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The current genetic diversity and structure of a species plays a marked role in the species’
future response to environmental changes. Identification of the factors that might ensure
the long-term viability of populations along its distribution area is therefore important for
conserving biodiversity. In this work, infraspecific genetic diversity and structure of the
threatened lichen Lobaria pulmonaria was investigated along a latitudinal gradient, span-
ning the Spanish latitudinal range of L. pulmonaria. Eighteen populations in Northern, Cen-
tral, and Southern Spain were analysed using six specific fungal microsatellites of
L. pulmonaria. Genetic diversity indices were calculated and compared among populations.
Genetic differentiation was assessed using AMOVA and Bayesian methods. Additionally,
a redundancy analysis was used to estimate the relative importance of environmental fac-
tors on the genetic variation among populations. Annual precipitation was the only factor
affecting the genetic diversity probably through its influence on population and thallus size
of L. pulmonaria, and significantly higher levels of genetic diversity were detected in south-
ern populations. Isolation by distance was not significant, being environmental variables

Spain most important factors controlling genetic variation in L. pulmonaria populations.
© 2015 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
Introduction in marginal situations across species geographic ranges, as

adverse conditions depart from the optimum compromising

The genetic structure of species over wide geographical areas
results from historical events, life history traits, and ecological
factors (Avise 2000). Understanding the patterns and pro-
cesses associated with geographical variation in population
genetic structure across species’ geographic ranges is one of
the bases to answer questions in ecology, evolution, and con-
servation biology. Species with broad distributions may per-
form well within a wide range of environmental conditions
(Joshi et al. 2001). However, species may become less abundant
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survival and reproduction (Gaston 2003). In this sense, mar-
ginal populations are exposed to environmental constraints,
limitation or absence of essential resources, or physiological
or ecological difficulties that change local population dynam-
ics (Brown 1995; Gaston 2009). Consequently, current popula-
tion structure is controlled by the interaction of genetic drift,
gene flow, and natural selection, which may be strongly influ-
enced by the demography and spatial distribution of popula-
tions (Eckert et al. 2008). It is expected that marginal and/or
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Fig 1 — (A). World distribution map of Lobaria pulmonaria (data obtained from GBIF). (B). Geographic locations of the sampled

18 L. pulmonaria populations along the Iberian Peninsula.

isolated populations likely exhibit a reduction in genetic diver-
sity and higher genetic differentiation, resulting in negative
effects on the evolutionary dynamics of species (Gaston
2003; Eckert et al. 2008).

Historically, plants and animals have been well studied in
terms of a population genetics and phylogeographic frame-
work, describing the genetic relationships among populations
at different geographical scales. However, fungi and other
cryptogams have been largely overlooked (Grundmann et al.
2008). Cryptogamic species, including lichens, usually exhibit
a wider geographic distribution than vascular plants (Licking
2003). The vast majority of lichens are dispersed either sexu-
ally by means of ascospores (dispersing only the mycobiont)
or asexually via vegetative soredia or isidia (both symbionts
are dispersed together). Studies of genetic structure and diver-
sity of lichen-forming fungi have lead to different conclusions
regarding species and geographical scale (Cassie & Piercey-
Normore 2008; Werth 2010; Scheidegger et al. 2012). Although
several large scale studies have been conducted at an inter-
continental scale (Walser et al. 2003, 2005; Buschbom 2007;

Geml et al. 2010; Fernandez-Mendoza et al. 2011; Dal Grande
et al. 2012; Fernandez-Mendoza & Printzen 2013), very little
previous researches have been carried out in European eco-
systems, with most of the studies covering relatively small
areas in boreal, oceanic, and alpine regions but almost absent
from the Mediterranean region (Zoller et al. 1999; Lindblom &
Ekman 2006, 2007; Lattman et al. 2009; Jiriado et al. 2011;
Hilmo et al. 2012; Widmer et al. 2012).

