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Abstract

Population genetics of the tree-colonizing lichen Lobaria pulmonaria were studied in

the largest primeval beech forest of Europe, covering 10 000 ha. During an intensive

survey of the area, we collected 1522 thallus fragments originating from 483 trees,

which were genotyped with eight mycobiont- and 14 photobiont-specific microsatellite

markers. The mycobiont and photobiont of L. pulmonaria were found to consist of two

distinct gene pools, which are co-existing within small areas of 3–180 ha in a homoge-

neous beech forest. The small-scale distribution pattern of the symbiotic gene pools

show habitat partitioning of lineages associated with either floodplains or mountain

forests. Using approximate Bayesian computation (ABC), we dated the divergence of

the two fungal gene pools of L. pulmonaria as the Early Pleistocene. Both fungal gene

pools survived the Pleistocene glacial cycles in the Carpathians, although possibly in

climatically different refugia. Fungal diversification prior to these cycles and the selec-

tion of photobionts with different altitudinal distributions explain the current sympat-

ric, but ecologically differentiated habitat partitioning of L. pulmonaria. In addition,

the habitat preferences of the mycobiont are determined by other factors and are rather

independent of those of the photobiont at the landscape level. The distinct gene pools

should be considered evolutionarily significant units and deserve specific conservation

priorities in the future, for example gene pool A, which is a Pliocene relict.
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Introduction

Lobaria pulmonaria forms a tripartite lichen symbiosis,

which consists of a fungal and a primary green-algal

partner (myco- and photobiont), whereas its secondary

photobionts are symbiotic cyanobacteria. This obligate,

stable symbiosis develops a foliose thallus and is a

common epiphyte of primeval or old-growth forests in

continental Europe. Regionally, the species can also be

found in wooded pastures and chestnut orchards (Rose

1976, 1992; Gauslaa 1994; Werth et al. 2006; J€uriado et al.

2011), where trees frequently persist for centuries. Occu-

pying a wide range in the Holarctic across temperate

and boreal zones (Yoshimura 1971), L. pulmonaria is

threatened in many European countries (Scheidegger &

Werth 2009). The species is known to be sensitive to

various anthropogenic influences, including air

pollution (Rose 1976; Gauslaa 1995), forest management,

habitat fragmentation and land-use changes (Werth
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et al. 2006; Belinch�on et al. 2009; Otalora et al. 2011; J€uri-

ado et al. 2012; Scheidegger et al. 2012).

Being a flagship species in forest conservation (Sche-

idegger & Werth 2009), L. pulmonaria is widely used as

a model to study symbiosis (Dal Grande et al. 2012;

Werth & Scheidegger 2012), population genetics (Zoller

et al. 1999; Walser et al. 2004; Werth et al. 2007; Hilmo

et al. 2012; Singh et al. 2012), phylogeography (Scheideg-

ger et al. 2012; Widmer et al. 2012), eco-physiology

(Gauslaa & Solhaug 2000, 2001; Bidussi et al. 2013), sec-

ondary metabolism variation (Asplund & Gauslaa 2007;

Asplund et al. 2009; Asplund 2011) and transplantation

and acclimatization to local environments (Scheidegger

et al. 1995; Walser 2003; Gauslaa & Goward 2012).

Recently, four gene pools for the fungal symbiont of

L. pulmonaria and three for its algal symbiont have been

identified in Europe (Scheidegger et al. 2012; Widmer

et al. 2012). The divergence of the L. pulmonaria symbio-

nts is said to have occurred during the last glaciations

(Widmer et al. 2012) or earlier (Scheidegger et al. 2012).

The evolutionary processes leading to this genetic pat-

tern, that is sympatric or allopatric divergence, have not

been addressed so far.

Most studies on L. pulmonaria have focused on man-

aged old-growth forests or relatively small fragments of

primeval forests, which predominantly consist of forests

up to 200 ha. Detailed landscape-level genetic studies

are, thus, lacking for large, floristically continuous and

undisturbed areas. Our study focused on the genetic

pattern of L. pulmonaria in the Uholka–Shyrokyi Luh

forest massif, which is situated in the Eastern Carpathi-

ans in Ukraine. This forest is more than 10 000 ha and

is the largest primeval beech forest in Europe (Br€andli

& Dowhanytsch 2003; Commarmot et al. 2013). This

remote area has not experienced significant anthropo-

genic or natural disturbances for centuries (Br€andli &

Dowhanytsch 2003; Trotsiuk et al. 2012) and may thus

be considered as a reference ecosystem for studying the

distribution, abundance and genetic structure of L. pul-

monaria. Moreover, the vegetation in the primeval forest

of Uholka–Shyrokyi Luh is homogeneous and consists

almost purely of common beech (Fagus sylvatica) stands

(Br€andli & Dowhanytsch 2003).

Beech is one of the most frequent host tree species

for L. pulmonaria in large parts of Europe (Mikryukov

2011; Scheidegger et al. 2012). Uholka–Shyrokyi Luh pri-

meval beech forest thus provides an ideal setting to

study the population structure of the rare and threa-

tened lichen species with its two symbionts, the myco-

biont L. pulmonaria and the green-algal photobiont

Dictyochloropsis reticulata. The aims of this study were

(i) to test whether the fungal and algal symbionts form

genetically subdivided populations (gene pools) in the

continuous forest landscape; (ii) to determine gene pool

associations of the L. pulmonaria symbionts with envi-

ronmental variables, including local topography, forest-

stand parameters and microclimate (using altitude as a

proxy); and (iii) to infer evolutionary processes that

lead to differentiation among gene pools and estimate

the divergence time between gene pools.

Materials and methods

Study area

The study area, the Uholka–Shyrokyi Luh Massif of the

Carpathian Biosphere Reserve, is situated in the south-

western part of Ukraine at 48°180N and 23°420E (Fig. 1).

