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Abstract

Pterocarya fraxinifolia, native to the southern Caucasus and adjacent areas, has been widely introduced in Europe. In this
study, we investigate the following: (1) How did its current distribution form? (2) What are the past, current, and future
suitable habitats of P. fraxinifolia? (3) What is the best conservation approach? Ecological niche modeling was applied to
determine its climatic demands and project the distribution of climatically suitable areas during three periods of past, cur-
rent, and future (2070) time. Then, an integrated analysis of fossil data was performed. Massive expansion of Pterocarya
species between the Miocene and Pliocene facilitated the arrival of P. fraxinifolia to the southern Caucasus. The Last Glacial
Maximum played a vital role in its current fragmented spatial distribution in the Euxinian and Hyrcanian regions with lower
elevations, and Caucasian and Irano-Turanian regions with higher elevations. Climatic limiting factors were very different
across these four regions. Future climate change will create conditions for the expansion of this species in Europe. Human
activities significantly decreased the suitable area for P. fraxinifolia, especially in the Euxinian, Hyrcanian, and Irano-Turanian
regions. Considering genetic diversity, climate vulnerability, and land utilization, the Euxinian, Hyrcanian, and Irano-Turanian

regions have been recognized as conservation priority areas for P. fraxinifolia.
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Introduction

The geographical ranges of species are not static in time,
showing expansions and contractions that depend on
changes in climate variability and human influence (Roces-
Diaz et al. 2018; Scheffers et al. 2016). Warming climates
and human activities have driven the success of alien plant
invasions and a massive rearrangement of biota worldwide
(Donaldson et al. 2014; Vila and Pujadas 2001). Moreover,
the intentional movement of species for horticultural pur-
poses may play an increasingly important role in the conser-
vation of threatened species (Affolter 1997; Maunder et al.
2001). Relict trees (e.g. ginkgo, Liquidambar, Pterocarya,
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and Zelkova) have attracted the attention of naturalists and
scientists for many centuries, and their cultivation in botani-
cal gardens and arboreta has a long tradition (Maunder et al.
2001; Kozlowski et al. 2012).

Relict trees refer to trees that at an earlier time were abun-
dant in a large area but now occur only in one or a few small
areas (Milne and Abbott 2002). During the long period of
the Pleistocene, most of Northern Europe was covered with
extensive ice sheets (Bhagwat and Willis 2008; Willis 1996).
Tree flora experienced a severe Plio-Pleistocene extinction
in the European continent at the end of the Neogene due to:
(1) the Mediterranean Sea and east—west-oriented mountains
preventing southward migration of trees during cold stages
(Svenning 2003; Tallis 1991), and (2) a climate shift from
warm-temperate to summer-dry in the Mediterranean region
from the middle Pliocene (Suc 1984; Svenning 2003).

Thus, a large proportion of tree genera disappeared in
Europe, and only relict trees still survived to the present
time in southwestern Eurasia (the Mediterranean and
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Euxino-Hyrcanian regions) (Kozlowski and Gratzfeld 2013;
Medail and Diadema 2009; Tzedakis 1993; Tzedakis et al.
2013). One of the famous examples is Zelkova (Ulmaceae),
which was widely distributed in Europe during the Miocene
and contracted to the Sicily, Crete, and Euxino-Hyrcanian
region (Kozlowski and Gratzfeld 2013). Other emblematic
relict tree genera that followed a similar pattern are Aescu-
lus, Forsythia, Liquidambar, Picea, and Pterocarya (Brow-
icz and Zielinski 1982; Kozlowski et al. 2018a, b; Ozturk
et al. 2008).

Ecological niche modeling (ENM) combines current
natural occurrence data and environmental variables of spe-
cies to estimate the geographic range of suitable habitats in
the past, present, and future (Roberts and Hamann 2012).
ENM has been widely applied in conservation biology and

invasion biology to predict potential shifts in geographic
ranges in response to climate change (Guisan et al. 2013;
Song et al. 2019; Tang et al. 2017). A substantial amount
of research has been conducted to understand the influence
of ongoing climate warming on the geographic ranges of
Mediterranean forest tree species (Montoya et al. 2007;
Romo et al. 2017; Walas et al. 2019). In contrast, an impor-
tant research gap exists for the Euxino-Hyrcanian region
(Fig. 1a).

Pterocarya fraxinifolia (Caucasian wingnut) is a typical
riparian relict tree (Figure S1, A-C) that currently exists in
Euxino-Hyrcanian floristic regions and somewhat south-
erly dispersed localities. P. fraxinifolia is located mainly in
the lowlands, occasionally reaching 600-800 m, and very
rarely 1200 m (Kozlowski et al. 2018a). It is the only tree
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Fig.1 a Geographical distribution and four geographic regions of
Pterocarya fraxinifolia from georeferenced data. EUX: Euxinian
region; CAU: Caucasian region; HYR: Hyrcanian region; and ITU:
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Irano-Turanian region. b Map of climatically suitable habitats for
Pterocarya fraxinifolia under current climate conditions (map shows
suitable European, North African and West-Asiatic regions)
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representative of the genus Pterocarya outside of eastern
Asia, with special morphological characteristics (Figure
S1, D-G). Thus, it is an important taxon for understanding
the biogeography of East Asia versus southern European/
West Asian disjunct patterns (Song et al. 2020). Locally,
P. fraxinifolia provides riparian zone protection, and food
for aquatic and terrestrial consumers. P. fraxinifolia has
been introduced to Europe for horticulture and is now very
commonly used in afforestation. For centuries, P. fraxini-
folia habitats have been reduced, mainly due to conversion
into agricultural land, and more recently because of gravel
excavation and road and hydropower construction (Fink
and Scheidegger 2018; Sabo et al. 2005; Yousefzadeh et al.
2018).