The aim of this paper is to understand how the genetic di-
versity and differentiation of Lobaria pulmonaria populations
vary throughout a latitudinal gradient in Spain. This gradient
is the primary axis of climatic variation and we specifically
aimed for addressing the effect of regional environmental fac-
tors and assessing genetic diversity on most isolated popula-
tions located in the southernmost part.

Lobaria pulmonaria is an emerging model species that is
considered to be an indicator of forests of high ecological
value (Werth et al. 2006a; Scheidegger & Werth 2009). The spe-
cies is widely distributed in the northern hemisphere, includ-
ing boreal, temperate, and Mediterranean forests and has few
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occurrences in tropical forests. In many European countries
the species is considered threatened, due to a marked popula-
tion decline in the last centuries, primarily from habitat frag-
mentation and agricultural intensification (Belinchon et al.
2009; Scheidegger & Werth 2009). In the Iberian Peninsula,
the species is more common in areas with oceanic influence
from the north and west, becoming rarer toward the south
where it only appears in mountainous and well-preserved
forests with higher humidity values (Burgaz & Martinez
1999). The Iberian Peninsula is characterized by a steep lati-
tudinal climatic gradient, with pronounced higher tempera-
tures and lower precipitation towards the southern areas. On
the other hand, the Iberian Peninsula is characterized by
a long history of forest fragmentation, degradation, and de-
forestation, which have been more drastic towards the
southern parts (Carrién et al. 2003; Urbieta et al. 2008;
Gonzalez-Martinez et al. 2010). Consequently, the Iberian dis-
tribution of this species is discontinuous, with more contin-
uous and suitable stands in the northern area and a few
isolated populations in southern Spain (Burgaz & Martinez
1999, Fig 1).

Recently, Scheidegger et al. (2012) and Widmer et al. (2012)
developed studies evaluating genetic diversity of L. pulmona-
ria populations throughout the species European distribu-
tion. They concluded, using a phylogeographic approach,
that the genetic diversity of L. pulmonaria, across Europe, is
high with a few hotspots in Italy and the Balkans. Here we
investigated the genetic diversity and spatial genetic struc-
ture of L. pulmonaria populations across a latitudinal gradi-
ent in Spain. Specifically we studied the importance of
climatic versus geographic factors on L. pulmonaria popula-
tions. And secondly, we assessed the implications of these
factors on the genetic structure of the isolated populations
in southern Spain.

Methods
Sampling

The study site comprised a latitudinal gradient along Spain,
covering the Spanish latitudinal range of Lobaria pulmonaria.
A stratified selection of forest stands encompassed three
zones included in two Biogeographical Regions: North (Atlan-
tic Region), Central (Mediterranean Region), and South (Medi-
terranean Region). Individual samples were collected from six
populations in each region (Table 1, Fig 1). Individuals growing
in one forest stand were considered a single population. A to-
tal of 18 populations were finally considered in the study, in-
cluding Fagus sylvatica (beech), Quercus pyrenaica (oak), Abies
pinsapo (Spanish fir), and Castanea sativa (chestnut) forests.
In order to avoid spatial clustering the populations were se-
lected in localities at least 5 km apart. Six populations were se-
lected in the North, where L. pulmonaria is more common
(NARO1-NARO6). In central Spain (Mediterranean region),
where L. pulmonaria occurs in well-preserved forests we
included six populations in the middle of the central range
(CMRO01-CMRO06). In the south, all populations that have been
previously reported (SMRO1-SMRO06) were sampled and in-
cluded in the study (Table 1, Fig 1). Sixteen to forty individuals
were collected per population, with a total sample size of 635
individuals. In order to avoid repeatedly the same genotype,
lichen specimens were collected randomly from different
trees at least 10 m apart.

To assess the effect of climate and geographic factors on
the genetic diversity and structure the following predictors
were measured for each forest stand: Pannual = annual pre-
cipitation (mm); summer precipitation (mm); Tm = mean an-
nual temperature (°C); P/T humidity index, which is an

Table 1 — Populations of L. pulmonaria sampled on the Iberian Peninsula. Population code, geographical distribution range,

locality, for each population. Latitude and longitude coordinates used correspond to the system UTM (System of Universal

Transverse Mercator coordinates) in WGS 84 datum.