The mountain slopes within the two continuous areas

Uholka and Shyrokyi Luh are covered by pure beech

forests, extending over 10 000 ha, of which 8500 ha

(88%) are primeval forests (Br€andli & Dowhanytsch

2003). Several tributaries flow into the Tysa River from

the massif. This forest is remote from the historical

places of extensive logging in the Carpathians and has

probably not been disturbed for centuries (Br€andli &

Dowhanytsch 2003; Commarmot et al. 2013). It is a

UNESCO World Heritage site (Br€andli et al. 2008).

The massif ranges in elevation between 400 and

1400 m a.s.l., with the timberline at around 1140 m a.s.l.

The slopes in the massif have different aspects and

inclinations, ranging from flat areas to steep slopes. The

mean inclination is ~50% (Commarmot et al. 2013).

South-facing and less steep slopes are frequent at lower

altitudes in the Uholka area, while the Shyrokyi Luh

area is more varied (Commarmot et al. 2013). The cli-

mate is temperate, with a mean annual temperature of

+8 °C and an annual precipitation of 1130 mm [mea-

sured at 430 m a.s.l. according to Bursak (1998) and

Commarmot et al. (2013)]. In the Shyroky Luh area, the

annual temperature is slightly lower than in the Uholka

area (Br€andli & Dowhanytsch 2003).

The beech stands constitute 97% of the total forest

cover and are characterized by an uneven-aged, multi-

layered structure. The canopy is mostly closed, making

the forest floristically monotonous (Bursak 1998; Com-

marmot et al. 2005), with little local differentiation of

the epiphytic lichens (Dymytrova et al. 2013). The mean

tree age on randomly cored beech trees from Uholka is

above 200 years, but trees can reach ages up to

550 years (Trotsiuk et al. 2012).

Sampling and variables

We sampled a total of 483 trees with Lobaria pulmonaria

for population genetic analyses during an intensive

nonstratified plot-based forest inventory in 2010 (Com-

marmot et al. 2013; Fig. 1). A dense net of 314 plots
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fully covered all altitudinal levels and topographic ele-

ments within an inventory perimeter of 10 282 ha. This

approach, described in details in Nadyeina et al. (2014),

allowed an intensive screening of the whole area (cover-

ing the plots and the area in between) and thus a near

complete sampling of the trees with L. pulmonaria. The

trees harbouring L. pulmonaria are scattered over the

forest massif, and we therefore sampled each tree found

to host L. pulmonaria. The lichen fragments were col-

lected up to a height of 5–6 m on the tree trunk using

an avalanche probe (Black Diamond, Reinach, Switzer-

land) for thalli above 2–3 m, and along the whole trunk

on lying trees. We grouped these trees into 19 local

populations of L. pulmonaria according to their geo-

graphic position in homogenous areas and along nar-

row altitudinal belts (Fig. 1). Each population contained

18–198 specimens from 6 to 58 trees, scattered over

8–343 ha. At least three thallus fragments (considered

here as individuals) were sampled per tree, preferably

from different sides of the trunk. The height and aspect

of the thallus fragments on the trunk were recorded for

each sample (Appendix S1, Supporting information).

For each tree with L. pulmonaria, the aspect and slope

were extracted from a WorldView-2 digital surface

model (Commarmot et al. 2013), while other variables

were measured in the field. This included coordinates,

altitude a.s.l., tree characteristics (species, diameter and

vitality) and relief (Appendix S1, Supporting informa-

tion), as these variables have been shown to be of

importance for the distribution of L. pulmonaria, for

example in Belinch�on et al. (2009), Mikryukov (2011),

J€uriado et al. (2012) Scheidegger et al. (2012) and

Nascimbene et al. (2013a,b). The distances of the L. pul-

monaria phorophytes from the nearest permanent water

source or stream were calculated in ARCGIS.10 (http://

www.esri.com/software/arcgis) and then classified as

either close to rivers (<30 m) or far from rivers (>30 m).

A positive effect of the proximity to a river on the pres-

ence of L. pulmonaria has been shown in a Mediterra-

nean beech forest (Belinch�on et al. 2009).

We used altitude as a proxy for climate-related environ-

mental factors, like air temperature and solar radiation

(Barry 1981; K€orner 2007), and altitude and distance from

rivers were used as proxies for air humidity. As Bennie
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Fig. 1 Geographic location of the Uholka–

Shyrokyi Luh primeval beech forest in

Europe and map of the study area. Dark

grey shadings show the distribution of

Fagus sylvatica according to http://www.

euforgen.org. The Uholka–Shyrokyi Luh

area is shown with altitudinal belts. Trees

with Lobaria pulmonaria (n = 483) that har-

bour individuals of the fungal gene pool

A are marked in red and those with B in

blue. The first-generation hybrids AB are

marked in green.

© 2014 John Wiley & Sons Ltd

5166 O. NADYEINA ET AL.



et al. (2006) show, aspect and slope affect local insolation.

The height of the lichen thallus on a trunk is related to the

degree of canopy openness, with optimum light availabil-

ity higher up on the tree trunks under the dense forest

canopies in lowland floodplains (Nadyeina et al. 2014).

Molecular analysis

Total DNA was isolated from cleaned and lyophilized

lobe tips of L. pulmonaria using the DNeasy 96 plant kit

(QIAGEN, Hilden, Germany) according to the manufac-

turer’s protocol. Eight unlinked, fungal microsatellite

loci, LPu03, LPu09, LPu15, LPu23, LPu24, LPu25, LPu28

and MS4 (Walser et al. 2003; Widmer et al. 2010; Dal

Grande et al. 2012), and 14 alga-specific microsatellite

loci, LPh1–LPh9, LPu16, LPu19, LPu20, LPu26 and

LPu27 (Walser et al. 2003; Widmer et al. 2010; Dal

Grande 2011), were analysed (Appendix S2, Supporting

information). PCRs were set up according to the meth-

ods reported in Dal Grande et al. (2012) and performed

with a PTC-100 thermal cycler (MJ Research). Fragment

lengths of the PCR products were determined on a 3730

DNA Analyzer using LIZ-500 as the internal size stan-

dard (both Life Technologies Corporation, Rotkreuz,

Switzerland). Genotyping was performed with GENEMAP-

PER 3.7 (Life Technologies).

