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Highlights
• The Caucasian wingnut (Pterocarya fraxinifolia Spach) is an emblematic and relict riparian 

tree with limited distribution in Hyrcanian forest which investigating its genetic population 
structure and diversity along altitudinal gradients, and migration patterns are novel.

• We concluded that rivers are the main seed dispersal vector among P. fraxinifolia populations 
and there was no trend from upstream to downstream.

• The high level of gene flow and uniform genetic diversity along each river system suggest 
the “classical” metapopulation structure of the species.

Abstract
Riparian trees, especially relict trees, are attractive and important for research to understand 
both past and recent biogeographical and evolutionary processes. Our work is the first study to 
elucidate the genetic diversity and spatial genetic structure of the canopy-dominating riparian 
Pterocarya fraxinifolia (Juglandaceae) along two altitudinal gradients in different river systems 
of the Hyrcanian forest, which is one of the most important refugium of relict trees in Western 
Eurasia. Altitudinal gradients were chosen along two river systems at 100, 400 and 900 m a.s.l. 
Leaf samples were collected from 116 trees, and the genetic diversity was evaluated with eight 
SSR markers. Overall, 39 alleles were identified for all of the populations studied. The observed 
heterozygosity (Ho) varied from 0.79 to 0.87 (with a mean of 0.83). The results of the AMOVA 
analysis indicated that the variation within populations was 88%, whereas the variation among 
populations was 12% for all of the gradients. A structure analysis indicated that 93% of the trees 
were grouped in the same gradient. The genetic distance based on Fst confirmed the structure result 
and indicated a high rate of gene flow among the investigated populations. Based on high gene 
flow (low differentiation of the population along the same river) and the clearly distinct genetic 
structure of the investigated gradients, it can be concluded that rivers are the main seed dispersal 
vector among P. fraxinifolia populations. The genetic diversity of P. fraxinifolia did not show any 
trend from upstream to downstream. The high level of gene flow and uniform genetic diversity 
along each river suggest the “classical” metapopulation structure of the species.

Keywords Caucasian wingnut; plant variation; population genetics; refugium; riparian forest; 
river system
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1 Introduction

Riparian forests, which are characterized by challenging environmental conditions, are very impor-
tant due to their high level of biodiversity, which supplies a multitude of environmental, economic 
and aesthetic benefits (Sakio and Tamura 2008). The major threats for these sensible habitats lies 
in human disturbance, particularly due to clearing for agriculture and urban development, grazing, 
invasive species and disrupted river ecosystem through artificial barriers such as dam construc-
tions (Imbert and Lefevre 2003; Smulders et al. 2008). As a consequence, it has been estimated 
that up to 99% of the riparian forests in Europe have disappeared (Lefevre et al. 1998; Hughes 
and Rood 2003). Currently, there is increasing interest in restoring riparian habitats (Hughes et al. 
2005). Understanding the genetic structure of the population and genetic differentiation helps in 
the management and restoration of endangered species (Holderegger and Wagner 2000; Yang et 
al. 2015) and, more specifically, of riparian forest trees (Wei et al. 2015).