To derive systematic approaches for conservation, critical
research is needed to better integrate fossil records, ENM,
and phylogeographic surveys. Based on previous phylo-
geography and population genetics studies (Maharramova
et al. 2018; Yousefzadeh et al. 2018), fossil synthesis and
ENM were performed in this study. More specifically, the
following questions were addressed: (1) What is the cur-
rent geographic distribution of P. fraxinifolia and what are
the climate characteristics of its potential niche? (2) What
is the past distribution of climatically suitable habitats for
P. fraxinifolia? (3) Where will potential niches be located
in the future, considering three climate change scenarios?
Finally, we assessed the reasonable manner for introducing
P. fraxinifolia to Europe for conservation purposes.

Material and methods
Data collection

The past distribution of the genus Pterocarya in Europe was
extracted and reviewed from the paleontological literature.
Both pollen grains and macroremains (leaves and fruits)
were considered for this study (Appendix). To better under-
stand the historical distribution of Pterocarya, Europe was
divided into five regions: Eastern Europe, Western Europe,
Central Europe, Northern Europe, and Southern Europe
(Table S1).

Data on the current natural distribution of P. fraxinifolia
were extracted from the literature, herbaria, the Global Bio-
diversity Information Facility (GBIF 2019), and our field
survey. In total, 500 distribution records were collected,
while 195 natural distribution records were finally identi-
fied as the present occurrence of P. fraxinifolia and used in
our ENM (Fig. 1a; Table S2).

Ecological niche modeling

Modeling was performed using the maximum entropy
method implemented in MaxEnt 3.3.2 (Elith et al. 2011;
Philips et al. 2006) based on current species distribution
data. A set of 19 bioclimatic variables at a 2.5 arc-min
resolution that covered the P. fraxinifolia distribution range
under current conditions were downloaded from the World-
Clim website (Hijmans et al. 2005; www.worldclim.org).
Seven climatic variables were removed from the analyses
due to their significant correlation (> 0.9), calculated
using ENMTools v1.3 (Kolanowska 2013; Kolanowska
and Konowalik 2014). Ultimately, 12 climatic variables
were used as input data (Table 1; Hijmans et al. 2005). GIS

Table 1 Mean values of

o 4 ) Code Climatic factor ENT EUX CAU HYR ITU

bioclimatic variables across

pterocarya fraxinifolia BIOl  Annual mean temperature (°C) 14.08 1376  12.61 14.82  14.38

populations from the entire BIO2  Mean diurnal range (Mean of monthly: 9.71 874 954 967 1218

distribution area (ENT) and four . o

. . .. max temp—min temp) (°C)

geographic regions: Euxinian

(EUX), Caucasian (CAU), BIO3  Isothermality (%) 33.89 28.49 31.36 33.29 31.56

Hyrcanian (HYR), and Irano- BIO4  Temperature seasonality (standard devia- 7318.15 6097.18 8161.05 7240.40 8486.26

Turanian (ITU) tion X 100) (C)
BIOS Max temperature of warmest month (°C) 30.46 26.94 30.04 31.45 34.21
BIO8  Mean temperature of wettest quarter (°C) 12.79 11.67 16.80 13.52 4.42
BIO12  Annual precipitation (mm) 92596 1568.87  693.45  805.37  582.10
BIO13  Precipitation of wettest month (mm) 136.41 188.26 98.41 136.94  102.57
BIO14  Precipitation of driest month (mm) 32.75 75.40 30.32 20.59 2.64
BIO15 Precipitation seasonality (%) 44.25 25.83 34.63 50.73 72.40
BIO18  Precipitation of warmest quarter (mm) 175.58  383.85  210.01 97.58 18.09
BIO19  Precipitation of coldest quarter (mm) 24743  442.06 104.12  210.69  282.48
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data operations were carried out using ArcGIS 9.3 (ESRI)
and QGIS 2.18.20 (QGIS Development Team 2018). Ras-
ters with land cover were downloaded from the DIVA-GIS
repository (Hijmans et al. 2001; www.diva-gis.org). These
rasters allow comparison of the theoretical range of species
with human-influenced areas.

Contemporary species—climate relationships were pro-
jected for the three past and three future layers using the
procedures described above. Climate data layers were down-
loaded from the WorldClim database (Hijmans et al. 2005).
Climatic data for the Last Interglacial (LIG) (approximately
125 ka BP) were adopted from Otto-Bliesner et al. (2006),
while data for the Last Glacial Maximum (LGM) (approxi-
mately 22 ka BP) and the Mid-Holocene (MH) (approxi-
mately 6 ka BP) were taken from Paleoclimate Modeling
Intercomparison Project Phase II (Braconnot et al. 2007)
(PMIP2, CCSM). For future climatic projections related
to hypothetical climate change in 2070, the CCMS4 model
was used (Gent et al. 2011) under three warming scenarios
(Collins et al. 2013): Representative Concentration Pathway
(RCP) 2.6 (+1 °C by 2100), RCP 4.5 (+1.8 °C by 2100), and
RCP 8.5 (+3.7 °C by 2100).