Statistical analyses

To infer the genetic pattern in local populations of

L. pulmonaria, Bayesian analysis of the population struc-

ture was run for the fungal and algal data separately

using STRUCTURE version 2.3.2 (Pritchard et al. 2000). We

assigned the most likely number of clusters (K), or gene

pools, using the method given in Evanno et al. (2005) in

software program STRUCTURE HARVESTER v0.6.1, as

described in Earl & vonHoldt (2012). The rate of change

in the log likelihood of the data between subsequent K

values (delta K) was calculated and ranged from K = 1

to K = 15 for both the fungal and algal data. A map of

the study region with fungal gene pools pattern was

drawn in ARCGIS.10. Principal coordinate analyses

(PCoA) based on seven mycobiont- and 14 photobiont-

specific loci were run in GENALEX 6.5 (Peakall & Smouse

2006).

All genetic parameters were calculated for both sym-

biotic partners separately. Genetic diversity indices,

including the average number of alleles per locus (Na),

the number of private alleles per population (P) and

Nei’s unbiased gene diversity (H), were calculated with

GENALEX 6.5 (Peakall & Smouse 2006). Allelic richness

(A) was corrected for different sample sizes by setting

the population size equal to the minimum number of

samples (18 lichen individuals) using the rarefaction

method implemented in the R package hierfstat (Goudet

2013). The same method was used to quantify the allelic

richness of the gene pools: a total of 504 and 327 indi-

viduals were used for rarefaction for the mycobiont and

photobiont, respectively. The number of multilocus

genotypes (G), the percentage of different multilocus

genotypes per population (M) and the minimum num-

ber of colonization events (C), that is the number of

alleles at the most variable locus, were calculated using

codes originally written by Werth et al. (2006) in R (R

Development Core Team 2012). These codes were

extended by SW to handle individuals with missing

data.

Analyses of molecular variance (AMOVA) and popula-

tion pairwise fixation indices (FST) were calculated on

the basis of haplotype frequencies (Excoffier et al. 1992)

for the two mountain regions, Uholka and Shyrokyi

Luh, and the inferred number of gene pools of the my-

cobiont and photobiont of L. pulmonaria, using ARLEQUIN

3.11 (Excoffier et al. 2005). The statistical significance of

the results was based on 1000 permutations.

To calculate the likelihood of each individual belong-

ing to a particular population, that is to either the

Uholka or Shyrokyi Luh, and to one of the gene pools

of the mycobiont or photobiont of L. pulmonaria, we

used the Bayesian algorithm of Rannala & Mountain

(1997) in GENECLASS2 (Piry et al. 2004). This Monte Carlo

method implemented by Paetkau et al. (2004) was used

to detect the statistical threshold beyond which individ-

uals may be considered as residents or recent migrants.

The likelihood ratio of L_home (the likelihood of the

individual genotype within the population where the

individual has been sampled) to L_max (the highest

likelihood value among all available population sam-

ples including the population where the individual was

sampled) was used as recommended in Paetkau et al.

(2004). Individuals were considered as recent migrants

when the probability of exclusion reached the signifi-

cance levels specified below.

One-way analyses of variance (ANOVA) were run with

post hoc Tukey–Kramer HSD tests to distinguish

between the means of Na, H and A of both symbionts

and the two mountain regions or four altitudinal–regio-

nal groups. The same analyses were computed to com-

pare the allelic richness of the fungal gene pools

occurring in the study region. These were also com-

pared with those of several populations of L. pulmonaria

in southeastern Europe (Scheidegger et al. 2012). Differ-

ences between the total allelic richness of the fungal

gene pools of L. pulmonaria and the algal gene pools

from the populations of Uholka–Shyrokyi Luh were

estimated for seven fungal and 14 algal loci with Stu-

dent’s t-tests. All the above-mentioned statistical analy-

ses were performed with R.
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Relationships between the gene pools of both symbio-

nts of L. pulmonaria and topographic and forest-stand

factors were tested with general linear models (GLM)

using a binomial model family in R. The phorophyte

tree diameter was log-transformed, aspect was arcsine-

transformed, and exposition was expressed as eastness

and northness (Roberts 1986). Multicollinearity between

environmental factors was assessed on the basis of the

variance inflation factor (VIF) with the car package (Fox

& Weisberg 2011). The cumulative effect of covariables

with VIF < 2 was included in the GLM. Nominal fac-

tors, relief and distance from rivers were coded as

dummy variables with package dummies (Brown 2012).

The best models were selected on the basis of

Akaike’s information criterion (AIC, Akaike 1974) using

‘backward’ selection as implemented in mass package

(Venables & Ripley 2002).

We tested whether the association between fungal

and algal gene pools was random using chi-square (v2)
tests, randomly replacing specific algal genotypes while

keeping the observed fungal gene pool constant. In this

way, 1000 resamples of the data were generated. The

distribution of randomly constructed associations

between the fungal and algal gene pools was then com-

pared with the observed frequencies. We calculated

Pgreater, Pequal and Psmaller, the probabilities that the ran-

domized value was larger, equal to or smaller than the

observed value. This analysis was performed in R.

The lineage diversification of an ancestral population

of L. pulmonaria into gene pools and the time it took for

these gene pools to establish in the Carpathian Mts.

were modelled in DIYABC 2.0 (Cornuet et al. 2008). Late

Pliocene was probably the age of appearance of L. pul-

monaria as a separate species (Cornejo 2013), and specia-

tion occurred during the Pleistocene in East Asia.

