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Abstract

Climate fluctuations of the Quaternary caused radical changes in distribution of tree species and resulted
in large-scale range shifts, population contractions and expansions. Scots pine (Pinus sylvestris L.) a
widely distributed conifer of the boreal regions underwent spatio-temporal changes, which shaped the
modern-day genetic structure and phylogeographic pattern of the species. By applying independent
approaches, including molecular genetic data and historical climate models we aimed to describe
demography and past distribution patterns of Scots pine populations from the highly fragmented
southern periphery, the Carpathians and the Pannonian Basin. We used Approximate Bayesian
Computation (ABC) approach based on nuclear microsatellite markers (nSSRs) and Maximum Entropy
distribution modelling (MaxEnt) with temperature- and precipitation-related bioclimatic data. ABC
results indicated that from an ancestral Scots pine population two genetic lineages have diverged that in
the Mid-Pleistocene due to the favourable climatic conditions underwent population expansion leading
to an admixture event. The outcome of the hindcasting confirmed the expansion that leaded to the
admixture event revealed by the ABC analysis. This can be dated to the Late Glacial period (14,160—
11,800 yrs BP), in which widespread distribution of Scots pine in accordance with palynological proxies
was detected. Predictions for the Mid-Holocene period have shown large-scale reduction in distribution
of Scots pine and low probability of its occurrence, leading to disjunction and population fragmentation.
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1. Introduction

Molecular genetic surveys combined with fossil records—based historical reconstructions of the
vegetation are nowadays the ultimate tools to reveal evolutionary history of species (Lascoux et al.,
2004; Taberlet and Cheddadi, 2002; Slater et al., 2012). Coupling of available DNA information (e.g.
diversity, differentiation, gene flow) with past distribution of species’ populations has been increasingly
used (Magri et al., 2006; Cheddadi et al., 2006), to reveal genetic implications of historical events and
to circumscribe glacial refugia of species (Cheddadi et al., 2006; Zinck and Rajora, 2016).

By evaluating species demography and distribution with molecular and statistical approaches
throughout an evolutionary time-scale, we are able to link the results with fossil evidences. Studying
species’ demography (ancestral dynamics of effective population size) is important in several contexts.
It allows to identify population decline, expansion and divergence and by these, to infer various
historical climatic oscillations in population demography at geological time scale (Lorenzen et al., 2011;
Boitard et al., 2016). Alternatively, distribution modelling is also suitable to confirm historical events.
Predictive species distribution modelling has an important role in ecology, biogeography, conservation
biology and evolutionary history (Thuiller, 2007; Marmion et al., 2009).

During the Quaternary period European tree species were characterized with rapid large-scale
range shifts, population contractions and extinctions (Petit et al., 2008). This was particularly
experienced at the southern latitudes, where forests suffered remarkable altitudinal shifts and range
fragmentation, unlike the mid-latitudinal continental sites, which were marked with larger forest
development (with species re-shuffling and changes in abundances) after the end of the last glaciation
(Colinvaux et al., 1996). Forest establishment on high-latitudinal regions (northern), previously being
ice-covered, are estimated for the early Holocene period as a result of population colonization from the
southern glacial refugia (Magri et al., 2006; Petit et al., 2008; Svenning et al., 2008).

Scots pine (Pinus sylvestris L.) is a widely distributed coniferous tree, growing primarily along
the temperate boreal forest belt in Eurasia (Giertych and Matyds, 1991; Matias and Jump, 2012). In
Central-Eastern Europe, particularly in the Carpathian Mountains and the Pannonian Basin, species’
natural distribution dramatically changed during the Quaternary period, resulting today in fragmented,
isolated and relict populations, evidenced also by pollen records (Willis, 1994; Feurdean et al., 2007,
2011). Climatic oscillations and human activities largely influenced present distribution of Scots pine
(Willis et al., 1998; Siimegi et al., 2002), the species was affected by interspecific competitive
displacement (by Picea abies and Quercus spp.), that was indirectly favored by the climate change
(Feurdean et al., 2007). As a result Mid-Holocene postglacial climate warming, forced Scots pine to
immigrate into edaphically specialized habitat types and the populations survived only in sporadic small
habitats with divergent (extreme) ecological conditions, including humid, cool peatbogs and sunny, dry,
rocky outcrops (Pécs, 1960; Giertych and Matyés, 1991).

Modern-day molecular genetic studies performed on Carpathian Scots pine populations revealed
high level of genetic diversity and low level of genetic differentiation despite fragmentation and isolation
by distance (Bernhardsson et al., 2016; Téth et al., 2017). However, genetic barriers were also detected
acting in restricting the gene flow between the spatially/geographically segregated genetic groups. Our
former study, has detected structuring in the Carpathian populations, defining genetic groups identified
with nuclear genetic markers. These were (1) Western Carpathians with the Pannonian Basin and the
(2) Central-Island Mountains (Apuseni Mts.) with the Eastern Carpathians (Té6th et al., 2017).