The above procedures were performed for the whole data
set, and the same bioclimatic variables were used in the
analysis for each of the four geographic regions: (1) Euxin-
ian, (2) Caucasian, (3) Hyrcanian, and (4) Irano-Turanian
(Fig. la). Only locations within the selected region were
used in each analysis. The four parts of the species geo-
graphic range were divided based on the fragmented geo-
graphic range and population genetic differences in this
species (Maharramova et al. 2018; Mostajeran et al. 2017,
Yousefzadeh et al. 2018; Zohary 1973). Finally, we also
simulated the effects of artificial surfaces suitable for the
establishment of this species.

Data analyses

Analysis results were mapped to represent climatic suitabil-
ity ranging from O to 1 per grid cell. The maximum num-
ber of iterations was 10,000, and the convergence threshold
was 0.00001. The ‘random seed’ option was used, which
provided random test partitions and background subsets for
each run. For each model run, 20% of the data were used to
be set aside as the test points. Each run was performed as

a bootstrap with 100 replicates, and the output was set to
logistic (Elith et al. 2011; Philips et al. 2006).

Model predictions and the most important climatic vari-
ables were visualized using QGIS 2.14.21 ‘Lyon’ (QGIS
Development Team 2018). The influence of particular cli-
matic factors on the entire distribution and four geographic
regions of P. fraxinifolia realized niches (Vetaas 2002) was
verified using principal component analysis (PCA) imple-
mented in R software (R Core Team 2016).

Results
Ecological niche modeling evaluation

The model was evaluated using the area under the curve
(AUC) (Lobo et al. 2010). Our models showed excellent
performance with AUC scores above 0.98, which indicates
high reliability of the results. Common thresholds and cor-
responding omission rates for the evaluation of each model
are presented in Table S3.

Current geographic range

Pterocarya fraxinifolia is characteristic of lowlands, ripar-
ian, and floodplain forests, mainly occurring between 0
and 400 m in the Euxinian (100%) and Hyrcanian (77.2%)
regions, along the shores of the Black Sea and Caspian Sea.
The populations in the Caucasian region are found mainly
at elevations between 200 and 800 m (84.2%). Exception-
ally, some can reach elevations above 400 m along the river
valleys in the Hyrcanian region. The Irano-Turanian popula-
tions are only found above 400 m, mainly between 600 and
800 m (52.4%), and 19% is found higher than 1000 m, with
a maximum elevation of 1730 m in the Zagros Mountains
(Tables 2 and S2).

The actual P. fraxinifolia range is only half of its poten-
tial range that has been modeled based on climate data.
The western edges of the Balkan Peninsula, southern part
of Greece, and western Anatolian Peninsula lack natural
populations of P. fraxinifolia but were modeled as having
a suitable climate (Fig. 1b). After adding the effects of
human activities (e.g. farmland and buildings), the actual
suitable area for P. fraxinifolia decreased significantly

Table 2 Elevational distribution

e Elevation (m) <0 1-200 201-400 401-600 601-800 801-1000 > 1000
(%) of Pterocarya fraxinifolia Regions
R egions

georeferenced localities in the
EUX, CAU, HYR, and ITU EUX 7.9 86.8 53 0 0 0 0
regions. Regions abbreviations CAU 0 79 342 26.3 237 26 53
are the same as in Table 1

HYR 21.6 41.2 14.4 11.3 5.2 5.2 1.1

ITU 0 0 0 23.8 52.4 4.8 19
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Fig.2 Maps of climatically suitable habitats for contemporary occur-
rences of Pterocarya fraxinifolia: a based on data from the entire
geographic range; b based on data from the HYR region; ¢ based on

(Figs. 2a and S2). Due to human activities, there are large
suitable areas that disappeared in the Euxinian, Hyrcanian,
and Irano-Turanian regions (Figs. 2a and S2).

When analyzed separately, different areas of potential
suitable habitats were found in each of the distinguished
regions with P. fraxinifolia occurrence (Fig. 2). Based on
the data from the Hyrcanian region, small areas on the
southern slopes of the Caucasus and Anatolian showed cli-
matic similarities to the actual geographic range (Fig. 2b).
However, the analysis based on climate parameters from
the Euxinian (Fig. 2c), Caucasian (Fig. 2d), and Irano-
Turanian (Fig. 2e) regions did not identify potential suit-
able habitats in other parts of the geographic range.

data from the EUX region; d based on data from the CAU region; and
e based on data from the ITU region

The average values for climatic factors that most impacted
the potential habitats currently for P. fraxinifolia are pre-
sented in Table 1. The climatic conditions were different
across the Euxinian, Caucasian, Hyrcanian, and Irano-
Turanian regions. The highest differences were found in the
Irano-Turanian region, which was placed in more continental
regions with the lowest temperatures for the wettest quar-
ter, the highest maximum temperatures during the warm-
est month, and the lowest precipitation level (Table 1 and
Fig. 3).