Pop. Code Locality Phorophyte CoorX (UTM) CoorY (UTM) Altitude (m)
North—Atlantic Region (NAR)

NARO1 Cantabria, Saja Beech 30T395715 4775223 570
NARO2 Cantabria, Laguna Beech 30T380587 4769914 1205
NARO3 Palencia, Piedrasluengas Beech 30T380821 4766740 1347
NAR04 Palencia, Branosera Oak 30T394960 4754234 1323
NARO5 Palencia, Parapertu Oak 30T389016 4753124 1225
NARO6 Palencia, Ruesga Beech 30T373498 4746469 1200
Central-Mediterranean Region (CMR)

CMRO1 Guadalajara, Cantalojas Oak 30T469196 4565988 1494
CMRO02 Segovia, Riaza Beech 30T465780 4563066 1676
CMRO3 Guadalajara, Penalba de la Sierra Oak 30T466936 4555757 1300
CMR04 Guadalajara, Cardoso Oak 30T463465 4551141 1460
CMRO5 Madrid, Montejo de la Sierra Oak 30T458697 4550930 1284
CMRO06 Guadalajara, El Cardoso de la Sierra Oak 30T465710 4547178 795
South-Mediterranean Region (SMR)

SMRO1 Toledo, El Real de San Vicente Oak 305352182 4445537 1130
SMRO02 Toledo, Estena Oak 30S361657 4372537 797
SMRO3 Ciudad Real, Fuencaliente Oak 305390654 4256003 884
SMR04 Albacete, Riopar Oak 305545885 4252111 1420
SMRO5 Huelva, Aracena Chestnut 295179500 4201319 650
SMRO06 Cadiz, Grazalema Fir 30S285154 4071807 1280
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Table 2 — Genetic characteristics of six microsatellites loci

for all sampled individuals from the 18 populations.

analysed (Walser et al. 2003; Widmer et al. 2010). Two multi-
plex PCRs were performed in a total 10 pl reaction volume us-
ing 1 pl of genomic DNA (10—50 ng/ul™?%), 2 ul of the Qiagen

Locus RAS Na He Ar Multiplex PCR Master Mix, and 200 nmol of each primer. The
Lpu03 187—-193 4 0.40 (0.03) 2.82 (0.08) forward primer was fluorescent-labelled. The first multiplex
Lpu09 158—473 22 0.63 (0.03) 6.27 (0.65) PCR included the primers Lpu03F-NED, Lpu03R, LpuO9F-HEX,
Lpul> S 9 072 (010 4 (022 LpuO9R, Lpul5F-FAM, and Lpul5R. The second multiplex PCR
tgﬁiz iigi;;i 2 g:gi Eg:gg i; 8:1(9); included the primers Lpu23F-NED, Lpu23R, Lpu24F-HEX,
Lpu28 270—332 29 0.70 (0.04) 8.38 (0.89) Lpu24R, Lpu28F-FAM, and Lpu28R (Walser et al. 2003;

RAS: range of allelic size; Na: total number of alleles detected; He:
average allelic diversity, mean (s.d); Ar: average of allelic richness
by populations, mean (s.d).

estimator of the efficiency of precipitation in relation to the
temperature; geographical location (utm); altitude (m a.s.L).
Geographical location and altitude were taken in the field
with a GPS (GPSmap 60CSx, Garmin GPS). The climate vari-
ables were obtained from CLIMOEST, a climate simulator for
the Iberian Peninsula (http://www2.montes.upm.es/Dptos/
DptoSilvopascicultura/Edafologia/aplicaciones/Aplicacio-
nes.htm = Programa Estimaciones Climaticas, Sdnchez-
Palomares et al. 1999). We carried out correlation analysis of
the mentioned variables, and exclude those with correlation
values above 0.7 to avoid problems of multicollinearity (see
Martinez et al. 2012).