Distribution modelling of forest tree species based on climate data has been successfully applied
to investigate not only the future perspectives, but also the past historical events, i.e. hindcasting,
(Svenning et al., 2008). Although, several conifer taxa have been studied by distribution modelling (van
Zonneveld et al., 2009; Worth et al., 2013; Bede-Fazekas et al., 2014; Aguirre-Gutiérrez et al., 2015;
Bede-Fazekas et al., 2015), fewer number of evaluations were focusing on past historical predictions
(Alba-Sanchez et al. 2010). To our knowledge, Scots pine was only analyzed for large-scale predictions



to circumscribe historic habitat suitability and to estimate relative probability of presence (Cheddadi et
al., 2006; Houston et al., 2016). Therefore, the historic distribution in small-scale details for the Central-
European region based on long-term climatic variables in different evolutionary time periods, is yet
unknown. Hindcasting is a tool increasingly used in phylogeographic studies for confirming or
supplement the results achieved by traditional methods.

Relying on the former molecular results, our principal aim was to elucidate the spatio-temporal
demographic and distributional changes in Scots pine from the Carpathians and the Pannonian Basin by
independent approaches. Therefore, we (1) circumscribe historical divergence, expansion and
contraction based on molecular genetic data and (2) reveal distributional changes by hindcasting past
periods. Furthermore, we interpret the results of these independent approaches in the light of available
fossil evidences.

2. Materials and methods

2.1. Regional setting and plant material

16 natural populations were collected from the Carpathian Mountains and the Pannonian Basin. The
selected stands originate from the fragmented peripheral Scots pine populations from Central-Eastern
Europe (Fig. 1, Table 1). Altogether, 331 individuals were analysed with nuclear simple-sequence repeat
(SSR) markers. Five populations from Western Hungary (Pannonian Basin), four from the Slovakian
Lower Tatra, and bottom of the westernmost ridges of the High Tatra (Western Carpathians), six
populations from the Romanian Carpathians, where three originates from the Transylvanian Central
Island Mountains (Apuseni), one from the Southern Carpathians and four from the Eastern Carpathians.
Moreover one population from the Bulgarian Rila Mountains was involved. All of our sampling plots
are from natural sites included in the frame of Nature Reserves, none of them managed by forestry,
accordingly Scots pine regenerates naturally. Most of the populations persists in extreme edaphic
conditions, like dry, sunny outcrops with low soil availability, acidic peatbogs or dry sandy substrate
with low nutrient content.

One-year old needles were sampled from mature trees (8—30 from each population) with at least
30 m isolation distance between the individuals. However, in some of the populations samples are taken
from shorter inter-individual distances due to relatively small population size (ranged from 0.02 to >5
km?) and limited sample availability. Plant material was stored on silica gel and frozen at -80 °C until
DNA extraction.

2.2. Laboratory methods

Total genomic DNA was extracted from 20-25 mg of plant material by using the DNeasy Plant Mini
Kit (QIAGEN Inc., Valencia, CA, USA) protocol. Eight nuclear microsatellite markers were used,
which of two (SPAG 7.14, SPAC 11.4) developed by Soranzo et al. (1998) and six (psyll6, psyll7,
psyl19, psyl36, psyl42, psyl57) by Sebastiani et al. (2012). All loci proved to be polymorphic in our
populations, and were used within this study. Forward nuclear primers were fluorescently labelled with
6-FAM (SPAG 7.14, SPAC 11.4, psyl17, psyl19, psyl42, and psyl57) and NED (psyl16, psyl36).

PCR was performed in a 25-pl reaction volume containing 20-80 ng DNA, 10X PCR reaction
buffer, 2.5 mM MgCl2, 0.02 mM dNTP mix, 2.5 pmol of each primers, 1 unit of Taq DNA polymerase
(Waltham, MA, USA) and Milli-Q ultrapure water. PCR reaction was performed in a thermocycler
(Swift™ MaxPro Thermal Cycler, Esco Healthcare Pte, Singapore). Amplification protocol greatly
varied between the primer pairs. Touch-down PCR protocol was carried out for SPAC 11.4 as follows:
initial denaturation at 94 °C for 3 min, followed by 5 cycles of 30 s at 94 °C, 30 s at 65 °C and 30 s at
72 °C (decreasing the annealing temperature 1°C per cycle), followed by 25 cycles of 30 s at 94 °C, 30
s at 60 °C and 30 s at 72 °C, and a final extension step of 5 min at 72 °C. Protocol for SPAG 7.14
consisted of an initial step of 94 °C for 3 min, followed by 30 cycles of 94 °C for 30 s, 55 °C for 30 s,
72 °C for 1 min, followed by 72 °C for 10 min. The amplification profile for psyl16, psyl17, psyl19,
psyl36 and psyl42 consisted a first step at 94 °C for 4 min, and 35 cycles (94 °C for 30 s, 55 °C for 30



s, 72 °C for 40 s), followed by a final 72 °C for 8 min. Similar protocol was used for psyl57, but with
an annealing temperature of 56 °C.

Electrophoresis to detect PCR products was carried on a 1 % (w/v) ethidium bromide-stained
agarose gel in 1XTBE buffer. After initial amplification, strong yield of PCR product was diluted 25 to
30 times for fragment sizing, which were performed in an automated sequencer ABI PRISM 3100
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Band scoring was analysed by using
Peak Scanner software 1.0 (Applied Biosystems 2006), and all size scores were visually checked.