The annual mean temperature and precipitation of the
wettest month were the most important factors (contrib-
uting 28.5% and 24.4%, respectively) determining the

@ Springer
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Fig.3 Geographic diversity of climatic variables with the highest influence on the current distribution (dots) of Pterocarya fraxinifolia

current geographic range for P. fraxinifolia based on
data from the entire distribution area (Table 3). Factors
determining the current geographic range among the four
regions were very different (Table 3). Annual precipitation
(34.3%) was the most influential climatic factor for the
actual habitats of P. fraxinifolia in the Euxinian region,
followed by precipitation in the coldest quarter (23.1%).
In the Caucasian region, annual mean temperature was
the most important climate factor (35.2%). In the Hyrcan-
ian region, precipitation of the wettest month (23.7%) and
seasonality (23.1%) were equally important influential cli-
matic factors. The annual mean temperature did not signif-
icantly influence the actual habitats in the Irano-Turanian
region, while the decisive factor was precipitation in the
coldest quarter (47.8%) and driest month (20.7%), which
together were responsible for nearly 70% of the range pre-
diction (Table 3).

@ Springer

Past geographic range

Fossil records for the genus Pterocarya in Europe are
rich and common. The genus was represented by mac-
roremains and pollen grains (Table 4). The first pollen
grains were recorded from the Middle Eocene in western
Europe and gradually discovered from rare records across
Europe between the Late Miocene and the Late Oligo-
cene. From the Miocene to the Early Pleistocene, pollen
grains were common in all of Europe. Starting from the
Middle Pleistocene, pollen grains became rare but were
still reported from the interglacial periods, except for the
last one (Table 4).

Macroremain Pterocarya fossils appeared significantly
later, with the first record found from the Late Oligocene.
The macroremains confirmed that different taxa of the
genus were common in Europe between the Miocene and
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Table3 The average contributions [%] of the most influential cli-
matic factors to the current distribution of Pterocarya fraxinifolia in
the entire distributional area and the different parts of the species geo-
graphic range

Code ENT EUX CAU HYR ITU
BIO1 28.5 174 35.2 15.1 0.5
BIO2 0.9 0.1 0.5 0.3 0
BIO3 1 0.4 6.6 0.2 0.2
BIO4 9.4 0.5 10.9 29 114
BIOS 7.6 0.3 1.5 5.8 0
BIOS 0.9 0.4 24 0.9 1.7
BIOI12 43 34.3 4.6 0.5 0.4
BIO13 244 2.4 1.2 23.7 0.2
BIO14 9.5 18.9 9.8 15.9 20.7
BIO15 5 1.2 12 23.1 11.5
BIO18 34 1 114 0.9 5.6
BIO19 5.1 23.1 39 10.7 47.8

Bolded values had an influence greater than 10%. Bioclimatic codes
and region abbreviations are the same as in Table 1

the Pliocene. During the Early Pleistocene, Pterocarya was
still common in Southern Europe and gradually went extinct
from this age on (Table 4).

Past niche modeling

During the LIG, temperatures in the current P. fraxinifolia
geographic range were one degree lower with much larger
annual oscillations (Table 5). Precipitation, however, was
higher, both in the driest and wettest months (Table 5). The
most suitable habitats during the LIG may have been more
than 28 times larger than the current areas (Table 6). The
suitable habitats for P. fraxinifolia covered nearly all Medi-
terranean and sub-Mediterranean regions, with a center of
occurrence in the Euxino-Hyrcanian region, but also in the
Irano-Turanian region (Fig. 4a). The suitable habitats in
Europe, however, were probably not occupied by P. frax-
inifolia during the LIG, with the exception of single sites in
southeastern Europe.

During the LGM, the annual mean temperature in the
suitable habitats was only 65% of the current tempera-
ture, and precipitation was 29% and 22% lower in the wet-
test and driest periods of the year, respectively (Table 5).
The most suitable habitats during the LGM were 10 times
smaller than the current suitable range (Table 6). During
this time, P. fraxinifolia was pushed into restricted areas,
where it survived until present in three fragmented locali-
ties (Fig. 4b). ENM analyses indicated that no areas had

Table 4 Fossil record synthesis of Pterocarya in Europe. EE: Eastern Europe, WE: Western Europe, CE: Central Europe, NE: Northern Europe,

and SE: Southern Europe

Regions Fossil records (pollen grains) Fossil records (macroremains)
/Epochs

EE WE CE NE SE EE WE CE NE SE
Middle Eocene No Rare No No No No No No No No
Late Eocene No Rare Rare No No No No No No No
Early Oligocene Rare Rare Rare Rare Rare No No No No No
Late Oligocene Rare Rare Rare Rare Rare Rare Rare Rare Rare No
Miocene Common Common Common Common Common Common Common Common Common Common
Pliocene Common Common Common Common Common Common Common Common Common Common
Early Pleistocene Common Common Common Common Common Rare Rare Rare Rare Common
Middle Pleistocene  Rare Rare Rare Rare Rare No No Rare No Rare
Late Pleistocene No No No No No No No No No No
Holocene No No No No No No No No No No

Table 5 Absolute values (ratio of tested scenarios to current absolute value: %) of the most significant climatic factors in the current Pterocarya
fraxinifolia geographic range and in various tested scenarios. Bioclimatic codes are the same as in Table 1

