE version 2.3.4 (Pritchard et al. 2000) and
the R package landscape and ecological association (LEA)
(Frichot and François 2015). In the STRUCTURE analysis,
we used the admixture model without prior information
on population membership, and the number of clusters
(K ) was set from 1 to 10. For each value of K, we performed
five independent runs with 1,200,000 iterations following a
burn-in of 200,000 replications. The optimal K was then
determined using the delta K method of Evanno et al.
(2005) as implemented in STRUCTURE HARVESTER (Earl
and vonHoldt 2012). We further performed the
STRUCTURE analysis within the respective lineages (i.e.,
the western and eastern lineages, see Results) using the
same parameter settings. In the LEA analysis, we calculated
the ancestry coefficients for 1–10 ancestral populations
(K ) using 50 replicates for the runs for each value of K
and an alpha value of 250. In addition, the population
structure based on the nuclear SNPs data was estimated
by DAPC, which is a method that has no assumptions
for evolutionary models, using the R package Adegenet
(Jombart 2008). For the mitochondrial data, Bayesian ana-
lysis of the population structure model for clustering of in-
dividuals was implemented in BAPS 6.0 (Cheng et al. 2013),
with K varying from 1 to 10. The best partition of the po-
pulations into K clusters with the highest marginal
log-likelihood after ten replicates was chosen as the
most representative. Finally, the hierarchical AMOVA
was estimated with our best assessment of the hierarchical
population structure (K= 2, see Results) based on 5,000
permutations to quantify how genetic variation was parti-
tioned across the different levels of sampling using
Arlequin 3.5 (Excoffier and Lischer 2010).

Isolation by distance, isolation by environment, and iso-
lation by resistance-climate tests were investigated based
on the ddRAD_95 SNPs dataset. Details of these tests
can be found in supplementary methods, Supplementary
Material online.

Demographic Model Testing
Based on the results of the population genetic structure es-
timated from the nuclear SNPs dataset, 24 populations
were grouped into the two lineages (W=western lineage,
E= eastern lineage) corresponding to geography (western
and eastern regions). We simulated the demographic
history ofA. paludum in a temporal framework and built 10
demographic models, which were all variants of the two
population isolation–migration models (supplementary

fig. S1, Supplementary Material online). Models included
isolation only (M1), symmetric, or unidirectional migration
between the two lineages (M2–M4), and symmetric or
unidirectional migration between the two lineages either
historically or recently (M5–M10). We selected and para-
meterized the best-fit demographic model using fastsim-
coal2 v2.6 (Excoffier et al. 2013). This method uses
coalescent simulations to approximate an expected site
frequency spectrum (SFS) and a composite likelihood ap-
proach for parameter optimizations. We used a nuclear
mutation rate of 3.5E−9 per site per generation following
the estimates for Drosophila melanogaster (Keightley et al.
2009) and assuming a generation time of 0.5 years
(Andersen 1982). We used easySFS (https://github.com/
isaacovercast/easySFS) to generate the observed SFS and
chose to project the full unlinked SNPs dataset to reduce
the possibility of linkage. We performed 50 replicate runs
for each model with each replicate using 50,000 coalescent
simulations and ran 40 optimization cycles. The mono-
morphic sites were ignored to avoid overfitting. To select
the best-fit model, MaxObsLhood was compared with
MaxEstLhood for the data in each model for each replicate
run. The best-fit run was identified as the one that had
the smallest difference between MaxObsLhood and
MaxEstLhood for each of the 50 replicate runs for each
model. To generate 95% CIs of the parameter estimates
for our best-fit model, a combination of the initial model
selection runs and parametric bootstrapping were used.
We simulated 100 replicates SFS from the *_maxL.par file
for the best-fit run. We then performed 50 replicate ana-
lyses as described above for each of the 100 newly simu-
lated SFS files. Finally, we calculated the mean parameter
estimates and 95% CIs from the 100 best-fit bootstrapping
replicates.