Pleistocene glacial cycles (Widmer et al. 2012) or pre-

Pleistocene (Scheidegger et al. 2012) has been suggested

as the time frame for the intraspecific diversification

into gene pools in the European population of L. pulmo-

naria. Following this rough time frame, we set the

genetic diversification time td widely, to include the

Pleistocene and Pliocene, and the probable time of the

invasion of the study area ti as the Pleistocene (shown

as prior distribution in number of generations, Appen-

dix S2, Supporting information). A generation time of

35 years for L. pulmonaria (Scheidegger & Goward 2002)

was assumed for the approximate Bayesian computa-

tion (ABC). The ranges for the genetic diversification

time td and the time of the invasion of the study area ti
were estimated as number of generations ago 9 35 year

according to Gibbard and Kolfschoten (2004) geochro-

nology. We have tested several scenarios, assuming dif-

ferent lineage divergence times, that is in the Middle

Ages, during the last glacial maximum (LGM), during

Early Pleistocene and during Pliocene, respectively.

However, the estimation of posterior probability of the

most likely scenario is complicated in the case of multi-

ple scenarios. Therefore, we selected two main scenarios

at the stage of pre-evaluation of scenarios and prior dis-

tributions, which were the closest to the observed data

set (results not shown). These two main scenarios of

lineage diversification were selected for a DIYABC run

(Appendix S2, Supporting information). The first

assumed that the divergence occurred due to the bottle-

neck with a duration dbd at time td in the gene pool of

pre-A population, which caused a change in population

effective size from NApre to NAdbd and NBdbd . The sec-

ond scenario assumed that the divergence occurred due

to the bottleneck with a duration dbd at time td in the

gene pool of pre-B population, which caused a change

in population effective size from NBpre to NAdbd and

NBdbd . Each scenario included another bottleneck dbi at

the time ti, corresponding to the time of invasion of

both gene pools of L. pulmonaria in the study area, that

is founder effects (Appendix S2, Supporting informa-

tion). Of 3 000 000 data sets were simulated to reveal

posterior model checking and relate the observed data

set to posterior parameters as implemented in DIYABC

(Cornuet et al. 2008). The generalized stepwise mutation

model (Estoup et al. 2002) was used to run posterior

model simulations. The significance threshold for

all analyses was treated as *(P < 0.05), **(P < 0.01),

***(P < 0.001) or ns(P > 0.05).

Results

Genetic diversity of the Lobaria pulmonaria symbiosis

We analysed 1522 individuals of Lobaria pulmonaria and

found a total of 129 alleles for the fungal partner and

260 alleles for the algal partner (Appendix S3, Support-

ing information). All loci, except the fungus-specific

LPu24, were polymorphic in our study, as was found

by Walser et al. (2003) and Werth & Scheidegger (2012).

Thus, we excluded this locus from further analyses. The

number of alleles per locus for the mycobiont ranged

from three (LPu23) to 37 (LPu25), and from four (LPh8)

to 60 (LPu26) for the photobiont (Appendix S3, Sup-

porting information). The average number of all alleles

(Na) per population for the entire study area was 7.7 for

the mycobiont (allelic richness A = 6.1) and 8.2 for the

photobiont (allelic richness A = 5.4; Appendix S4, Sup-

porting information).

Gene pools of Lobaria pulmonaria symbionts

The Bayesian analysis of the genetic population struc-

ture revealed two genetically distinct clusters in both

© 2014 John Wiley & Sons Ltd

5168 O. NADYEINA ET AL.



symbionts (Fig. 2, Appendices S5–S7, Supporting infor-

mation). The highest value of delta K as a function of

K was reached at K = 2 for the fungal and algal sym-

bionts (Fig. 2). Further analyses were thus carried out

assuming the presence of two distinct gene pools for

each symbiont. The definition and abbreviation of the

fungal gene pools, A and B, and individuals with

mixed or hybrid origin, AB, follow those in Scheideg-

ger et al. (2012). The gene pools of the photobiont are

abbreviated as P1 and P2. Nearly 66% of all fungal

individuals (1005 samples) belonged to gene pool B,

whereas individuals of the gene pool A were less com-

mon in the study area (504 samples; Figs 1 and 3A,

Appendix S4, Supporting information). The individuals

of the algal gene pool P1 were more frequent (1149

samples or 75%) than those of P2, which contained 373

individuals (Fig. 3B, Appendix S4, Supporting informa-

tion).

In each symbiont, considerable genetic differentiation

(mycobiont: 32.4% and photobiont: 17.2%) was found

between gene pools (Table 1). The genetic differences

between the two mountain massifs were small (mycobiont:

0.13% and photobiont: 0.21%; Table 1). The segregation

between gene pools is supported by private multilocus

genotypes and private alleles in each of the gene pools of

both symbionts (Table 2).

The majority of fungal individuals were assigned to

one of two gene pools. Only 13 individuals appear to

have a hybrid ancestry AB in our analysis (Fig. 1,

Appendix S4, Supporting information). These individu-

als were distributed along high slopes and valleys, but

not in the highlands around the timberline. The hybrid

individuals were sterile, while fertile individuals were

equally distributed between the fungal gene pools A

(19 thalli) and B (20 thalli; v2 = 4.603ns). A test to iden-

tify first-generation migrants (implemented in GENE-

CLASS2) detected one fungal individual with mixed

ancestry, but no algal individuals as first-generation

migrants (Table 1) were found.