2.3. Demographic history inferred by ABC

Prior to the demographic analysis, the Bayesian clustering approach implemented in STRUCTURE
2.3.4 (Pritchard et al., 2000) was used to infer groups or subpopulations in the dataset. We performed
the analysis with an admixture model with correlated allele frequencies and a LOCPRIOR setup. This
method uses sampling locations as prior information in the case of a relatively weak signal of structures
(Hubisz et al., 2009). K value was set to 1-10 with a burn-in period of 10° steps followed by 10°
repetitions of Markov Chain Monte Carlo (MCMC). Fifteen repetitions were set for each run. The web-
based STRUCTURE HARVESTER (Earl, 2012) was used to apply the Evanno method (Evanno et al.,
2005) to detect the value of K (the number of genetic groups) that best fit the data. The 15 simulations
were averaged using CLUMPP v1.1.2 (Jakobsson and Rosenberg, 2007) and represented in the form of
bar graphs using POPHELPER (Francis, 2016).

Expected heterozygosity (H.) the standard estimator of genetic diversity was calculated for all
genetic groups using GenAIEx v.6.5 software (Peakall and Smouse, 2006). Analysis of molecular
variance (AMOV A) implemented in Arlequin v.3.5 software (Excoffier and Lischer, 2010) was used to
determine the partition of the genetic variation among genetic groups, within and among populations.
Significance tests were evaluated using a permutation approach with 999 replications.

Analysis of the historical demographic changes was studied with Approximate Bayesian
Computation implemented in DIY ABC v2.0 software (Cornuet et al., 2014). We used the nuclear
microsatellite data to estimate possible population divergence time, changes in the effective population
sizes, and admixture events. ABC analysis allows to compare complex historical scenarios to infer past
history of populations. To perform ABC analysis we defined three populations according to
STRUCTURE results: Popl (Hungarian; HFE, HVE, HZA, HOR, HKO, Slovakian; SKV, SME, STU,
SLI, and Romanian; RCO, RBI, RPA), Pop2 (Romanian; RFE, RPO, RMO), and the admixed Pop3
(Bulgarian—-BYU). Population relationships design in the scenarios were mainly based on the result of
STRUCTURE analysis and on calculated standard population genetic indices (e.g. H., Fsrt). Several
pilot runs were carried out to produce final competing scenarios. In all scenarios, Pop1 was specified as
the population to be traced back to an ancestral population (as required for DIY ABC analysis), because
this population had the highest heterozygosity (H.). Six different scenarios were examined following a
two-step DIY ABC procedure.

In the first step (Fig. 2A), the three populations (Popl, Pop2 and Pop3) were analysed to infer
historical divergences and times of admixture event, and to reveal history of recent population structure
identified by STRUCTURE. The second analysis (Fig. 2B) focused on determining changes within
population size by estimating effective sizes, and to refine potential ancient expansion-contraction in
species history, based on the scenario selected by the first analysis. In all tested scenarios, t# refers to
timescale expressed as generation time, and N# to effective population size of the corresponding
population.

The scenarios are as follows (Fig. 2A):

Scenario 1 (hereafter: Scl): (Hierarchical split model 1): Pop1 and Pop2 diverged at t2 from an ancestral
population Na, and Pop3 diverged from Popl at t1.

Scenario 2 (Sc2): (Hierarchical split model 2): Popl and Pop2 diverged at t2 from ancestral population
Na, and Pop3 diverged from Pop?2 at t1.

Scenario 3 (Sc3): (Simple split model): Pop1 diverged from Na at t2, and Pop2 and Pop3 diverged from
Popl at tl.

Scenario 4 (Sc4): (Isolation with admixture model 1): Popl and Pop2 diverged at t2 from ancestral
population Na, and Pop3 was generated by admixture of Popl and Pop2 at t1.



The most possible scenario (Sc4) was tested for demographic changes assuming an expansion at both
Pop1 and Pop2.

The two final scenarios are as follows (Fig. 2B):

Scenario 5 (Sc5): (Isolation with admixture model 1): same as Scenario 4.

Scenario 6 (Sc6): (Isolation with admixture model 2): we assumed Popl and Pop2 expansion from the
ancestral population. N1c and N2c represent a variation in the effective population sizes of Popl and
Pop2, respectively, and are set bigger than Na and smaller than Pop1 and Pop2, respectively.

In all simulations, Generalized Stepwise Mutation model (GSM; Estoup et al., 2002) and a
standard mutation rate of min. 1x10 and max. 1x10* were used (Table A.1, A.3). Mean number of
alleles (Na), genetic diversity (H.) and size variance was calculated as summary statistics for single
populations, and mean number of alleles, genetic diversity, size variance and differentiation (Fsr) for
population pairs. 10% simulation was performed for each scenario, after the most likely scenario was
evaluated by comparing posterior probabilities using logistic regression (Table A.4). Model checking
option (Table A.2) was used to test the goodness of fit of the scenarios with Principal Coordinates
Analysis (PCoA) (Fig. A.1) to measure deviation between simulated and real data.

2.4. Climate data

Observed and modelled climate surfaces were obtained from the WorldClim 1.4 database (Hijmans et
al. 2005). Instead of the raw climate data, 19 bioclimatic variables (Nix, 1986) were used, that are
preferred predictors of potential distribution of species in case of hindcasting (e.g. Mayol et al., 2015),
prediction to the reference period (e.g. Kabas et al., 2014; Yuan et al., 2015), and forecasting (eg. Ali et
al.,, 2014; Somodi et al., in press) as well. For the reference period (1960-1990) observed and
interpolated climate surfaces at 30 arc second horizontal resolution were used. Model prediction of
ENCAR Community Climate System Model (CCSM) provided the climate data of the Mid-Holocene
(c. 6000 yrs BP, Hijmans et al., 2005, www.cesm.ucar.edu/models/ccsm4.0), the Last Glacial Maximum
(LGM, c. 22,000 yrs BP, Hijmans et al., 2005, www.cesm.ucar.edu/models/ccsm4.0), and the Last Inter-
Glacial (LIG, 140-120,000 yrs BP, Otto-Bliesner et al., 2006; Kiehl and Gent, 2004) at resolutions of
30 arc second, 2,5 arc minute, and 30 arc second, respectively.