Code Current LIG LGM MH RCP 2.6 RCP 4.5 RCP 8.5
BIOI 13.92 (100%) 12.82 (92%) 9.03 (65%) 12.59 (90%) 15.13 (109%) 15.98 (115%) 17.26 (124%)
BIO4 7.37 (100%) 10.14 (138%) 7.95(108%)  8.38 (114%) 7.61 (103%) 7.70 (104%) 7.92 (107%)
BIO5 30.84 (100%) 35.07 (115%) 26.78 (88%)  31.64 (104%) 3247 (107%) 3373 (111%) 35.56 (117%)
BIOI3 124.84 (100%)  147.32 (118%)  88.94 (71%)  146.78 (118%) 115.09 (92%) 125.72 (101%)  116.84 (94%)
BIOI4  32.78 (100%) 38.29 (120%) 24.73 (78%)  32.82 (103%) 30.6 (96%) 30.74 (97%) 28.48 (90%)

Tested scenarios: LIG (Last Interglacial), LGM (Last Glacial Maximum), MH (Mid-Holocene), and 2070 (RCP 2.6, RCP 4.5, and RCP 8.5)
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Table 6 Coverage (km?) of the most suitable habitats for Prerocarya fraxinifolia (suitability greater than 0.5) during the Last Interglacial (LIG),
Last Glacial Maximum (LGM), Mid-Holocene (MH), current, and 2070 (RCP 2.6, RCP 4.5, and RCP 8.5)

LIG LGM MH Current RCP 2.6 RCP 4.5 RPC 8.5
Suitable area 1,597,510 5,202 366,855 56,730 204,288 316,135 740,037
(km?)
AUC 0.986 0.987 0.987 0.987 0.987 0.986 0.987

Area was limited to Europe and Middle East. AUC: the area under the curve

Flg 4 Maps of climatically % Habitat suitability
suitable habitats for Pterocarya -
fraxinifolia in the past. a Dur-
ing the Last Interglacial (LIG)
(approximately 125 ka BP); b s
during the Last Glacial Maxi- ; . , A -
mum (LGM) (approximately 35 S Rt o ¥ s ﬁ‘
22 ka BP); and ¢ during the 4 Ny 1 )
Mid-Holocene (MH) (approxi-
mately 6 ka BP)

Excellent

( b ) Habitat suitability
[ | "'

Low Excellent

0 1000
g km
=5 * Habitat suitabilit 1
o abitat suitability *
Low Excellent
-
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sufficiently suitable climate conditions in Europe during
the LGM. Suitable habitats for P. fraxinifolia were detected
mostly in the small areas of Hyrcanian and Irano-Turanian
regions (Fig. 4b).

During the MH, the climate was very similar to today
(Table 5). The most suitable habitat areas may have been
6.5 times larger (Table 6). The MH climate conditions were
more suitable for P. fraxinifolia occurrence in a broader area
than the current climate conditions, covering the eastern
coastal region of the Balkan Peninsula in Europe (Fig. 4c).

Future climatically suitable areas

Areas with climatically suitable habitats (suitability above
0.5) for P. fraxinifolia occurrence in the future increased for
each model that was analyzed. The RCP2.6 and RCP4.5 cli-
mate change scenarios accelerated the extension of suitable
habitats in southeastern Europe (Fig. 5a and b). The most
significant enlargement of suitable habitats was found under
the RCP8.5 scenario, which projects an average temperature
increase of 3.7 °C by 2100 (Fig. 5c). Under this scenario,
suitable habitats would cover most of the southern and cen-
tral Europe, and some parts of western, eastern, and north-
ern Europe. Areas characterized with high suitability could
be between 3.6 and 13.0 times greater than current ranges
(Table 6). Compared to the current scenario, temperatures
would increase significantly, while precipitation would be
reduced in all three tested scenarios, especially under the
most drastic scenario (RCP8.5), where precipitation of the
wettest month will decrease by 10% (Table 5).

Discussion

Current geographic range and climatic
determinants

In addition to the discovery of new P. fraxinifolia popula-
tions, especially in the Irano-Turanian region (Akhani and
Salimian 2003; Avsar et al. 2004), the natural geographic
range has also gradually improved. Currently, there are four
main distribution centers for P. fraxinifolia: the Euxinian,
Caucasian, Hyrcanian, and Irano-Turanian regions.

In the Euxinian region, P. fraxinifolia is a component of
humid broadleaved forests on plains and/or along riversides
and grows with other broadleaved tree taxa from the gen-
era Acer, Alnus, Carpinus, Diospyros, Ficus, and Quercus
(Kozlowski et al. 2018a; Nakhutsrishvili 2012). The Cau-
casian region is on the southern slopes of the Great Cauca-
sus between the Alazani and Shamakhi Rivers. Along the
river valley, P. fraxinifolia is located at higher elevations in
deciduous forests than the other genera mentioned above. In

this region, species can form sporadic narrow belts of ripar-
ian woodlands between 800 and 1200 m (Iljinskaya 1953).

The most important region for P. fraxinifolia is the Hyrca-
nian. Here, populations of P. fraxinifolia have the largest alti-
tudinal range and can grow from depressions of —20 m up to
600 m, with a maximum elevation of 1100 m (Yousefzadeh
et al. 2018). This region is also a reservoir of P. fraxinifolia
genetic diversity (Maharramova et al. 2018). Areas within
the Irano-Turanian region are poorly studied and the most
atypical, with P. fraxinifolia reaching a maximum elevation
of 1730 m (Akhani et al. 2010; Akhani and Salimian 2003).