During the last half century, an additional threat has occurred from accelerated climate 
change (Leadley et al. 2010). Relict plants, especially relict trees, which have been able to survive 
impressive environmental changes over millions of years, are of great concern for their valuable 
contribution to improving the understanding of both past and recent biogeographical and evo-
lutionary processes (Kozlowski and Gratzfeld 2013). An effective way to deal with the damage 
caused by climate change is to preserve the genetic diversity within a population of a species 
(Ehlers et al. 2008; Pauls et al. 2013). Species can react to global climate change by adapting and 
persisting in new conditions (Hoffmann and Sgro 2011) or by shifting their habitat or range (Chen 
et al. 2011). Without adaptation or distribution shift capacities, these fast climatic changes can 
lead to extinction (Dawson et al. 2011). Thus, preserving the genetic diversity within a species is 
very important for its long-term survival (Pauls et al. 2013). Climate relicts are the remnants of 
past populations that have become isolated and/or fragmented by climate-driven range shifts that 
preserved ecological and evolutionary histories (Ian Milne 2006; Woolbright 2014). Relict trees 
and their forests have the potential to enhance our understanding of how long-term environmen-
tal change affects species’ interactions, Forest community composition and disassembly as well 
as the services that ecosystems provide. They enable the study of changes and interactions that 
occurred inside communities during a time span of millions of years through climate change and 
habitat fragmentation (Lyons 2016). Many relict woody plants are confined to multiple refugia 
(Kozlowski and Gratzfeld 2013). This can be caused by limited seed dispersal abilities or the 
presence of unsuitable habitats surrounding refugia that could prevent the migration of taxa and 
range expansion. Due to geographical isolation, the gene flow between refugial areas would have 
been negligible during interglacials and glacial periods, and mutations would have expanded little 
from their place of origin (Hewitt 1996, 2001). Moreover, isolated relict populations would have 
been exposed to bottleneck situations due to their small size (Hampe and Arroyo 2002). How-
ever, comparatively little is known about the phylogeography and genetic structure of the plants 
confined to multiple refugial regions.
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For our study, we chose the Caucasian wingnut (Pterocarya fraxinifolia Spach, Juglan-
daceae), which is a riparian tree. This is the only species of the genus occurring in Western Eurasia. 
Most extant species of the wingnut genus (P. hupehensis Skan, P. macroptera Batalin, P. stenoptera 
C. DC, P. tonkinensis (Franch.) Dode and P. rhoifolia Siebold & Zucc.) are distributed in eastern 
Asia (Zheng-Yi and Raven 2003). Pterocarya is an ancient relict genus, with the oldest fossil fruits 
dating to the Eocene-Oligocene in North America and Eurasia (Manchester and Dilcher 1982). 
In Europe, Pterocarya fossils dating to the Pleistocene interglacial periods have been found in 
Germany, Poland, Lithuania, Ukraine, France, and Italy (Binka et al. 2003; Ravazzi et al. 2005; 
Guiter et al. 2008). However, wingnuts went extinct in western Eurasia, except in the Euxino-
Hyrcanian Province (Takhtadjan 1986; Zohary 1973) and its small southern outposts (Boratyńska 
and Boratyński 1975). The Hyrcanian forests, where P. fraxinifolia occurs, are recognized as one 
of the most biodiverse ecosystems and a reservoir of relict woody species with high strategic value 
for the conservation and maintenance of ecosystem services (Browicz 1988, 1997; Maharramova 
2016; Maharramova et al. 2018).

Pterocarya fraxinifolia is a thermophilus deciduous tree species with a lifespan of 200–250 
years that grows along watercourses in lowland and ascending along riparian forests in the moun-
tains up to 1700 m a.s.l. It is a synchronously monoecious species with many-flowered pistillate 
and staminate catkins (Iljinskaya 1970) that bloom between mid-April and mid-May, produces 
wind-dispersed pollen in abundance and forms winged nutlike drupes that are dispersed by both 
wind and water. Vegetative reproduction in this species is common and occurs through root sprout-
ing (Gulisashvili 1961). In the South Caucasus, P. fraxinifolia occurs mainly in the Colchis on 
the eastern coast of the Black Sea, in the Hyrcanian region on the southern coast of the Caspian 
Sea, and on the southern slopes of the Greater Caucasus mountain range and the adjacent valleys 
(Browicz 1989, 1997). Additional populations can be found in Anatolia (Avsar and Ok 2004) 
and the central Zagros Mountains (Akhani and Salimian 2003). Pterocarya fraxinifolia com-
monly occurs in lowland areas, which has been frequently converted for agricultural, industrial 
and regional maintenance purposes (Biltekin et al. 2014; Scharnweber et al. 2007). Due to this 
decline, P. fraxinifolia, along with other relict and endemic taxa, is currently under protection in 
national parks and state reserves in Azerbaijan, Georgia and Iran. However, future changes toward 
drier climates might further endanger the species (Denk et al. 2001). Agricultural alteration of the 
natural landscape and low genetic diversity may particularly restrict the adaptation of the species 
to a changing environment (McLaughlin et al. 2002).