2.5. Distribution modelling

Final predictor set for model building was selected from the 19 bioclimatic variables based on pairwise
correlation test (Pearson's r), multicollinearity test (Condition Number (CN), Variance Inflation Factor
(VIF)), and ecologically-informed expert decision. The final predictor set contains four temperature-
related and five precipitation-related variables: biol (Annual Mean Temperature), bio3 (Isothermality),
bio7 (Temperature Annual Range), bio9 (Mean Temperature of Driest Quarter), biol5 (Precipitation
Seasonality), biol6 (Precipitation of Wettest Quarter), biol7 (Precipitation of Driest Quarter), biol8
(Precipitation of Warmest Quarter), biol9 (Precipitation of Coldest Quarter). Acceptability of the
multicollinearity and correlation measures of the final predictor set (CN = 17.59, max(VIF) = 47.61,
mean(VIF) = 15,58, max(Irl) = 0.73) was confirmed by the literature (Dormann et al., 2013; Elith et al.,
2006; O’Brien, 2007; Chennamaneni et al., 2016).

Modelling was carried out in R Statistical Software (R Core Team, 2017). We build Maximum
Entropy Model ver. 3.3.3k (MaxEnt, Phillips et al., 2006) implemented in the dismo package of R
(Hijmans et al. 2016), which is one of the most widely used species distribution modelling algorithm in
the field of phylogeography and phylogenetics (e.g. Carnaval and Moritz, 2008; Cordellier and
Pfenninger, 2009; Mayol et al., 2015). MaxEnt is able to handle incomplete, presence-only training data
(Phillips et al., 2006; Elith et al., 2011). For the two studied populations, two independent models were
trained in the reference period, using presence-only records (nl = 12, n2 = 4) with 50,000 pseudo-
absence (background) data sampled from the study area. In contrast to presence-absence models,
presence-pseudoabsence methods, such as MaxEnt, are not able to distinguish false negatives and false
positives definitely from the true ones (Lobo et al., 2007; Gormley et al., 2011). Therefore, since MaxEnt
is prone to overfitting (Phillips and Dudik, 2008; Baldwin, 2009), small training presence data (which
is the case of Pop2) may result in over or under-prediction when, relative to the environmental
hyperspace of training period, significant extrapolation is needed (which is the case of LGM). Although



models based on presence-only data face with several issues of their methodology and interpretability,
nonetheless, the modelling without real absence data may be informative (Soberén et al., 2000; Graham
et al., 2004; Elith et al., 2006; Zuckerberg et al. 2011). The domain of the model building was 10°-30°E
and 40°-55°N (WGS-84 system), while the prediction domain was 10°-30°E and 40°-51°N for all the
four prediction period. We used the default convergence threshold (10°) and logistic output that provides
predicted probabilities between 0 and 1.

3. Results

3.1. Spatial structure

Bayesian clustering for genetic assignment evaluated with STRUCTURE indicated that the most likely
number of groups of populations was K=2, supported by the AK criterion (Evanno et al., 2005). At K=2
the two identified genepools were: (Pop1) Western Hungarian with Slovakian populations accompanied
by populations from the Apuseni Mts. and the Southern Carpathians, (Pop2) Eastern Carpathian
populations. Although, the Bulgarian population shared the group with the Eastern Carpathian
populations, this population presented a high scale of admixture, hence it has been considered as a
distinct group within the ABC analysis (Pop3).

Pop1 presented the highest expected heterozygosity (H. = 0.615, SE: 0.027) while Pop2 and
Pop3 showed slightly lower values (H. =0.511, SE: 0.054 and H. = 0.584, SE: 0.099). AMOV A analysis
between Popl and Pop2 resulted in Fs1=0.084 (p<0.001), which was the highest compared to the other
population pairs, meaning that over 8% of the genetic variance resides among and 92% within
populations. Pop2 vs. Pop3 and Pop1 vs. Pop3 resulted much lower differentiation (Fsr=0.031 (p<0.001)
and Fs1=0.058 (p<0.001)), meaning that 3% and 6% of genetic variance resides among and 97% and
94% within populations, respectively (Table 2).

3.2. Demographic history

In the first ABC analysis (Fig. 2A) the most likely scenario resulted Sc4, the admixture model, where
posterior probability (0.7914; 95% CI: 0.7671-0.8156) was significantly higher than that for Scl
(0.1909; 95% CI: 0.1670-0.2148), Sc2 (0.0145; 95% CI: 0.0083-0.0206) and Sc3 (0.0033; 95% CI:
0.0000-0.0088). In Sc4, the effective size of Na ancestral population was determined to be 479, and
population sizes for N1 (Pop1), N2 (Pop2) and N3 (Pop3) were 16,000, 5540 and 5370, respectively.
Estimated time for ancient divergence t2 (divergence of Pop1 and Pop2) was 3090 (95% CI: 867-8170)
generations ago, and for recent admixture event and then divergence (Pop1-2-3) at t1 was 180 (95% CI:
23.6-823) generations ago. Assuming 50 years as generation time for extreme peripheral populations of
Scots pine, t2 value scaled to 154,500 yrs, and t1 to 9000 yrs BP. Considering a longer 60 years
generation time, these increases to 185,400 yrs for t2, and 10,800 yrs for t1. Out of the 21 summary
statistics, only 1 showed a significant difference between the observed and simulated data based on the
posterior distributions, furthermore PCA analysis also showed that both simulated prior and posterior
plots were clustered around the observed dataset, suggesting that scenario 4 generally fitted to the
observed dataset. In case of Sc4, estimated Type I error rate was 0.444 and the average Type Il error
rate was 0.0766.