The different climate conditions controlling P. fraxini-
folia occurrence in the four regions described above may
have facilitated its adaptation during a long period of spa-
tial separation. This is partly seen in the pattern of genetic
differentiation for the species and its division into at least
two groups: the Hyrcanian and Euxinian-Caucasian regions
(Maharramova et al. 2018). The Irano-Turanian region needs
to be given greater protection, due to the special climatic
demands, which differ from those of the other three regions.

Our analyses showed that climatic conditions in the Hyr-
canian region provided very broad potential suitable habitats
for P. fraxinifolia, which was not the case in the Euxinian
and Caucasian regions. Surprisingly, climate conditions
in the Irano-Turanian region also provided broad potential
suitable habitats. Different climatic demands among frag-
mented regions have been reported for several other species
(Anderson and Raza 2010; Jezkova et al. 2016; Walas et al.
2019). Differentiation of climatic demands and spatial iso-
lation resulted in genetic differentiation among populations
(Anderson and Raza 2010; Jezkova et al. 2016).

Historic expansion and contraction: Integrating
fossil records, ENM and phylogeographic surveys

Fossils provide the best evidence for a species within a past
window of space and time. According to the fossil records,
it is highly likely that Pterocarya began to appear in Europe
during the Oligocene. The expansion of Pterocarya in
Europe may have occurred during the Late Oligocene and
Early Miocene. During the Miocene and Pliocene, Ptero-
carya became common among European wetland vegeta-
tion (Mai 1995; Reumer and Wessels 2003). Fossil records
indicate that Pterocarya was inferred to still have a large
distribution throughout Europe by the Early Pleistocene
(Hrynowiecka and Winter 2016; Segotal967; Stachow-
icz-Rybka et al. 2017). Due to significant climate cooling
from the end of the Miocene and especially the end of the
Pliocene, a major ice sheet expansion occurred in Europe
(Zachos et al. 2001). Coincidentally, the most recent com-
mon ancestor of all P. fraxinifolia haplotypes has been dated
to the Late Pliocene (Maharramova et al. 2018).
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Fig.5 Maps of climatically
suitable habitats for Pterocarya
fraxinifolia. a In 2070 under
low climate warming (RCP2.6
scenario); b in 2070 under
intermediate climate warming
(RCP4.5 scenario); and ¢ in
2070 under high climate warm-
ing (RCP8.5 scenario)

RCP 2.6 i

~Habitat Suitability
|

Low Excellent

During the LIG, climatically suitable habitats shrank  southern European localities (Follieri 1958; Hrynowiecka
southward to southern Europe. Along with ice sheet  and Szymczyk 2011; Magri et al. 2017; Martinetto 2015;
expansion, Pterocarya disappeared from most of the  Suc et al. 2018). The positive results between ENM and
areas in Europe during the Pleistocene. From the Middle  fossil records suggest that the first great contraction for
Pleistocene, fossil records of pollen grains became rare  Pterocarya occurred during the Middle Pleistocene.
in Europe and macroremains were found only in some
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The second major contraction for Pterocarya occurred
during the LGM. The lack of fossil records in Europe and
the modeling results from this study indicated that the LGM
was absolutely devastating for Pterocarya and other relict
trees in Europe. During this time, a large number of relict
trees disappeared from Europe or retreated to Mediterranean
areas, such as Zelkova, Liquidambar, Forsythia, and Par-
rotia (Kozlowski and Gratzfeld 2013; Ozturk et al. 2008).

Our results showed that during the LGM, P. fraxinifo-
lia occupied an extremely small area with suitable climatic
conditions. The low-to-intermediate levels of genetic diver-
sity in P. fraxinifolia further proved that there were very
small climatic microrefugia for this species during the LGM
(Maharramova et al. 2018). The Euxinian and Hyrcanian
regions were modeled as climatic refugia during the LGM,
so the hypothesis that colonization from the southeast (Hyr-
canian region) to northwest (Colchis) occurred before the
LGM was supported by this study (Maharramova et al.
2018). As the oldest population, the Hyrcanian region with
the highest genetic diversity to the best of our knowledge is
the key area for conservation.

The current warm period during the Holocene may have
provided favorable conditions for P. fraxinifolia expansion.
Compared with ENM for the LGM, the suitable habitats are
more than 70 times larger for MH. Combined with phylo-
geographic surveys (Maharramova et al. 2018), the Cauca-
sian became a new region for P. fraxinifolia that expanded
from the Euxinian region during the Holocene. Currently,
the other three regions are also much larger than the suitable
habitats during the LGM.

The future of P. fraxinifolia under changes in climate
and land utilization

Increasing annual mean temperature, which is the most
important bioclimatic variable for P. fraxinifolia, may cre-
ate suitable conditions for this species in large areas of
Europe. Suitable habitat expansions have been detected for
other tree species, mainly from the nemoral biome (Dyder-
ski et al. 2018; Svenning et al. 2008), but they restrict their
geographic ranges within the strictly Mediterranean biome
(Romo et al. 2017; Walas et al. 2019).

However, because the species has not expanded signifi-
cantly since the LGM, the extensive presence of new suit-
able habitats in Europe in the future does not mean that P.
fraxinifolia will colonize these areas. Generally, the genus
Pterocarya is a Cenozoic relict genus of the Northern Hemi-
sphere, which is believed to have climate niche conservatism
(Shiono et al. 2018). The tree diversity of Europe is to a
large extent a result of postglacial dispersal limitation and
not exclusively by climate habitat availability and suitability
(Svenning and Skov 2007). Furthermore, with riparian habi-
tat fragmentation, it will be difficult for the species to spread

to potentially suitable habitats (Fink and Scheidegger 2018).
Land-use change will also reduce Caucasian wingnut disper-
sal rates and prevent settling within potential habitats (Miller
and McGill 2018). Thus, we propose that climatic opportu-
nities alone likely will not facilitate the natural expansion of
the species, even within its current range.