Historical Demographic Changes
We used three datasets to reconstruct the recent demo-
graphic trajectories for the western and eastern lineages
of A. paludum. Details of historical demographic recon-
struction can be found in supplementary methods,
Supplementary Material online.

Niche Comparison
To quantify the niche comparisons between western and
eastern lineages identified by the genetic structure (see
Results), the same clipped layers of five climatic variables
(BIO1, BIO8, BIO12, BIO14, and BIO15) and 1,643 occur-
rence records (1,382 for western lineage and 261 for east-
ern lineage) were used. The NOT and NDTwere performed
using corrected e-space across the full distribution and
shared e-space in Humboldt (Brown and Carnaval 2019).
Furthermore, we looked for differences in the five climatic
variables for the western, eastern, and their hybrid occur-
rence records and assigned each lineage by extracting en-
vironmental data for each point and comparing them with
boxplots using ggplot2 (Wickham 2009). Two record
points (NMBT and HLQQ) in the potential hybridization
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zone were integrated in this analysis. Additionally, direct
PCA was used to visualize the relationships among the
two lineages together with their hybrid populations and
statistically tested using the independent-samples test
method in SPSS (IBM 2009).

Scans for Selection Signatures
To test for signatures of selection between western and
eastern lineages of A. paludum, we searched for outlier
SNPs using R package pcadapt 4.0 (Privé et al. 2020).
Outlier loci were blasted to the reference genome of
Gerris buenoi (GenBank accession no.: GCA_001010745.2)
to identify nearby genes and identified enriched GO terms.
This analysis was performed using the WGS_SNPs dataset
including 21 individuals (13 from the western lineage and
8 from the eastern lineage). We chosed a cut-off for outlier
detection based on three methods (i.e., q-values,
Benjamini–Hochberg procedure, and Bonferroni correc-
tion) from the less to the more conservative one. The
SNPs that were identified as significant were located at
the positions of the reference genome. To estimate the bio-
logical functions of the genes linked to outlier SNPs, gene
sequences were extracted within 2000 bp, including the
outlier SNPs, and then used for homologous search analysis.
Loci under putative selection were functionally annotated
by Blast2GO (Conesa et al. 2005) against all available nu-
cleotide databases with an E-value cut-off of 10−6.
Enrichment of GO termswas conducted using the program
web gene ontology annotation plot (WEGO) (Ye et al.
2006) with default parameters.

Morphological Cluster
A total of 233 male specimens representing western (83 in-
dividuals) and eastern lineages (150 individuals) were ana-
lyzed based on size measurements of morphological
diagnostic characteristics. We did not include individuals
of potential hybrid populations (NMBT and HLQQ) in
this analysis. Eight diagnostic characteristics were mea-
sured: body length, body width, head length, pronotum
length, hind femur length, abdomen length, seventh ab-
dominal sternum length, and connexival spine length. All
measurements were obtained with a stereomicroscope
and recorded in millimeters. PCA based on the eight mor-
phological variables was used to visualize the morpho-
logical relationships between the western and eastern
lineages using SPSS (IBM 2009). The eight morphological
variables occupied by the two lineages were then com-
pared one by one visually in boxplots using ggplot2
(Wickham 2009).

Phylogeographic and Ecological Niche Analysis of
Multiple Eurasian Temperate Species
In addition to the newly obtained dataset of A. paludum in
the present study, we searched the Web of Science data-
base for other phylogeographic studies on Eurasian species
in order to conduct an integrated analysis. The published
phylogeographic studies were filtered by the following two