DNA extraction and microsatellite genotyping

Fresh material from Lobaria pulmonaria samples was ground in
liquid nitrogen. Total genomic DNA was extracted using the
DNeasy Plant Mini Kit (Qiagen), according to the manufac-
turer’s instructions. Six unlinked fungal microsatellites were

Widmer et al. 2010). DNA amplifications were carried out in
a Peltier thermal cycler (PTC-100), under the following cycle
parameters: initial denaturation at 95 °C for 15 min; 27 cycles
of 94 °C for 45 s, 54 °C for 90 s, and 72 °C for 60 s; followed by
a final extension at 72 °C for 30 min. Fragment sizes of PCR
products were determined on an ABI3100-avant automatic
sequencer (Applied Biosystems). Allele assignment was
performed using GeneMapper v3.7.

Genetic diversity within populations

For each population, the total number of alleles, mean num-
ber of alleles per locus, and mean number of private alleles
(Pa) were calculated in Genalex v. 6 (Peakall & Smouse 2006).
Nei’s unbiased genetic diversity H (Nei 1978), number of multi-
locus genotypes G, and the percent of multilocus genotypes M
were also calculated, and computed using the codes written
by Werth et al. (2006a) in R (R Development Core Team), follow-
ing the same methodology as Werth et al. (2006a). Mean within
population allelic richness (Ar), corrected for sample size us-
ing rarefaction, was calculated in Microsatellite analyser
MSA (Dieringer & Schlstterer 2003). In order to test if the ge-
netic variation within populations was correlated with the lat-
itudinal gradient and climatic factors, simple linear models
were built in R for each of the genetic diversity indexes (H,

Table 3 — Standard diversity indices for the studied populations. Pop: population; n: total number of individuals genotyped;
Ap: mean number of private alleles from all loci; Nap: number of alleles privates; H: Nei’s unbiased gene diversity; G:

number of multilocus genotypes; M: percentage of multilocus genotypes per population; Ar: mean within population allelic
richness; Tm: annual mean temperature; Pannual: annual precipitation; P/T: humidity index.

pop n Ap NAp H G M Ar Altitude Tm Pannual P/T

NARO1 38 0.333 2 0.41 36 0.95 7.02 570 11.4 1433 125.7
NARO2 33 0.167 1 0.63 31 0.94 4.3 1205 8.4 982 116.9
NARO3 37 0.500 3 0.64 34 0.94 4.43 1347 7.6 1122 147.6
NARO4 38 0.333 2 0.49 17 0.45 5.86 1323 7.7 1100 142.8
NARO5 40 0.333 2 0.48 24 0.59 5.13 1225 8.3 985 118.6
NARO6 16 0.000 0 0.49 8 0.5 3.83 1200 8.3 986 118.7
CMRO1 38 0.167 1 0.41 16 0.42 3.5 1494 7.4 996 134.5
CMRO02 40 0.000 0 0.54 21 0.51 4.57 1676 5.9 1073 181.8
CMRO3 24 0.167 1 0.49 16 0.67 3.68 1300 9.2 656 713
CMRO04 21 0.167 1 0.47 16 0.75 2.22 1460 9.2 656 713
CMRO5 29 0.000 0 0.56 34 0.9 4.51 1284 9.5 825 86.8
CMRO6 40 0.167 1 0.34 20 0.5 4.41 795 12.5 458 36.6
SMRO1 38 0.167 1 0.52 24 0.63 4.96 1130 11.2 1178 105.1
SMRO02 40 0.000 0 0.4 26 0.65 3.2 797 13.9 669 48.1
SMRO3 40 0.000 0 0.59 26 0.66 4.25 884 14.1 693 49.1
SMRO04 39 0.167 1 0.45 26 0.67 4.12 1420 11 728 66.1
SMRO5 33 1.333 3 0.61 22 0.64 5.20 650 15.6 1315 84.2
SMRO0O6 40 0.500 3 0.45 14 0.36 3.65 1280 12.3 960 78.0
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Ar, and Pa) using climatic (Tm, Pannual, P/T) and geographic
(latitude, altitude) variables as predictive factors.