Allelic richness, resampled to the lowest sample size

and averaged across loci (Table 2), did not differ signifi-

cantly between the two fungal gene pools A and B

(t = 0.6ns) or between the algal gene pools P1 and P2

(t = 1.3ns).
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Associations between the fungal and algal gene pools

We found strong associations between the fungal and

algal gene pools (v2 = 133.537***). The most frequent

association was that of the fungal gene pool B and

algal gene pool P1 (B–P1: 666 individuals), which was

predominantly distributed above 900 m (Table 3,

Fig. 3C). The combination of the fungal gene pool A

and algal gene pool P1 was less frequent (A–P1: 471

individuals), but it was homogeneously spread over

the entire altitudinal gradient (350–1350 m). This com-

bination, A–P1, was the only association found in the

lowlands, occurring close to rivers on the lower parts

of slopes and along valleys. Combinations of the fun-

gal gene pools B and A with algal gene pool P2 were

less frequent (B–P2 and A–P2: 339 and 33 individuals,

respectively), and both associations were restricted to

areas above 900 m (Table 3, Fig. 3C). The association

A–P1 was significantly more abundant than expected

under randomness. In contrast, A–P2 was rarer than

expected based on the observed frequencies of the fun-

gal and algal gene pools. The observed gene pool fre-

quency of B–P1 was significantly rarer than expected,

while that of B–P2 was significantly more frequent

(Table 3).

Ecological specialization of the fungal and algal gene
pools

Our data show that distribution of fungal gene pools

depends on altitude above sea level, sample height on

the phorophyte trunk and distance from rivers

(Table 4). The lowland, floodplain populations of the

mycobiont belong predominantly to gene pool A, but

gene pool A was also scattered above 1000 m a.s.l. Gene

pool B, however, was restricted to higher altitudes, and

only a few individuals were found below 1000 m a.s.l.

(Figs 1 and 3A). Individuals belonging to gene pool A

frequently occurred along rivers, even in the highlands,

while individuals of gene pool B grew along high

ridges, mostly far away from rivers (Fig. 4A). The thalli

of gene pool B were often found lower at the tree

trunks, that is below 3 m from the tree base at high-

lands, while the thalli of both gene pools may grow up

to heights of 20–25 m at the trunk (Fig. 4B). The distri-

bution of fungal gene pools was not associated with

geographic coordinates, which distinguish the two for-

est massifs, the topography of the mountain (relief,

Table 1 Analysis of molecular variances (AMOVA) computed in ARLEQUIN for the mycobiont of Lobaria pulmonaria (based on seven fun-

gal loci) and its photobiont Dictyochloropsis reticulata (based on 14 algal loci), n = 1522. The number of recent migrants Nm and the

probability P are shown as the results of analyses in GENECLASS2

Symbiont Source of variations Degrees of freedom Sum of squares Variance Percentage of variation

Mycobiont Uholka and

Shyrokyi Luh

FST = 0.0013ns; Nm = 61**

Among 1 6.9 0.003 0.13

Within 3042 7056.7 2.320 99.87

Gene pools FST = 0.324***; Nm = 1**

Among 1 1244.7 0.919 32.41

Within 3016 5782.9 1.917 67.59

Photobiont Uholka and

Shyrokyi Luh FST = 0.0021ns; Nm = 67**

Among 1 16.8 0.009 0.21

Within 3042 12211.1 4.014 99.79

Gene pools

FST = 0.172***; Nm = 0**

Among 1 881.2 0.832 17.20

Within 2674 10703.3 4.003 82.80

*P < 0.05, **P < 0.01, ***P < 0.001, nsP > 0.05.

Table 2 Genetic differentiation between two fungal gene pools

of Lobaria pulmonaria A and B, and two algal gene pools P1 and

P2 of Dictyochloropsis reticulata. Specimens with missing data in

loci are omitted

Gene

pool n Na A C P nP G M

Mycobiont A 487 12.3 12.3 30 6.1 283 303 0.60

B 969 10.1 9.3 22 4.1 607 379 0.37

Photobiont P1 980 16.7 13.8 56 7.8 816 778 0.68

P2 327 9.9 9.9 25 1.0 39 221 0.59

Na, average number of alleles per locus; A, mean allelic rich-

ness per locus; C, number of alleles at the most variable locus;

P, number of private alleles per locus; nP, number of individu-

als with at least one private allele; G, number of multilocus

genotypes; M, percentage of different multilocus genotypes per

population.
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inclination of the slope and aspect), the phorophyte

diameter at breast height and aspect of the sample on

the tree’s trunk.

We also found statistical support for the variation of

algal gene pools with altitude and relief (Table 4). The

algal gene pool P2 showed clear affinities to highland

areas, while gene pool P1 occurred along the entire alti-

tudinal gradient throughout the whole area (Figs 1 and

3B). The individuals belonging to gene pool P1 occupied

valleys and mountain slopes, while both gene pools

were found along the ridges.

Lineage diversification in Lobaria pulmonaria

We found significant support for the hypothesis that

the origin of the two gene pools in L. pulmonaria

derived from an ancestral gene pool pre-A population

(Appendices S2 and S8). The most likely scenario was

selected based on comparisons using direct and logistic

regressions, and principal component (PCo) analysis

(Appendix S8, Supporting information). Divergence

time ranged from 290 to 790 ka (0.25 and 0.75 quartiles,

respectively) with a mean of 374.5 ka, corresponding to

the G€unz glacial periods during Early Pleistocene

(Table 5). The estimated timing for the migration of

both gene pools into the Carpathians was found

between 65 and 540 ka with mean of 768.5 ka, which

corresponds to the Mindel–Riss interglacial during Mid-

dle Pleistocene (Table 5).

Discussion

We found a marked genetic subdivision in populations

of Lobaria pulmonaria in the floristically homogeneous

beech forest of Uholka–Shyrokyi Luh (Fig. 1). This is the

first investigation of L. pulmonaria, where a nearly com-

plete sample was studied using a dense nonstratified

plot network in a region of over 10 000 ha of primeval

forest. The populations of each symbiont belonged to

two gene pools (Appendix S4, Supporting information).