Holocene warming is considered to be the main reason
behind successful European recolonization by Quercus spp.,
Castanea sativa, Corylus avellana, Tilia spp., Ulmus spp.
and others (Brewer et al. 2002; Kunes et al. 2008; Roces-
Diaz et al. 2018). The failure of the return P. fraxinifolia to
Europe was supposedly due to its limitations in migration
and seed dispersal, which inhibited its ability to return to
Europe naturally (Prilipko 1961; Tarkhnishvili et al. 2012).

Within the suitable habitat areas, arable land and urban-
ized areas occupied a considerable proportion, indicating
that there is a large disturbance of human activities in the
suitable habitats of P. fraxinifolia. Thus, the species will face
a more severe survival situation in the future.

Effective conservation of relict P. fraxinifolia
from microrefugia and avoidance of invasion risk
legitimately

Historical expansions and contractions during the Quater-
nary, especially the LGM, led to the formation of the current
disjunctive pattern of P. fraxinifolia. Since the Anthropo-
cene, human activities have compressed suitable areas, espe-
cially in the Fuxinian region. Combined with the results of
this study and population genetics, we could provide a clear
idea for the in situ conservation of P. fraxinifolia. The Cau-
casian region has the most stable habitat, with less impact
from human activities. Conservation efforts need to focus
on the three climatic microrefugia during the LGM: (1) the
Hyrcanian region possessed high genetic diversity, (2) the
Euxinian region lost most of its habitat due to human activi-
ties, and (3) the Irano-Turanian region has special climatic
demands that have been poorly studied.

Pterocarya fraxinifolia has been planted in European gar-
dens, forests, and parks for centuries (Sukopp et al. 2015).
Many other woody species introduced to Europe for agri-
culture, forestry, medicine, and decorative purposes (Essl
et al. 2018), such as Abies grandis, Acer negundo, Ailanthus
altissima, Eucalyptus spp., Quercus rubra, Robinia pseu-
doacacia, and Tsuga heterophylla, have already become
invasive in Europe (Krumm and Vitkova 2016; Fanal et al.
2021). Identifying emerging invasive species is a priority to
implement early preventive and control actions. This study
indicated that P. fraxinifolia has a wide range of future suit-
able habitats in Europe. Many wetland plants fit the defini-
tion of being invasive as species that rapidly increase their
spatial distribution by expanding into native plant commu-
nities (Zedler and Kercher 2004). The high demands of P.

@ Springer



1334

European Journal of Forest Research (2021) 140:1323-1339

fraxinifolia for light and soil humidity will help seedlings
establish and provide favorable conditions for rapid growth
(Prilipko 1961). Population expansions of nonnative P. frax-
inifolia have already been observed, such as in Belgium,
France, Germany, Poland, Switzerland, etc. (Andeweg
2013; Sukopp et al. 2015; Verloove 2011). In the future,
the invasiveness (impact on biodiversity and ecosystems)
of life traits of the species needs to be assessed. Thus, it
would be very important to carry out a detailed survey of
ex situ collections and forest plantations of P. fraxinifolia
across the whole European continent, as well as monitor
their dynamics.

Conclusions

Pterocarya fraxinifolia is a typical element of riparian and
floodplain forests in lowlands of the Euxinian, Caucasian, and
Irano-Turanian regions. The annual mean temperature and pre-
cipitation of the wettest month are the most important factors
determining the current distribution of this relict tree species.
However, climatic limiting factors clearly diverged among
the four main distributed areas. Interestingly, its actual range
is only half of the potential range of this taxon in Western
Eurasia, with large parts of the Balkan Peninsula, Greece and
Anatolia without P. fraxinifolia. However, these areas possess
suitable climatic conditions. In the past, P. fraxinifolia pos-
sessed the largest suitable habitats during LIG (more than 28
times larger). This area was dramatically reduced during the
LGM (10 times smaller than today) with only three fragmented
localities in the Hyrcanian and Irano-Turanian regions. Accel-
erated human-made climate change will significantly increase
the suitable habitats for P. fraxinifolia. Under the RCP8.5 sce-
nario, for example, the taxon would cover most of southern
and central Europe, as well as large parts of western, eastern,
and even northern Europe. However, strong fragmentation
of riparian habitats and land use changes for agriculture and
urbanization will significantly slow or even make impossible
the natural expansion of the species to the West. Neverthe-
less, since the species is largely planted in parks, forests, and
gardens, monitoring such artificial plantations, and potential
sources of expansion would be highly desirable.