Population genetic structure and gene flow

Genetic distance matrix for pairwise Fst values (Reynolds et al.
1983; Slatkin 1995) as well as the number of shared multilocus
genotypes between populations were computed in ARLEQUIN
v.3.5. Isolation by distance (IBD; Wright 1943) was examined
by testing the association between the matrix of natural loga-
rithm of geographic distance and pairwise population differen-
tiation [Fst/(1-Fst)] using a Mantel test with 999 random
permutations among all sampled populations. Analysis of
Molecular Variance (AMOVA, Excoffier et al. 1992) was applied
to assess population differentiation, as implemented in ARLE-
QUIN. Genetic variation was partitioned into different levels.
A two-level AMOVA with populations nested in regions (NAR,
CMR, and SMR) was developed. Significance of fixation indices
was tested using a nonparametric permutation approach with
1000 permutations, performed by ARLEQUIN v.3.5.

8,00
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6,00
5,00

% 4,00
3,00
2,00 A

1,00

0,00

Analyses were performed on the dataset with clones (635
individuals) and on the dataset corrected for clones within
populations (411 individuals).

Additionally, a Bayesian clustering method was applied as
implemented in the BAPS 5.2 program (Corander et al. 2003).
This method allows a hierarchical analysis treating the parti-
tion among groups of individuals as the parameter of main in-
terest. It treats both allele frequencies (from microsatellite
markers), and the number of genetically divergent groups de-
rived from populations as random variables (Corander et al.
2003, 2008). We applied BAPS clustering to the entire and cor-
rected dataset using the option clustering of groups of individ-
uals, and spatial clustering of groups using the central
coordinates of each population (Corander et al. 2003, 2008).
We tested ten replicates of 1 < K < 18 groups (18 populations).
To describe similarities among genetic clusters, we construct
a UPGMA diagram in BAPS using Nei’s standard distance
(Nei 1975).

Finally, to evaluate the effect of environmental factors in
driving genetic structure, full, and partial redundancy
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Fig 2 — Relationship between annual precipitation and genetic diversity estimators (Ar: mean within population allelic
richness, Ap mean number of private alleles) in the 18 L. pulmonaria populations.
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analyses (RDA, Legendre & Fortin 2010) were conducted
with the vegan package in R. The allele frequencies were
used as dependent matrix, geographic, and environmental
factors were used as two distinct explanatory matrices.
Three different models were constructed in order to deter-
mine how much of the genetic variation is uniquely
explained by environmental factors, how much is uniquely
explained by geographic variables, and how much is due to
the combined effect of the two. The first model RDA1 in-
cluded all variables (environmental and geographic) as ex-
planatory; the second model RDA2 is a partial model in
which geography explains genetic data conditioned by en-
vironmental variables; the third model RDA3 is a partial
model in which environmental factors explain genetic
data conditioned by geographic data.

Results
Genetic diversity within populations

Ninety alleles were detected in the 635 sampled individuals,
with the number of alleles per locus ranging from three to
twenty-nine (Table 2). Allelic diversity ranged from 0.02
for locus LPu24 to 0.734 for locus LPul5. LPu24 locus was
variable in only three populations (NAR02, NARO3, and
SMRO4). Thirteen of the 18 populations examined exhibited
at least one private allele, and six possessed more than one
private allele (Table 3). The populations with the highest
number of private alleles were NARO3, SMRO05, and SMR06
(Table 3). A total of 329 different multilocus genotypes
were detected across the 18 populations. The genetic diver-
sity within populations based on estimates of multilocus
genotypes was slightly variable (Table 3). Genetic diversity
(H) ranged from 0.34 to 0.64, the number of multilocus ge-
notypes (G) range was 8—36, and the allelic richness (Ar)
varied from 2.2 to 7 (Table 3). The latitude gradient is not
correlated to values of genetic diversity (H r? = 0.0013;
p>011; G r* = 019 p > 0.1; Ar > = 0.098 p > 0.1;
Ap r? =0.069). However allelic richness (Ar) and mean num-
ber of private alleles (Ap) are significant and positively cor-
related with annual precipitation (Ar r* = 0.46 p < 0.01; Ap
r? = 0.26 < 0.05) (Fig 2).