Information on the patterns of genetic diversity in relict trees can help elucidate how these 
species adapt to climate changes in the long term (Holderegger and Wagner 2000; Yang et al. 
2015). To date, only a few genetic studies exist on the genus Petrocarya (Sugahara et al. 2017), 
and only two studies have investigated the phylogeny and phylogeography of P. fraxinifolia in the 
Transcaucasia and Hyrcanian regions (Maharramova 2016; Mostajeran et al. 2017).

Referring to Ritland’s unidirectional diversity hypothesis (Ritland 1989) (which concerns that 
genetic flow is relative to the unidirectional flow of abiotic environmental influences, particularly 
stream flow) we employed nuclear microsatellite markers to investigate the genetic diversity and 
genetic structure of P. fraxinifolia in a natural river system of Northern Iran (Alborz Mountains). 
In recent years, numerous studies on genetic diversity along an altitudinal gradient have been 
conducted using molecular markers (McMahon et al. 2011). However, in our study, we intend to 
(i) evaluate the differences in the genetic diversity of P. fraxinifolia populations along altitudinal 
gradients of different river systems, (ii) evaluate the differences between the rate of gene flow 
among the populations along the same river compared with different river systems, and (iii) dis-
cuss the implications of the results for the conservation of P. fraxinifolia and the restoration of its 
riparian forests.
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2 Materials and methods

2.2 Sampling of plant material, DNA extraction and SSR amplification

Two altitudinal gradients were chosen along valleys of Talar and Tajan rivers (Fig. 1), in the center 
of the Hyrcanian forest, north of Iran (Table 1). Three populations have been selected along each 
river, using altitudinal gradient at approximately 100, 400 and 900 m a.s.l. In every population, 

Fig. 1. Bayesian clustering results for Pterocarya fraxinifolia in the Hyrcanian region (N = 116) estimated 
along two altitudinal gradients from K = 3 and an associated map of the mean membership probabilities per 
site from STRUCTURE. Each individual is represented by a vertical bar partitioned into K segments, which rep-
resents the amount of ancestry of its genome corresponding to K clusters. Visualization was improved by sort-
ing the genotypes by site. Gradient 1: Myarkola, Sad, and Miana; gradient 2: Chaybagh, Atoo, and Ladjim.  
(a) Output from STRUCTURE. (b) Output from BAPS. (c) Results of DAPC analysis in R.
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18–20 trees, separated by distance of at least 20 m from each other, were collected (leaf samples). 
Before DNA extraction, the leaves were frozen in liquid nitrogen and ground to a fine powder 
using a mortar and pestle. The total genomic DNA was isolated from the ground powder using a 
protocol modified from Janfaza et al. (2017), and based on the method of Murray and Thompson 
(1980). Eight nuclear SSR (Simple Sequence Repeats markers) were selected, and PCR and cycle 
amplifications were performed according to Maharramova (2016). The PCR products were sepa-
rated by 8% polyacrylamide gel electrophoresis (PAGE) and detected by silver staining. Fragment 
analysis was conducted using the Gel-Pro Analyzer software.

2.2 Statistical analysis

The presence of null alleles was estimated by Microchecker v2.2.3 (Van Oosterhout 2004). The 
number of observed (Na) and effective alleles (Ne), observed and expected heterozygosity, inbreed-
ing index, clonal structure and gene flow among the populations were calculated by the GenAlEx 
software (Peakall and Smouse 2006). Clonal structure in studied populations was calculated using 
genotype diversity according to the formula R = (G − 1)/(N − 1), where G is the number of total 
genotypes detected and N is the number of individuals collected along both river gradients (Dering 
et al. 2017).