The results of the second analysis (Fig. 2B, 3A-B) indicated that Sc6 had the highest posterior
probability (0.5670; 95%CTI: 0.5307-0.6033), whereas Sc5 was less supported (0.4330; 95%CI: 0.3967—
0.4693). The median values of the effective population sizes for the best scenario indicated that the
ancestral population (Na, estimated to 430 (95%CI: 16.3-1790) was 38.37, 14 and 13.58 times lower
than Pop1, Pop2 and Pop3 actual populations. Accordingly, growth in effective population sizes showed
that both Pop1 and Pop2 increased from Na to 5790 (95%CI: 1180-9770) and 2520 (95%Cl: 423-7350)
by t2-db time (915; 95%CI: 59.8-1920). Assessment of most recent population sizes resulted a further
increase to 16,500 for N1, 6020 and 5840 for N2 and N3, respectively. Determined divergence times
slightly differed from Sc4, and resulted t2 to 3560 (95%CI: 1040-8810) and t1 to 236 (95%CI: 29.4—
876) in the final scenario. Assuming 50 years as generation time t2 value scaled to 178,000 yrs and t1
to 11,800 yrs BP. With a longer, 60 years assumed generation time t2 value scaled to 213,600 yrs and
t1 to 14,160 yrs BP.

3.3. Distribution modelling



Based on the known occurrences of Scots pine, we generated geographic distribution maps predicting
areas where species might occurred in divergent time periods within the Quaternary, in the Pleistocene
and the Holocene periods. The niche modelling accurately predicted the observed distribution for both
defined genetic groups in the reference period (Fig. 4). In case of Popl, the model selected
linear/quadratic features and converged after 180 iterations, while in case of Pop2, only linear feature
was used and the algorithm converged after 100 iterations. Popl model was more balanced (relying on
four predictors, bio3, bio9, biol5 and bio18, which contributed to the model more than 20%) than Pop2
(Table 3).

Since (1) biol (annual temperature) has outstanding contribution (>50%) to the Pop2 model
(Fig. A.2, A.3), and (2) no lower limit could be found by the model within the training area, the inverse
relationship of the bioclimatic variable and the predicted probability can cause overestimation of the
predicted distribution in cold regions/periods. This can be observed in case of the LGM period in the
Northern part of the studied area, where the prediction might be unreliable.

The predicted distribution showed continuous presence of P. sylvestris in all studied geographic
regions within the Carpathian Mountains and the western Pannonian Basin. Maps also indicated that
Scots pine had potentially suitable habitats in all time periods, including the Last Inter-Glacial, the Last
Glacial Maximum, the Mid-Holocene and also the Reference time period.

Although, we have no available climate data estimations for the early to Mid-Pleistocene time
periods, LIG (c. 140,000-120,000 yrs BP) map showed presence of Scots pine in the Western and
Eastern Carpathian regions, likewise in the western Pannonian Basin. The predicted probability of
presence (0.3-0.6) was reduced, compared to the map dating from the LGM, but the Carpathian region
showed to be separated forming distinct units.

The map predicting the LGM distribution (c. 22,000 yrs BP) was only suitable for Popl. The
prediction revealed that the potential distribution is larger than identified in the Mid-Pleistocene and
formerly separated regions are merged. Also, result indicate higher probability values (0.4-0.9). At this
time, species’ presence is continuous along the Carpathians and the Eastern Alps.

The Mid-Holocene (c. 6000 yrs BP) prediction indicated reduction in Scots pine presence (0.4—
0.8), and segregated the formerly joined distributions. The highest probability (0.5-1.0) was estimated
for the Eastern Alps and to the pre-Alpine regions of the western Pannonian Basin.

The reference time period (1960-1990) indicated large areas potentially available for Scots pine
and showed elevated probability of its presence (0.5-0.9) for both genetic groups (Popl and Pop2),
hence higher potential availability outside the species’ current natural distribution range.

4. Discussion

Demographic history of Scots pine using molecular markers and involving macrofossil and pollen
remains has been studied formerly across the European range (Cheddadi et al., 2006; Pyhdjarvi et al.
2007). However, the species’ distribution pattern in the Quaternary on a regional scale including the
Carpathian Mountains and the Pannonian Basin, has not been investigated yet by coalescent-based
genetic analysis using Approximate Bayesian Computation approach and distribution modelling with
climate data. Fossil records from the east-central European region are available showing putative history
of the species, like in the case of the Southern-Carpathians (Farcas et al., 1999; Magyari et al., 2012) or
Northern and Western Carpathians (Magyari et al., 2014a, b). Therefore, the results of our ABC analysis
and distribution modelling can provide valuable and synergic information for linking fossil evidence to
present day genetic pattern of Scots pine.