0,9 7 s .
’ 635 individuals
0,7
0,6
0,5
04

Fst/(1-Fst)

03 7
02
0,1

log (distance [m])

Population genetic structure and gene flow

The Mantel test identified weak but significant isolation by
distance over the entire dataset (635 individuals, P < 0.05)
while in the dataset corrected for clones within populations
(411 individuals) the test was not significant (Fig 3). AMOVA re-
sults indicated that 78.26 % (635 dataset) and 86.6 % (411 data-
set) of the variation was within populations, followed by
a significant variation among populations within regions in
both datasets (Table 4).

The BAPS cluster analysis of the entire and corrected by
clones datasets indicated that 12 (K) and 4 (K) respectively
were the most likely partition for each data. The partition
with K = 12 had a log marginal likelihood -5326.27
(p = 0.997) and the partition with K = 4 had a log marginal like-
lihood —3882.5627 (p = 0.876). We describe the partition ob-
tained from the corrected dataset. The partition revealed
moderate structure by region, where single cluster was mainly
shared by populations from the same region with exception of
cluster 1, which was found once in each one of the three re-
gions (NARO1, CMR06, SMRO02). In the northern region, BAPS
identified two clusters for the six sampled populations being
cluster 2 the most common one, present in five northern pop-
ulations. This cluster was also found to be present in southern

Table 4 — Analysis of molecular variance (AMOVA) (with
the region as cofactor) on the dataset with clones (635

individuals) and on the dataset corrected for clones
within populations (411 individuals).

Source of variation Sum of squares Variance % P

635 individuals

Among regions 44.59 0.32 1.70 <0.001
Among populations 222.60 0.38 20.01 <0.001
Within populations 920.32 1.49 78.26 <0.001
Total 1187.53

411 individuals

Among regions 19.82 0.01 1.01 <0.005
Among populations 113.42 0.26 13.11 <0.001
Within populations 642.36 1.63 85.66 <0.001
Total 775.61

0,9 7 oy .
411 individuals

0.8 7

0,7 7 °
206
=
— 0,5 1
= ° o’.
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Fig 3 — Mantel test for matrix correlation between genetic distance (Fst/(1 — Fst)) and geographic distance (Log (distance). A
weak but positive correlation is shown (r = 0.21 P = 0.041) when including clones (635 individuals). Not correlation when

excluding clones (411 individuals, r = —0.030).
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Fig 4 — BAPS Results. (A). Coloured circles are the graphical representation showing genetic clusters resulting from BAPS
analysis. Populations indicated by the same colour represent similar genetic groups. (B). UPGMA on Nei’sD a pairwise dis-
tance between BAPS-identified genetic clusters. The numbers represent cluster populations.

Table 5 — Explained variance by each RDA model.

Variance Probability

Total explainable (RDA1) 43.6 <0.01
Pure environment (RDA2) 26.4 <0.05
Pure geography (RDA3) 7.6 <0.1

Joint climate/geography (RDA1-RDA2-RDA3) 9.6

populations (SMR03 and SMRO5). In the central region only
two clusters were discriminated by BAPS, differentiating
CMRO6 (cluster 1) from the other five populations grouped
into cluster 3. In the southern region, all four clusters were
identified, being cluster 4 restricted to southern populations
(SMRO1, SMRO6; Fig 4A). The UPGMA on Nei’sD pairwise dis-
tance between the clusters indicates that cluster 3 is the
most divergent group, in spite of it is found in the three re-
gions (Fig 4B).