Genetic differentiation among the populations was estimated by an analysis of molecular 
variance (AMOVA). The average differentiation coefficients (Fst), gene flow (Nm) and pair wise 
population assignment test were calculated using GenAlEx v6.5. Allelic richness (Ar) was cal-
culated using the rarefaction method with the HP-Rare software (Kalinowski 2004, 2005). The 
population structure and assignment of trees to the populations were performed using STRUCTURE 
v2.3.3. (Pritchard et al. 2000). The allele frequencies were correlated between populations with 
the admixture model, and the algorithm was run with 50 000 burn-in Markov Chain Monte Carlo 
(MCMC) iterations and 50 0000 MCMC post burn-in repetitions for the parameter estimation. The 
structure was run in three replicates with assumed K from 2 to 8 (Supplementary files S1 and S2, 
available at https://doi.org/10.14214/sf.10000). The structure harvester’ online program was used 
to determine the appropriate K value based on both the LnP (D) and Evanno’s ΔK (Evanno et al. 
2005). Additionally, it was used BAPS (Bayesian Analysis of Population Structure) where analyze 
was conducted with 1000 iterations (Corander et al. 2006, 2008; Cheng et al. 2011). DAPC (Discri-
minant Analysis of Prinicipal Components) from adegenet package in R (Jombart 2008; Jombard 
and Ahmed 2011) was used complementary to Bayesian clustering methods from STRUCTURE 
and BAPS. Number of K was 3 and number of used PCA was 7.

Table 1. Geographical characteristics and sample size of investigated populations in two gradients along 
two river systems.

Population name Latitude (UTM) Longitude (UTM) Altitude (m a.s.l.) Sample size

Tajan river 
(gradient 1)

Myarkola 672536.3 4051845.08 50–60 20
Sad 697694.9 4017597.8 350–400 20

Miana 703567.39 3996839.29 900–970 18

Talar river 
(gradient 2)

Chaybagh 669888.3 4023492.3 200–250 20
Atoo 681346.47 4008915.14 400–450 18

Ladjim 686691.74 4013147.26 900–950 20

https://doi.org/10.14214/sf.10000
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3 Results

3.1 Microsatellite variation and genetic diversity

Null alleles were detected in five populations at locus 2 and in only one population at locus 5. 
Thus, the six remaining SSR loci were determined to be a proper set to assess the genetic diversity. 
Overall, 39 alleles were identified for all of the studied populations in two gradients. For both the 
number of observed alleles (Na) and effective alleles (Ne), the maximum and minimum values 
were related to Chaybagh and Myarkola populations (Table 2). The observed heterozygosity (Ho) 
varied from 0.79 (Chaybagh) to 0.87 (Atoo), with a mean of 0.83 for all populations. Except for 
the Myarkola population, the Ho was higher than He.

3.2 Genetic differentiation, population structure and clonality

The results of the AMOVA analysis indicated that variation within the populations was 91%, 93% 
and 88%, whereas variation among the populations was 9% and 7% and 12%. Gene flow were 
5.13, 6.6 and 3.77 (as the average numbers of migrants per generation) for gradient 1, gradient 2 
and all populations (the two gradients mixed), respectively (Table 3).

Table 2. Genetic variability within two gradients of Pterocarya fraxinifolia populations.

 Elevation Population Effective number 
of alleles (Ne)

Observed  
heterozygosity (Ho)

Expected  
heterozygosity (He)

Allelic  
richness (Ar)

Private allelic  
richness (PAr)

Gradient 1
Low Myarkola 5.7 ± 0.73 0.78 ± 0.1 0.807 ± 0.028 4.06 0.99

Medium Sad 4.7 ± 0.36 0.85 ± 0.067 0.78 ± 0.02 3.8 0.4
High Miana 5.1 ± 0.44 0.86 ± 0.07 0.79 ± 0.02 3.9 0.38

Gradient 2
Low Chaybagh 3.72 ± 0.23 0.79 ± 0.11 0.726 ± 0.018 3.3 0.1

Medium Atoo 4.27 ± 0.51 0.87 ± 0.09 0.751 ± 0.025 3.5 0.2
High Ladjim 4.25 ± 0.69 0.86 ± 0.11 0.730 ± 0.043 3.4 0.14

Table 3. Analyses of molecular variance (AMOVA) for two gradients of Pterocarya fraxinifolia from Hyrcanian forest 
using SSR markers.