4.1. Historical demographic estimation

The ABC analysis using eight nSSR loci supported an admixture scenario, the Sc6, in which the two
main detected gene pools (Popl the Hungarian; HFE, HVE, HZA, HOR, HKO, the Slovakian; SKV,
SME, STU, SLI, and the Romanian; RCO, RBI, RPA) and Pop2 the Romanian; RFE, RPO, RMO) have
been separated at the same time, rather than the hierarchically split gradual divergence or simple split
scenarios (Fig. 3A-B). Pop3 (Bulgarian population), as a highly mixed population detected in our
STRUCTURE analysis genetically infer with the two main populations Pop2 and Pop1 in distinct times



presumably due to an admixture event. Admixture event has been confirmed along the run of
demographic estimations, where gradual expansion of the populations were detected. This might have
caused admixture of Pop1, Pop2 and Pop3, respectively. The estimated divergence times are strongly
affected by the generation time of Scots pine, and generally can greatly vary in conifers. Grotkopp et al.
(2002) has estimated 5 years minimum generation time (MGT) while Provan et al. (1999) up to 100
years as generation time for Pinus sylvestris. Therefore based on our experiences we assumed a
generation time to be approx. 50-60 years under extreme environmental conditions where the studied
populations grow. If we assume this generation time, the first divergence time (t2), from the ancestral
population, falls within 213,600 and 178,000 yrs BP and the admixture event (t1) to 14,160 and 11,800
yrs BP. Furthermore, we detected a population expansion taking place from t2 time, when diverged
populations expanded and their effective population size increased from 430 individual up to 16,500
(Pop1), 6020 (Pop2) and 5840 (Pop3) by the time of the admixture event.

Although, it is hard to make conclusions due to the lack of long time pollen records (going back
to Pleistocene) from the Carpathians, there are strong evidences that Pinus (diploxylon) species were
dominating from the Mid-Pleistocene’s transition towards the glacial until the early Holocene
interglacial period. Deep pollen cores from the Tenaghi Philippon peatland in Greece, showed an overall
increase of Pinus pollen for the first time by 10% from 129,000 yrs BP, which later steadily increased
to 45% by 113,000 BP (Milner et al., 2013). Moreover, sedimentological proxies from a recent study by
Sadori et al. (2015) from lake Ohrid (western Balkan region, Albania) highlighted the high abundance
of Pinus pollen, 10-87% between 245-189,000, 14-83% between 161-121,000 and 9-77% between
70-12,000 yrs BP. Accordingly, the rate of the Pinus pollen remained high during the Mid-Pleistocene
until the LGM (Bertini at al., 2016). These findings fit well to our detected population expansion by
molecular markers causing extensive distribution of the species. Expansion might have caused an
admixture event among the gene-pools that provided later the nowadays geographically distant
populations. Since there is close relation between ice volumes, climate and forest expansion/contraction
(Tzedakis et al., 2006), it is certain that due to the favourable climate of the long lasting glacials
coniferous species have maintained their population sizes in the region, despite the upper-Pleistocene’s
warmer interglacial and the short dry/wet climate oscillations.

Our estimated admixture event for Scots pine, based on the ABC analysis, might have happened
between 14,160 to 11,800 yrs BP (Sc6, Table A.1), when Scots pine displayed a vast expansion, at the
Late Glacial period, when Pinus pollen percentages were at their maximum (Feurdean et al., 2011).
Although, coniferous species like Picea, Larix, Juniperus including Pinus sylvestris survived the LGM
in sparse populations restricted to areas with favourable environmental conditions in the Carpathians
and in the Pannonian Basin (Rudner et al., 1995; Rudner and Siimegi, 2001; Magyari, 2011), a strong
reduction of conifers and expansion of deciduous species has started only from the early and middle
Holocene period (Feurdean et al., 2012). This decline in Pinus pollen abundance has been detected at
several sites along the Carpathian mountain range (Tantau et al., 2003, 2006, 2014; Feurdean and
Bennike, 2004; Feurdean et al., 2007), suggesting, that after the expansion and admixture, populations
have suffered contraction causing fragmentation and reduction in population sizes.

Pollen sequences from the Bulgarian mountain massifs (including Rila and Pirin) indicate that
diploxylon-type Pinus pollen varied greatly over time and space. Although, there is evidence for our
detected admixture period from seven Rila mountain lakes (geographically close to our sampling site)
presenting high abundance of P. diploxylon-type pollen (60-68%) between 15,100-12,900 yrs BP
(Tonkov et al., 2011; 2013), other pollen sequences identify high proportion of pollen (over 50-55%)
and enlargement of Pinus stands earlier about 16,500 yrs BP (Stefanova et al., 2006; Tonkov et al.,
2008). A re-increase of pollen concentration has happened also in the Mid-Holocene period, while in
the meantime multiple sites indicate only reduced level of arboreal pollen abundance attributed mainly
to P. sylvestris and P. mugo and P. peuce. This second major re-increase characterising high elevation
sites (above 2000 m a.s.l.) started about 7500-6700 yrs BP, when the favourable climatic and edaphic
conditions facilitated the formation of the coniferous belt dominated in the upper part by P. sylvestris
and P. peuce and in the lower part by Abies alba (Bozilova and Tonkov, 2000; Tonkov et al., 2002;
Tonkov, 2003).