Only the fungal partner of 13 individuals showed

properties of both gene pools and thus considered to be

the offspring of mating events between parents belong-

ing to the two different gene pools. It is noteworthy

that the two fungal gene pools appear to recombine

with each other only very rarely (Table 1), even

though they live in close proximity in homogeneous

Table 3 Associations between gene pools of mycobiont of Lobaria pulmonaria and its photobiont Dictyochloropsis reticulata, with the

percentages (%) found in two altitudinal zones (v2 = 516.2***). Test for randomness of the gene pool associations includes Pgreater,

Pequal and Psmaller, which are probabilities that the randomized value is larger, equal to or smaller than the observed value. The

expected value based on 1000 resamples of the data is given under exp (this value is the average over 1000 resamples of the data)

and the observed number of genotype combinations under Absolute frequency

Associations

Absolute

frequency v2 P

Highlands,

% of total

Lowlands,

% of total

Test for

randomness of gene pool associations

Exp Pgreater Pequal Psmaller

B–P1 666 102.7 *** 39.1 4.7 757.4 1.0 0.0 0.0

B–P2 339 104.6 *** 21.1 1.2 247.6 0.0 0.0 1.0

A–P1 471 294.9 *** 11.0 19.9 380.1 0.0 0.0 1.0

A–P2 33 2.4 ns 1.8 0.3 123.1 1.0 0.0 0.0

AB–P1 12 3.0 ns 0.4 0.4

AB–P2 1 0.6 ns 0.1 0.0

Total 1522 100%

*P < 0.05, **P < 0.01, ***P < 0.001, nsP > 0.05.

Table 4 Best-fitting general linear models, which explain the

variation in the fungal and algal gene pools of Lobaria pulmona-

ria in terms of the topographic and forest-stand variables listed

in Appendix S1 (Supporting information). Data include 1522

thallus fragments collected in the primeval beech forest of

Uholka–Shyrokyi Luh

Variable Estimate SE z P

Mycobiont: Percentage correctly predicted = 20%, McFadden’s

pseudo R2 = 0.39

Intercept �8.18 1.43 �5.72 ***

Altitude 0.007 0.001 6.66 ***

Sample height on

the host tree

0.84 0.23 3.74 ***

Distance from river �8.07 2.73 2.96 **

Altitude 9

Distance from river

0.008 0.003 2.71 **

Photobiont: Percentage correctly predicted = 77%, McFadden’s

pseudo R2 = 0.12

Intercept �7.57 1.23 �6.15 ***

Altitude 0.005 0.001 4.74 ***

Relief: ridge 0.28 0.40 0.70 ns

*P < 0.05, **P < 0.01, ***P < 0.001, nsP > 0.05.
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forest stands, sometimes even on the same tree. This

confirms that recombination in the heterothallic, fungal

symbiont can occur, although it is relatively rare (Zoller

et al. 1999; Singh et al. 2012). This pattern was also

observed by Scheidegger et al. (2012). The low genetic

exchange between two gene pools could indicate a pos-

sible reproductive isolation, but a recent study (Singh

et al. 2012) found no differentiation of the MAT loci in

populations belonging to two distinct gene pools in Eur-

ope.

The two fungal gene pools present in the Uholka–

Shyrokyi Luh have also been found in southeastern

Europe (Scheidegger et al. 2012; Widmer et al. 2012).

Our results, as well as those of Scheidegger et al. (2012)

and Werth & Scheidegger (2012), show that both symbi-

otic gene pools, fungal and algal, may co-exist within

relatively small areas of 3–180 ha.

Several studies have reported ecological specialization

in lichen photobionts (Piercey-Normore 2006; Yahr et al.

2006; Werth & Sork 2010; Fernandez-Mendoza et al.

2011; Peksa & �Skaloud 2011). The first study to present

evidence for ecological specialization in lichen-forming

fungi was performed by Scheidegger et al. (2012), who

reported gene pool associations with climate (elevation)

in L. pulmonaria. With the present data, we have

expanded these findings by demonstrating a corre-

sponding pattern of climatic associations in the fungal

and the algal gene pools. Moreover, we have shown

that these climate and topography-driven gene pool

associations occur within the same continuous forest,

which indicates an interesting pattern of climate-driven

ecological specialization in lichen symbionts.

Ecological specialization of the Lobaria pulmonaria
symbiosis

The distributions of fungal and algal gene pools of

L. pulmonaria within the primeval beech forest of

Uholka–Shyrokyi Luh were found to be influenced by

ecological and microclimatic factors such as altitude,

distance from rivers and sample height on the trunk

(Table 4; Figs 3 and 4). Altitude, one of the main factors

shaping the distribution of the symbiotic gene pools,

can be related to differences in air temperature (Barry

1981; K€orner 2007). The altitudinal distribution of

L. pulmonaria showed a clear bimodal pattern in the pri-

meval landscape we studied (Nadyeina et al. 2014). Alti-

tude also explains the diversity and composition of

epiphytic lichens (Dymytrova et al. 2014) and wood-

inhabiting fungi (Ordynets & Nadyeina 2013) in recent

studies from this primeval forest. Precipitation and pro-

longed periods with very humid air, rather than mean

temperature, are the main factors promoting high diver-

sity of poikilohydric organisms like fungi, including

lichens (Beckett et al. 2008). The bimodal distribution of

L. pulmonaria (Nadyeina et al. 2014) and its gene pools

(Fig. 3) indicates that habitats are partitioned within the

relatively homogeneous beech forest stands.

We have showed recently that L. pulmonaria prefers

relatively open stands in the forest landscape at higher

altitudes and survives in the closed canopy of lowland

valley growing high on tree trunks to receive the neces-

sary level of insolation (Nadyeina et al. 2014). Our

genetic analyses further revealed that different types of
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Fig. 4 Altitudinal distribution of the two

fungal gene pools A and B related to dis-

tance from rivers (A) and height on the

tree trunk (B).