AMOVA component AMOVA genetic distance option
S.O.V d.f SS MS Est. Var. % of Variance PhiPT Rst Fst Nm

Gradient 1
Among Pops 2 27.76 13.8 0.45 9% 0.086** 0.049** 0.046** 5.13
Within Pops 55 284.95 5.18 5.18 91%

Total 57 312.72 5.63 100%

Gradient 2
Among Pops 2 22.13 11.06 0.34 7 0.075** 0.052** 0.036** 6.6
Within Pops 55 237.68 4.32 4.32 93

Total 57 259.82 4.67 100

Total
Among Pops 5 85.1 17 0.63 12 0.11** 0.037** 0.062** 3.77

Within 110 521.3 4.7 88
Total 115 606.4 4.7 5.37 100

Statistics include sums of squared deviations (SS); mean squared deviations (MS), variance component estimates (Est. Var.). 
** – p-value < 0.01.
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The structure analysis was conducted three times based on each altitudinal gradient (river 
system) and then for all populations together (Fig. 1 and Suppl. file S1). The delta K was greatest 
for K = 3, which suggests the presence of three main groups in the two gradients (Suppl. file S2). 
The structure analysis indicated that more than 93% of the trees were grouped based on the gradient 
but did not group the trees based on the altitude in each gradient. However, intermixing of the colors 
across the altitude were also observed. In the first gradient, the trees represented 24.66%, 61.61% 
and 13.73% in groups 1, 2 and 3, respectively, whereas 81.81% of the trees in gradient 2 were 
located solely in group 3. The heterogeneity in gradient 1 was higher than that in the populations 
of gradient 2. Only 6.03% (7 trees) were placed in the admixture due to a membership coefficient 
of less than 0.55. Results from BAPS and DAPC are similar to result obtained in STRUCTURE 
(Fig. 1), but indicate a higher heterogeneity in gradient 2. It can be seen spatial pattern of genetic 
structure: majority of individuals from Myarkola and Sad form one genetic cluster, while popula-
tions from gradient 2 are dominated by another two clusters. Results of DAPC with populations 
used as a clusters show a clear difference between the two gradinets (Fig. 2), however, Miana 
shows similarity to both gradients.

Fig. 2. The result of DAPC analysis with populations used as clusters: 1 – Myarkola, 2 – Sad, 3 – Miana, 4 – Chay-
bagh, 5 – Atoo, 6 – Ladjim. Green colours indicated populations from gradient 1, blue and purple – populations from 
gradient 2.
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The assignment proportions of each individual to the population are surprising since a total 
of 94% of individuals are clustered in the populations originated from themselves (Fig. 3 and 
Table 4). Of the six populations, only the individuals from the Sad and Miana populations had 
100% assignment success.

Fig. 3. Result of the population assignment. (a) Pairwise population assignment graphs of 
gradient 1 vs. gradient 2. (b) Assignment of the populations of gradient 1. (c) Assignment 
of the populations of gradient 2.
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The genetic distance based on Fst also confirmed the structure result, where the Miana popu-
lation from gradient 1 had the lowest genetic distance with the Ladjim population from gradient 2. 
Additionally, a high rate of gene flow was observed among the investigated populations (Table 5).

Number of genotypes was the equal as number of individuals in all investigated populations 
except Atoo, where number of genotypes was one smaller than the number of individuals. This 
means that the applied methodology of the collection allowed to capture the entire (or the major-
ity) of the genetic variability of selected populations regardless of asexual reproduction which is 
known to occur in P. fraxinifolia through root sprouting (Gulisashvili 1961).