Appendix

Fossil record synthesis of Pterocarya
in Europe

Rich fossil record of the genus Pterocarya in Europe

includes both pollen grains and macroremains (mainly
isolated leaflets and fruits, rarely wood, and exceptionally
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also inflorescences). The macroremains of Pterocarya in
the European Paleogene and Neogene are represented by
fossil leaflets, usually classified as fossil-species Ptero-
carya paradisiaca (Unger) Ilinskaya, rarely also as Ptero-
carya castaneifolia (Goeppert) Schlechtendal and Ptero-
carya denticulata (Weber) Heer, and fossil fruits (winged
nutlets) described as Prerocarya limburgensis C. Reid &
E. Reid (Pterocarya raciborskii Zabtocki). Early Pleisto-
cene fruits of Pterocarya were reported usually as Ptero-
carya limburgensis. P. paradisiaca morphologically is
similar to the contemporary P. fraxinifolia (Traiser et al.
2019) and fruits of P. limburgensis are compared both to
winged nuts of P. hupehensis and P. fraxinifolia (Marti-
netto 2015).

To better describe the distribution of fossils, the whole
Europe were divided into five regions: Eastern Europe (EE),
Western Europe (WE), Central Europe (CE), Northern
Europe (NE) and Southern Europe (SE), based on the Euro-
voc and CIA World Factbook (CIA 2019; Eurovoc 2018).

Pterocarya pollen grains are known since Paleogene.
The oldest, rather sparse pollen grains were recorded from
Eocene localities (ca. 47 Ma) (Gruas-Cavagnetto 1978;
Lenz et al. 2011; Muller 1981; Worobiec and Gedl 2018).
Although Oligocene localities are more numerous, pollen
grains of Pterocarya were still insignificant components
of the palynofloras. The role of Pterocarya become signifi-
cant in the pollen floras of Neogene period (Miocene and
Pliocene), thus indicating the common occurrence of the
wingnut in the wetland vegetation of Europe in this epoch.
During the Pleistocene, pollen grains of Pterocarya were
found in NE, WE, CE and EE in all interglacial phases,
until the Holsteinian (Binka et al. 2003; Hrynowiecka and
Winter 2016; Krupinski 1995; Nitychoruk 1994; Segota
1967; Stachowicz-Rybka et al. 2017; Winter 2001). In
Southern Europe, Pterocarya pollen was found in most
profiles, ranging from very low frequencies, from less
than 2% to even more than 50% in the Middle Pleistocene
site of Riano (Follieri 1962), where also macroremains of
wingnut were discovered (Follieri 1958).

Pterocarya was present until 0.4 Ma in almost all stud-
ied European and south-west Asiatic sites, e.g. from Ana-
tolia, Central Italy, Greece, French Massif Central, French
Alps, and in two Portuguese marine cores. After this time
its distribution was severely fragmented resulting from its
disappearance until probable last recorded occurrence of
the species during the Eemian interglacial (Magri et al.
2017). The research of Suc et al. (2018), based on two
offshore cores including long pollen records in the Gulf
of Lions and near the Gargano Peninsula (Italy), shows
that the Pterocarya occurred during each warm phase up
to the end of the Eemian. It was absent in all the colder
phases since 0.5 Ma, which proves its extreme frailty dur-
ing the recent glacial—-interglacial cycles. However, the
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only scarce presence of the species was proved by pol-
len and macroremains from southern Apennine Peninsula
(Magri et al. 2017).

Contrary to pollen records, fossils considered as mac-
roremains of the genus Pterocarya in Cenozoic of Europe
were reported beginning from the late Paleogene, that
is middle/late Oligocene (Kvacek and Teodoridis 2007;
Mai 1995). Earlier record of macrofossils of the wingnut
(mainly leaflets) is rather doubtful and needs revision. In
the late Oligocene, both leaflets and fruits of Pterocarya
were rather rare in Europe. Neogene is the period when
Pterocarya became the widespread and common com-
ponent of the wetland communities of whole of Europe
(Kovar-Eder 2003; Mai 1995; Zastawniak et al. 1996).
Beginning from the early Miocene, remains of wingnut
leaflets and fruits were reported in fossil plant assemblages
from Austria, Belgium, Bulgaria, Czech Republic, Den-
mark, Germany, Greece, Hungary, Iceland, Italy, Poland,
Romania, Serbia, Slovenia, Spain and Ukraine. Similarly
as in Miocene, in the Pliocene of Europe, macroremains
of Pterocarya were also common component of wetland
plant assemblages found in Bulgaria, France, Germany,
Greece, Hungary, Poland, and Italy.

Due to significant cooling of the climate of Europe at the
end of Pliocene, Pterocarya disappeared from the most area
of Europe in the beginning of Pleistocene. In the early Pleis-
tocene, however, macroremains of wingnut were still being
found in some localities of western Europe, e.g. Maalbeek
in the Netherlands, Alsace in Germany, through England, up
to southern Europe in Italy, Spain and France (Magri et al.
2017; Martinetto 2015; Westerhoff 1998). In Italy, the fossil
records of Pterocarya fruits are rather dense at the beginning
of early Pleistocene, afterwards there is a surprising lack
in the Calabrian, when Pterocarya is documented only by
one endocarp in the earliest Calabrian site Santerno-Codri-
gnano and by scanty leaflets of Pterocarya at the Oriolo site
(Martinetto 2015). Middle Pleistocene record of wingnut
macroremains comes from localities of Nowiny Zukowskie,
Poland (fruit; Hrynowiecka and Szymczyk 2011) and Riano,
Italy (fruits and leaflets; Follieri 1958).

The lack of P. fraxinifolia fossil data from Europe after
400-500 ka BP, even in the southernmost parts of the con-
tinent recognized as refugial areas of the Tertiary floras
(Medail and Diadema 2009), could be interpreted as their
very restricted abilities for migration, which was commented
earlier.
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