Table 5 Posterior timing of divergence between gene pools in

mycobiont Lobaria pulmonaria estimated using DIYABC (Cornuet

et al. 2008) for the most likely scenario (see Appendices S7–S9,
Supporting information). Geochronological periodization is

given according to Gibbard and Kolfschoten (2004)

Parameter

Time (ka)

Geochronological epochMean q25 q75

t0 1.5 0.6 2.4 Holocene: present, sampling

time

ti + dbi 374.5 65.1 539.0 Pleistocene (Middle):

Mindel–Riss interglacial

td + dbd 768.8 289.2 792.9 Pleistocene (Early): G€unz

glacial
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habitats, related to altitude, were colonized by different

gene pools. Individuals belonging to the fungal gene

pool A preferred lowland valleys and slopes close to

mountain springs, where they tended to grow high up

on the tree trunks. The individuals of gene pool B pre-

ferred highlands, where they grew on lower parts of

the tree trunks and were mostly found far away from

rivers (Figs 3A and 4). We thus conclude that tempera-

ture and levels of air humidity discriminate between

the two gene pools. Warmer temperatures with elevated

air humidity along rivers tend to favour gene pool A,

and colder temperatures with increased precipitation

and more frequent fog favour the highland gene pool B.

The microclimatic partitioning of the gene pools indi-

cates the existence of two sympatric, but ecologically

differentiated evolutionarily significant units (Moritz

1994) in the fungal symbiont of L. pulmonaria.

Algal gene pools showed an association with altitude,

but not with environmental variables, as in the case of

mycobiont (Table 4; Fig. 3B). Gene pool P2 dominated

at higher altitudes, while gene pool P1 occurred

throughout the entire area. We hypothesize that the

strong link to altitude in the algal partner is the result

of the codispersal of the photobiont with the mycobiont.

Vertical transmission plays a dominant role in L. pulmo-

naria (Dal Grande et al. 2012; Werth & Scheidegger

2012), which results in a strong association between the

two symbionts, and probably indicates that the mycobi-

ont ecologically buffers its endosymbiotic photobiont.

The availability of compatible photobionts is essential

for lichen establishment and development after sexual

reproduction (Werth et al. 2007; Scheidegger & Werth

2009). Free-living photobionts must be able to survive

without the positive effect of ecological buffering pro-

vided by the mycobiont. There is a growing body of

evidence that lichen photobionts are specialized to par-

ticular habitats and ecological conditions (Piercey-Nor-

more 2006; Yahr et al. 2006; Werth & Sork 2010; Casano

et al. 2011; Fernandez-Mendoza et al. 2011; del Hoyo

et al. 2011; Peksa & �Skaloud 2011; Werth 2012; del

Campo et al. 2013; Domaschke et al. 2013). Our study is

in concordance with those studies and showed a dis-

tinct ecological, that is altitudinal, niche differentiation

in the photobiont Dictyochloropsis eticulata (Table 4,

Fig. 3B).

We also demonstrated that the two fungal gene pools

associated with genetically different photobionts

(Table 3, Fig. 3C). A randomization test of the associa-

tions between the fungal and algal gene pools (Table 3)

indicated that overall, the gene pools did not associate

randomly according to their frequencies, but instead

they formed nonrandom associations. Werth & Sche-

idegger (2012) obtained similar results in their study of

L. pulmonaria and its photobiont in the Swiss Jura

Mountains. In our study area, gene pool B was found

to be associated with both algal gene pools, P1 and P2,

while the gene pool A preferred only one of the algal

gene pools, P1 (Table 3, Fig. 3). The fungal gene pool B

is therefore considered unspecific in its association with

either one of the two photobiont gene pools.

A broader, infraspecific photobiont spectrum is prob-

ably advantageous for the colonization of new habitats,

especially with aposymbiotic dispersal units, such as

ascospores. The photobiont’ ability to associate with

either gene pool implies that they can be ‘borrowed’

from neighbouring thalli of the same species or from

other species associated with the same photobiont, that

is contribute to the same photobiont-mediated guild

(Dal Grande et al. 2014). In our study region, Lobaria am-

plissima, which is known to share the same photobiont

as L. pulmonaria (Dal Grande 2011; Dal Grande et al.

2014), was found growing next to it only in a few locali-

ties (Dymytrova et al. 2013, 2014). Lobaria amplissima,

however, is a fringe, rather than a core species in this

photobiont-mediated guild (Dal Grande et al. 2014) and

has no symbiotic vegetative diaspores that would

spread the photobiont (Rose & Purvis 2009). Prior stud-

ies have shown that lichen thalli may host populations

of various species of lichen photobionts on their surface

as ‘epibionts’ (Muggia et al. 2013). Moreover, lichen

photobionts can easily survive the gut passage of inver-

tebrates (Meier et al. 2002; Boch et al. 2011). Thus, liche-

nization of a germinating ascospore of L. pulmonaria

may associate with Dictyochloropsis reticulata from an

epibiont community or from invertebrate faeces.

Phylogeographic signatures of the Lobaria pulmonaria
symbiosis

Differentiation of the gene pools in the L. pulmonaria

symbiosis associated with ecological/climatic factors

and thus raises questions about the timing of the diver-

gence and whether the differentiation of the gene pools

occurred sympatrically in the study area or allopatric-

ally in separate refugia. Using approximate Bayesian

computation (ABC, Cornuet et al. 2008), we were able

to show that the gene pool pre-A population was prob-

ably the ancestor of both the modern gene pools of

L. pulmonaria, A and B (Appendices S2 and S8). The

ABC results (Table 5) indicate that the fungal gene pool

A is a descendant that evolved during the warm and

humid climate of the Middle Pliocene (Haywood et al.