3.3 Migration pattern

The results of this study show that the genetic migration and heterozygosity of P. fraxinifolia did 
not follow a regular pattern. The highest gene flow was observed between the upper (Miana and 
Ladjim) and lower (Myarkola and Atoo) populations. Heterozygosity (He) was approximately equal 
in all three populations (high, middle and lowest elevation). The gene flow between the populations 
within each river was higher than that between populations belonging to the from different rivers 
(Fig. 4), except for the Miana population from the Tajan river, which seemed to have a high genetic 
flow due to the small geographic distance from the Ladjim population of the second river (Fig. 4).

Table 5. Pairwise population gene flow (Nm) values (below diagonal) and 
pairwise population genetic distance based on Fst values (above diagonal).

Populations Myarkola Sad Miana

Gradient 1
Myarkola 0.000 0.058 0.025

Sad 9.88 0.000 4.343
Miana 4.343 0.054 0.000

Populations Chaybagh Atoo Ladjim

Gradient 2
Chaybagh 0.000 0.041 0.026

Atoo 5.856 0.000 0.043
Ladjim 9.310 5.564 0.000

Nm – the product of the effective population number and rate of migration among 
populations.

Table 4. Summary of population assignment outcomes to “self” or “other” population.

 Pop Gradient 1
Pops

Gradient 2
Pops

Total Percent

All populations* Self Pop 52 57 109 94%
Other Pop 6 1 7 6%

Pop Myarkola Sad Miana Total Percent

Gradient 1 Self Pop 17 20 18 55 95%
Other Pop 3 0 0 3 5%

Pop Chaybagh Atoo Ladjim Total Percent

Gradient 2 Self Pop 18 16 16 50 86%
Other Pop 2 2 4 8 14%

* – All population in each gradient grouped as one population.
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Fig. 4. Migration pattern of Pterocarya fraxinifolia within and among the river populations.

4 Discussion

Our work is the first study to elucidate the genetic diversity and spatial genetic structure of P. frax-
inifolia along two altitudinal gradients in different river systems of the Hyrcanian forest, which is 
one of the most important refugium of the relict trees in Western Eurasia.

A high level of genetic diversity was detected for P. fraxinifolia in both studied gradients. 
The genetic diversity was higher within populations than it was among populations. Thus, P. frax-
inifolia is an exception among riparian plant species because in the majority of these plants, the 
genetic diversity was reported to be low to medium (DeWoody et al. 2004; Prentis and Mather 
2008; Russell et al. 1999). Interestingly, Maharramova (2016) reported that natural populations 
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of the species show low-to-intermediate levels of genetic diversity and a significant decrease of 
diversity from Hyrcan to Colchis. However, in her study covering the whole distribution area of 
the species, the distance between populations was much larger.

The results revealed that, the populations belonging to the same gradient showed higher 
similarity, especially along gradient 2. The situation was slightly different in gradient 1 because 
of the construction of a dam between the highest population (Miana) and populations at lower 
altitudes (Sad and Myarkola). This artificial barrier probably disconnected the gene flow (occurring 
via seeds) from higher to lower populations. However, our study delivers contrary conclusions to 
those of Werth and Scheidegger (2014) who show that the construction of dams and dikes has no 
effect on heterozygosity of downstream populations. The age of the sampled trees is higher than 
the age of the dam (27 years). Thus, if we want to examine the negative effect of dam construction, 
we should do the same study at the seedling level.

Our study supports the results of Maharramova (2016), who reports the absence of signifi-
cant inbreeding and genetic drift, and confirms that the high genetic diversity among populations 
of P. fraxinifolia results from outcrossing and wind-pollination of this tree species, which allows 
long-distance gene flow (Heuertz et. 2003).