criteria: (1) species/subspecies or native populations of
species were endemic in the regions of low and middle la-
titudes (1–50°N) of Eurasia, which had a similar transcon-
tinental distribution pattern as A. paludum and (2)
samples from the western and eastern regions in Eurasia
were relatively balanced, and the divergence time between
the lineages was estimated based on the molecular data. In
total, five published studies met both criteria, including in-
vertebrates (A. bruennichi, D. magna, L. dispar), birds (P.
pica) and mammals (M. meles). The phylogeographic pat-
terns and divergence times for these five species were ex-
tracted and exhibited. For the ecological niche analyses, a
total of 1,645 occurrence localities of A. paludum based on
our collection, literature records, and online database from
the Global Biodiversity Information Facility online data-
base (GBIF, http://www.gbif.org/) were used for niche
modeling. The coordinates of the other five Eurasian tem-
perate species for niche model building were directly
downloaded from the GBIF database and incorporated
with sites from published studies (Wu et al. 2015, 2020;
Krehenwinkel et al. 2016), which determined 390 localities
for A. bruennichi, 511 for D. magna, 12,982 for L. dispar,
11,256 for P. pica, and 4,229 for M. meles. We spatially
thinned the occurrences using the R package spthin
(Aiello-Lammens et al. 2015), resulting in a total of 212 oc-
currences for A. paludum, 142 for A. bruennichi, 73 for D.
magna, 352 for L. dispar, 346 for P. pica and 125 for M.
meles, and the nearest neighbors were no,100 km apart.
Considering that a wide geographical extent of back-
grounds affects the predictive power, we limited our mod-
el extent to the distributional range of the above
mentioned Eurasian temperate species (i.e., Y max= 70°
N, Y min= 14°N, X max= 148°E, X min=−13°E). All 19
bioclimatic variables for the current and LGM scenarios
under the Community Climate System Model (CCSM4)
and the Model for Interdisciplinary Research on Climate
(MIROC-ESM) were downloaded from the WorldClim
website (http://www.worldclim.org/). We excluded those
variables with the Pearson correlation coefficient r. 0.7
based on a pairwise comparison of raster files in
SDMTOOLBOX (Brown 2014). Five variables were retained
for subsequent analysis: annual mean temperature (BIO1),
mean temperature of wettest quarter (BIO8), annual pre-
cipitation (BIO12), precipitation of driest month (BIO14),
and precipitation seasonality (BIO15). To predict the fu-
ture potential distribution of all six Eurasian temperate
species under greenhouse gas emission trajectories, two
climatic scenarios, namely RCP 2.6 (the minimum green-
house gas emission scenario) and RCP 8.5 (the maximum
greenhouse gas emission scenario) for the year 2070 under
CCSM4 and MIROC-ESM, were selected and downloaded
from the WorldClim website. The maximum entropy
method was implemented in MaxEnt 3.3.3k (Phillips
et al. 2006) to develop the current distribution model.
Seventy-two combinations of six feature classes (linear; lin-
ear+ quadratic; hinge; linear+ quadratic+ hinge; linear
+ quadratic+ hinge+ product; and linear+ quadratic
+ hinge+ product+ threshold) and 12 regularization
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multipliers (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, and 6) were
applied to identify the optimal model parameters using
the R package enmeval (Muscarella et al. 2014). The area
under the curve (AUC) of the receiver operating character-
istic (ROC) plot was used for model evaluation. The best
current model was projected onto the set of climatic vari-
ables to infer the extent of suitable areas during the LGM
and the two greenhouse gas emission scenarios under the
CCSM4 and MIROC-ESM. The multivariate environmental
similarity surface was used to analyze the degree of eco-
logical change of A. paludum in the distribution area under
the past and future climatic scenarios. This operation was
implemented by running the “density.tools.Novel” tool in
the MaxEnt. We transformed model predictions to derive
binary maps under the 10th percentile training presence
threshold. Thereafter, each binary layer predicted by niche
models for the six Eurasian temperate species was inte-
grated to visualize the range shifts from the LGM to the
future scenarios using ArcGIS 10.1 (Environmental
Systems Research Institute).

Supplementary Material
Supplementary data are available atMolecular Biology and
Evolution online.
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