4.2. Potential historical distribution



Despite that the Last Inter-Glacial (LIG) period was not evidenced by our ABC analysis, climate based
distributing modelling has indicated reduced probability and distribution of Scots pine in this period.
This is in agreement with the former studies that have reported short and rapidly changing warming
events in the LIG period (Boettger et al., 2009; Helmens, 2014). These warmer phases are characterized
by reduction in cold adapted conifer trees, including Pinus taxa (Wolfe et al., 1999; Boettger et al.,
2009). Warm tolerant tree species only dwelled in the early part of the interglacial interval, in which the
mixed oak forest phase was dominating with Quercus and Corylus trees (Helmens, 2014). Additionally,
the LIG Eemian period, to which our hindcasting period fits, it is characterized by an increase of herb
pollen concentration and percentage (with xerothermic type grasses) in the northern outer Carpathians
and Poland, accompanied also by a reduction in arboreal species content suggesting a common
degradation of forest communities (Zagwijn, 1996; Komar et al., 2009; Majecka, 2014). The rapid and
dynamic warming phases allowed only the development of open forests and scarce trees in forest-steppe
coenoses (Novenko et al. 2008; Komar et al., 2009).

Our climate estimation for the LGM (c. 22,000 yrs BP) period provided strong evidences and
revealed high probability distribution for Scots pine. This is congruent with the ABC analysis, in which
an admixture of genetic lineages has been detected, as a result of an earlier expansion (Fig. 3, 4). Fossil
evidences indicate high abundance of Pinus diploxylon pollen (including P. sylvestris) from the end of
the LGM to the early Holocene, which could be aligned with our detected population expansion
(Feurdean et al., 2011; Feurdean et al., 2014, 2015). Probably, Scots pine started to increase by the LGM
and reached the largest extension in the Late Glacial and early Holocene period. Likewise, high pollen
percentage was detected in the Southern Carpathians between c. 17,000-12,000 yrs BP in the Late
Glacial interstadial, where glacial recolonization began with the development of Pinus forests (Tantau
etal., 2006). This was also detected in the Eastern Carpathians between 15,000-10,000 yrs BP (Feurdean
etal., 2007) and in the Western Carpathian region following the LGM (Petr et al., 2013). Studies indicate
that the Pinus pollen concentration reached its maximum about 14,700-14,000 yrs BP shortly after the
LGM (Feurdean et al., 2004, 2007; Tantau et al., 2006, 2014). Within the Bulgarian Rila Mountains
higher altitudinal sites were colonized most probably earlier about 15,100-12,900 yrs BP (Tonkov et
al.,2011; 2013). According to these, formerly dispersed and fragmented populations could have merged.

Reduction in distribution and lower occurrence probability of Scots pine was detected for the
Mid-Holocene period (c. 6000 years BP) in the Carpathians, which is congruent with our ABC analysis
and with our former SSR study on diversity and differentiation showing Holocene fragmentation and
isolation of populations (T6th et al., 2017). In the high mountains of Bulgaria, such as the Rila,
distribution modelling showed a decreased but stable distribution of P. sylvestris in the Mid-Holocene,
potentially because populations were able to sustain in the high montane sites as tree-line was higher
than in present (Tonkov, 2003; Tonkov et al., 2008; Feurdean et al., 2014; Lazarova et al., 2015).

According to palynological evidences in the Mid-Holocene Scots pine abundance has become
reduced not only in the Carpathian Mountains, but also on the Danubian lowland (Pannonian Basin), as
a result of the spreading of broad-leaved woody species, drying and warming of the climate especially
at low mountain elevations and foothill regions (Magyari et al., 2010; Willis et al., 1995, 1997). Our
distribution analysis showed larger distribution than would be expected based on palynological records
at sites in the north-east Hungarian region (Willis et al., 1995; Magyari et al., 2010) or the central
Hungarian middle Tisza plain (Ronai, 1970). However patches of needle-leaf woodlands with open
canopy were reported from the Transylvanian basin at the beginning of the Holocene (Feurdean et
al.2015) that most probably have declined following the droughts of hot summers and fire regimes, and
since the Mid-Holocene or later the Bronze age, because of the increasing human activity.

An increased probability of presence for Scots pine shown for the recent time period (1960—
1990) is due to range expansions of Pinus species (mainly P. sylvestris) as consequence of forest
management evidenced also by palynological records in the Romanian Carpathians by Feurdean et al.,
(2011). For this period Tantau et al. (2003, 2014) have also reported modest increase in Pinus pollen
percentages in the Eastern Carpathians.



5. Conclusion

Our combined modelling approaches provided evidences for historical range expansions, population
admixture and later range contractions of Pinus sylvestris populations in East-Central Europe including
the Carpathian sites and the Pannonian Basin. Based on two models we could predict species distribution
beginning from the Mid-Pleistocene, Late-Interglacial, and the Last Glacial Maximum to Mid-
Holocene. The divergence and expansion event from an ancient population leading to two genetic
lineages revealed by the ABC in the period between 213,600-178,000 yrs BP cannot be detected by
hindcasting, however latter predicted smaller distribution of the species between 140,000—120,000 yrs
BP. Population expansion in the LGM indicated by the ABC was supported by hindcasting and predicted
overall maximum expansion for Scots pine in the studied region. As the results of the expansion in the
Late Glacial period, between 14,160-11,800 yrs BP, ABC showed admixture of the two lineages and
indicated that Scots pine displayed a vast distribution in that period. Up to the Mid-Holocene, c. 6000
yrs BP, both models predict reduction in the species distribution that resulted in population
fragmentation and disjunction. Accordingly, Scots pine in the Mid-Holocene period underwent a range
contraction, being outcompeted by broad-leaf species that have expanded with the climate warming.
Recent population structure is the result of the species’ range contraction and fragmentation when Scots
pine could only occupy edaphically specific habitat types. Our two models have been reconciled with
palynological records that support the population demography described. Palynological studies have
reported also spatio-temporal changes in the species’ distribution within the last centuries influenced by
the human activity.
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Tables and figures