The significant structure along two gradients indicates that the gene flow among P. fraxini-
folia populations is higher along the same river than between populations belonging to different 
river systems. Isolation by distance and differentiation along a river system, which was reported 
previously for P. fraxinifolia by Maharramova (2016) in the Hyrcanian forest, is related to higher 
forest density, special topography (high mountain between the neighboring river valleys) or other 
barriers that limit the wind dispersal of pollen/seeds. Rivers play a fundamental role in maintaining 
gene flow between populations of riparian trees. Pterocarya fraxinifolia and other riparian trees 
grow right at the waterfront and drop seeds directly into the water. However, we detected gene flow 
between populations belonging to two different gradients. The populations of Miana and Ladjim 
(the populations with the highest altitude in two gradients) are growing relatively close together 
in terms of geographical distance and have a greater chance for gene-flow by pollen than other 
populations. The structure analysis confirmed the possibility of gene flow and mixing between these 
two populations (Fig. 1). BAPS and DAPC analysis also indicated that Miana show a relatively 
high similarity to the population from gradient 2 (Figs. 2 and 3).

Genetic differentiation of populations along both gradients, and based on Fst, was low, similar 
to that of other riparian species, such as Hymenocallis coronaria (J. Le Conte) Kunth (Markwith 
and Scanlon 2006; Kudoh and Whigham 1997), Hibiscus moscheutos L. (Van Der Meer and Jac-
quemyn 2015), Populus nigra L. (Imbert and Lefevre 2003), Boltonia decurrens (Torr. & A. Gray) 
Alph. Wood (DeWoody et al 2004) and Saxifraga granulata L. (Van Der Meer and Jacquemyn 
2015). These values were reported to be relatively high for some riparian species (Lundqvist and 
Andersson 2001; Liu et al. 2006). Many factors, such as life form, geographical range and breeding 
system, have an impact on the proportion of population diversity and structure (Elistrand 2016; 
Chombe et al. 2017; Mosner et al. 2017).

The high genetic diversity versus low Fst of P. fraxinifolia was previously reported for other 
relict species as Michelia coriacea H.T. Chang & B.L. Chen (Zhao et al. 2012) and Zelkova carpini-
folia (Pall.) K. Koch (Maharramova et al. 2015). One reason of this can be a high gene flow (Total 
Nm = 3.77) among the investigated populations. Van Rossum and Prentice (2004) demonstrated 
that, such pattern may also result of past events. Fossil evidence indicates that P. faxinifolia was 
widespread throughout the Hyrcanian forest and in many other regions of Iran and Transcauca-
sia during Pleistocene (Leroy et al. 2013) and populations of that species have been presumably 
naturally fragmented for approximately 10 000–7000 years (Akhani et al. 2010). Based on the low 
differentiation of the population along the river (high gene flow) and the clearly distinct genetic 
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structure of the investigated gradients, it can be concluded that rivers are the main seed dispersal. 
As in other riparian plant species (Soons et al. 2008; James et al. 2013), other ways for gene-flow 
(e.g., pollen or vegetative propagules) play a less important role.

The high genetic diversity and high rate of gene flow among populations along a rivers 
might be the main reasons for the long-term survival of P. fraxinifolia in the Hyrcanian Forest. It 
was previously demonstrated that species with higher gene flow and genetic diversity have higher 
phenotypic plasticity (Reed and Frankham 2003; Ghalambor et al 2007; Gruber et al. 2013). 
Moreover, multidirectional genetic diversity and allelic richness in all of the studied populations 
attests to sufficient gene flow and thus proves the genetic capacity of P. fraxinifolia to cope with 
environmental changes and global warming. In the case of the P. fraxinifolia population, grow-
ing along the Talar and Tajan rivers, we have not discovered a high level of clonality, typical for 
riparian species such as Alnus incana (L.) Moench (Dering et al. 2017), Populus nigra (Barsoum 
et al. 2004) or Populus euphratica Olivier, where in the most extreme situation a single genet can 
be determined (Sękiewicz, unpublished data). This occurs despite the severe degradation of the 
habitats of this species, especially in the plain region of the Hyrcanian region.

5 Conclusions

The migration pattern in P. fraxinifolia is explained by a classical metapopulation model along 
a river and a bidirectional gene flow among upper and lower populations. In the present study, 
we cannot find a changing trend in the genetic diversity of populations from upstream toward 
downstream.
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