2000), and the divergence of gene pool B was related to

cooling and aridization during the Early Pleistocene

(Hewitt 1999). Scheidegger et al. (2012) hypothesized

that the divergence of the gene pools A and B in L. pul-

monaria might have occurred prior to the LGM, and our

data confirm this suggestion. The current microclimatic
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habitat partitioning of the two gene pools across the

beech forest supports hypothesis that the two gene

pools have evolved in different refugia, possibly under

different climatic conditions. Climatic oscillations of the

Pliocene and Early Pleistocene have also been identified

as drivers of divergence, for example, in an endemic

Norwegian peat moss (Stenøien et al. 2011), grouse

(Drovetski 2003) and Phlebotomus sandflies (Esseghir

et al. 2000).

Currently, individuals of gene pools A and B are

sympatric in our study area, but their distribution cen-

tres are at different elevations and in different microcli-

matic niches. Despite the spatial proximity of both gene

pools, we found only minimal gene flow between them

as the very low number of recent migrants indicates

(Table 1). The ecological amplitude of gene pool A is

relatively broad, as this gene pool occupies all habitat

types across the homogeneous primeval beech forest,

including lowland valleys and highland sites near the

timberline (Figs 1, 3A and 4A). The more recently

diverged gene pool B is restricted to the highlands of

the mountains far from rivers, where it co-exists with

gene pool A (Figs 1, 3A and 4A).

The two fungal gene pools may have occupied the

study area for a similar length of time as the allelic rich-

ness of both gene pools, A and B, in Uholka–Shyrokyi

Luh was similar. The ABC results showed that both

gene pools have co-existed in the Carpathians since the

Mid Pleistocene, that is well before the LGM (Table 5).

These results support the hypothesis that the Carpathi-

ans acted as a refugial area for the fungal gene pools of

L. pulmonaria (Scheidegger et al. 2012; Widmer et al.

2012). Moreover, the mean allelic richness of both fun-

gal gene pools of L. pulmonaria, A and B, is higher in

Uholka–Shyrokyi Luh than in areas in southeastern

Europe that were not glaciated during the LGM (Fig. 5).

The Carpathian Mountains are considered a glacial

refugium for common beech (Hewitt 1999; Magri et al.

2006), which is the main host tree for L. pulmonaria in

Uholka–Shyrokyi Luh (Dymytrova et al. 2014). We thus

argue that both lineages of L. pulmonaria are likely to be

related to the phylogeographic history of its phorophyte

species, Fagus sylvatica. Two fungal gene pools of L. pul-

monaria may have survived the Pleistocene glaciations

in different refugia, including the Carpathian Moun-

tains. Similarly, the Carpathians have served as glacial

refugia for crane fly (Ujv�arosi et al. 2010), bank vole

(W�ojcik et al. 2010), spruce bark beetle (Krascsenitsov�a

et al. 2013) and Norway spruce (Gugerli et al. 2001).

The clear dominance of the gene pool B individuals

in the study area (Figs 1 and 3A) may indicate that the

Carpathian populations of L. pulmonaria have a biogeo-

graphic link with the Dinarides. Scheidegger et al.

(2012) hypothesized that the distribution of gene pool B

is concentrated in the Mediterranean and Dinarides

regions. Biogeographic relations to Mediterranean

region were found for Ukrainian Carpathian lichen

biota (Makarevych 1963) and fauna (Varga 2010).

Implications for conservation

The two gene pools, that we studied, colonize different

ecological niches and have different origins and abun-

dances in our study area. Fragments of a similar genetic

pattern might also be found in forest patches and in

more open, extensively managed anthropogenic land-

scapes (Scheidegger et al. 2012; Werth & Scheidegger

2012; Widmer et al. 2012). We suppose, however, that

only large-scale primeval forest landscapes such as

Uholka–Shyrokyi Luh have been able to conserve such

complex genetic patterns. Lobaria pulmonaria is red-listed

in Ukraine and in many other European countries (i.e.

T€urk & Hafellner 1999; Blum et al. 2009; Wirth et al.

2011). We therefore recommend that Red List assess-

ments, conservation actions and local species recovery

plans take into consideration different gene pools of

L. pulmonaria when developing conservation strategies

in future.

The fungal gene pool A is a Pliocene relict that occurs

throughout the whole Uholka–Shyrokyi Luh area. It is,
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Fig. 5 Allelic richness in the two fungal gene pools of Lobaria

pulmonaria, A and B, from the Carpathians (this study) and

mountain regions in southeastern Europe (data adjusted from

Scheidegger et al. 2012). The letters denote differences in the

level of means based on Tukey–Kramer HSD t-tests. One-way

analyses of variance (ANOVA) show differences in allelic rich-

ness in the fungal gene pools A (R2 = 0.69, F = 7.49**) and B

(R2 = 0.67, F = 16.05***) among the mountain regions.
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however, three times less frequent than the gene pool

B. Gene pool A has a higher selectivity towards its

photobiont than gene pool B, but less selectivity for host

tree and altitudinal levels (our study and Scheidegger

et al. 2012). Thus, this gene pool might be more vulnera-

ble in a changing environment than gene pool B, and

forest cuts and fragmentation are likely to be the main

threats for this gene pool. We therefore suggest that the

fungal gene pool A deserves a higher conservation pri-

ority in central and southeastern Europe because it has

relict status, has higher photobiont selectivity and is

less frequent.

On the other hand, the fungal gene pool B is a

descendant of the Early Pleistocene’ cold and arid cli-

mate. It is more frequent in our study area, as well as

in southeastern Europe generally (Scheidegger et al.

2012), where it is restricted to mountain beech forests,

and is currently thus less vulnerable. This gene pool

may, however, become more vulnerable in future with

gradual global warming (Rosenzweig 2007).
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