Table 1: List of the 16 island-like populations of Pinus sylvestris used in this study from the Central and Eastern
European peripheral distribution of the species, and their spatial description (lat. = latitude, long. = longitude)
Country and region codes are as follow: RL: Rila Mountains, PB: Pannonian Basin, WC: Western Carpathians,

EC: Eastern Carpathians, SC: Southern Carpathians and CIM: Central-Island Mountains (Apuseni).

. . Lat. Long. Altitude Approx.  Sample

Code Country Region Site N) CE) (masl) area (km?) size
SKV SK wC Kvacdianska valley 49.182  19.539 799 0.48 20
SME SK wC Medzi Bormi 49.268  19.630 815 0.07 20
STU SK wC Turkova 49.017 19.916 1107 0.70 20

SLI SK wC Liptovsky Hradok  49.044  19.734 729 0.02 10
RFE RO EC Fantana Brazilor  46.507 25.255 953 0.32 26
RPO RO EC Poiana Stampei 47300 25.119 878 1.43 20
RMO RO EC Mohos 46.135  25.903 1052 0.58 29
RCO RO EC Suhardul Mic 46.799  25.796 981 0.04 19
RPA RO SC Latoritei 45387  23.906 753 3.42 23
RBI RO CIM Rosia 46.841 22.371 393 0.13 8
HFE HU PB Feny6f6 47353 17.768 252 4.49 24
HZA HU PB Peth6henye 46.869 16.922 306 0.04 19
HVE HU PB Szalaf6 46.868 16.304 231 0.08 20
HOR HU PB Csorotnek 46.930 16.350 296 0.10 23
HKO HU PB Készeg 47.340 16.451 468 0.24 20
BYU BG RL Yundola 42.069 23.831 1561 >5.00 30

Table 2: Analysis of molecular variance (AMOV A) for nSSR dataset of Pinus sylvestris at three spatial scales.

Spatial Source of DI, Sum of Mean Estimated Variance Fixation index
scale variation square square variance (%) (Fst)
Popl among pop. 1 54.858 54.858 0.230 8%

VS. within pop. 602  1515.977 2.518 2.518 92% 0.084
Pop2  iotal 603  1570.835 2.748 100%
Pop2 among pop. 1 8.739 8.739 0.076 3%

vs. within pop. 208  489.514 2.353 2.353 97% 0.031
Pop3  5tal 209  498.253 2.429 100%
Popl among pop. 1 18.806 18.806 0.158 6%

VS. within pop. 508  1298.556 2.556 2.556 94% 0.058
Pop3  (oral 509 1317.362 2714 100%

Table 3: Percentage of contribution of the nine bioclimatic predictors to the model of Popl and Pop2 in the
distribution analysis of Pinus sylvestris.

Bioclimatic variable

Contribution to model

Contribution to model

of Popl (%) of Pop2 (%)
biol 0 53.1
bio3 24.8 24.5
bio7 0 1.6
bio9 21.3 0
biol5 20.1 0
biol6 0 0
biol7 0.6 16.8
biol8 27.8 0
biol9 5.4 4
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Fig. 1: Location of the studied populations of Pinus sylvestris from the Central and Eastern European Carpathians
and Pannonian Basin. The acronyms stand for the population code in Table 1. The natural distribution of Scots
pine is marked in green according to the EUFORGEN (2009) database.
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Fig. 2: The six demographic scenarios (A and B) tested on the central-eastern European Scots pine populations in
DIY ABC. In the tested scenarios t# represent the estimated time expressed in generation time, N# is the effective

size of population Popl, Pop2 and Pop3 respectively. N2c and Nlc indicate expansion of ancient population
expressed in effective population size, as like Na < N#c < N#.



Scenario: Sc6 t2>t1>t0 N2c<N2 Nlc<NI
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Fig. 3: The best supported demographic scenario Sc6 (A) with the highest posterior probability (0.5670, 95%CI:
0.5307-0.6033) resulted on the central-eastern European Scots pine populations in DIY ABC. Result of
STRUCTURE analysis (K = 2) prior to ABC analysis (B). In the detected scenario t# represent the estimated time
expressed in generation time, N# is the effective size of population Popl, Pop2 and Pop3 respectively. N2c and
Nlc indicate expansion of ancient population expressed in effective population size, as like Na < N#c < N#.
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MKKBHUHBFig. 4: Predicted distribution of Pinus sylvestris based on bioclimatic variables at four time periods:
LIG, Last Inter-Glacial (c. 140,000-120,000 yrs before present, BP); LGM, Last Glacial Maximum (c. 22,000
yrs BP); Mid-Holocene (c. 6000 yrs BP); Reference period (1960—-1990). The models were produced separately
for the Popl and Pop2 gene pools. Darker green colors indicate higher probabilities of potential presence, while
red color indicate lower predicted probability.