Results from partial RDA conditioned by geographic fac-
tors showed a significant association between allele fre-
quencies and environmental factors, being altitude the
most important factor (F = 2.36; p = 0.015). Partitioning of
total variance analysis (comparing the complete model
with a partial model conditioned by environmental factors
and a partial model conditioned by geographic factors)
found that environmental variables explained 26.4 % of
the total explainable genetic variance while geographic fac-
tors explained 7.8 % after removing the variance explained
by environmental variables. Finally the percentage of the

genetic variance in which environment and geography
(join effect) cannot be separated due to collinearity is
9.6 % (Table 5).

Discussion
Genetic diversity within populations

Lobaria pulmonaria populations along a latitudinal gradient in
Spain exhibited relatively high levels of genetic diversity (H)
in most of the populations sampled (mean H = 0.497;
s.d. = 0.08), with very similar values to those reported from
Central and Southeastern Europe (Walser et al. 2005; Werth
et al. 2006a; Scheidegger et al. 2012). In fact, Scheidegger et al.
(2012) found almost identical mean values of genetic diversity
and allelic richness between their southeastern European
populations and our Spanish populations (H = 0.498 versus
0.497, and Ar = 5.09 versus 5.08), although we did not include
in our study the same Iberian populations and the locus
LPu25. The latitudinal gradient across Spain implies a steep
climatic gradient: from the wetter north to drier south where
there is a reduction in forest cover and quality due to the his-
toric intensive use of these forests (Carrién et al. 2003; Urbieta
et al. 2008; Gonzalez-Martinez et al. 2010). However, Spanish
mountains generate a rain-shadow effect across the gradient,
implying high precipitation levels in the south comparable to
the northern localities (Costa et al. 2001).

Thus, although we a priori expected a negative relationship
between genetic diversity and latitude linked to the lower
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number of populations that are highly isolated we did not find
this pattern. However, we have found relationship between
annual precipitation and genetic diversity, particularly on al-
lelic richness and number of private alleles.

Population genetic theory predicts that fragmentation into
isolated, discrete subpopulations composed of relatively few
individuals, as is the case of the southernmost Spanish popu-
lations (Martinez et al. 2012 and personal observations), con-
tributes to a depletion of overall genetic diversity (Ellstrand
& Elam 1993). However, our results showed that annual pre-
cipitation exerted some influence on genetic diversity proba-
bly through the influence of precipitation on the population
size. In that sense, Merinero et al. (2014) in a study where
they analyze the environmental factors that drive the distri-
bution and abundance of Lobarina scrobiculata in the Iberian
Peninsula, they found that highest populations where located
in the more rainy areas. Furthermore, Martinez et al. (2012)
found that thallus size of L. pulmonaria was positively corre-
lated with humidity whereas sexual reproduction was related
to a higher thallus size. Following these previous results,
L. pulmonaria populations located in more rainy areas will
have bigger individuals and a higher probability to reproduce
sexually and this could imply a higher genetic diversity. How-
ever, Singh et al. (2012) recently showed that L. pulmonaria is
a heterothallic species, needing a compatible partner to repro-
duce sexually. So, if the frequency of mating type-idiomorphs
is rather skewed in the studied populations, the probability to
find apothecia is very small. More studies are necessary in or-
der to elucidate the relationship between thallus size, pres-
ence of apothecia and genetic diversity.

Moreover, although the latitudinal gradient comprises a de-
cline in habitat availability and a reduction in numbers and
size of populations (Martinez et al. 2006), surprisingly our re-
sults did not support a latitudinal gradient effect on the levels
of genetic diversity of the populations. Highly fragmented
populations in more marginal areas are generally expected
to possess reduced levels of within-population genetic diver-
sity (Kark et al. 2008). In this context, we expected that contin-
uously distributed populations (i.e. in regions to the north,
Fig 1), should exhibit increased genetic diversity compared
to geographically isolated populations, as is the case in
L. pulmonaria southern Spanish populations (Fig 1). The results
suggested us that the long term human-induced modifica-
tions on L. pulmonaria habitats (more severe in southern Spain)
have not resulted in a relative decay of the genetic diversity in
isolated populations compared with highly connected and
well preserved populations in the north. These results contra-
dict previous findings that showed how recent forest fragmen-
tation and intensive management reduce the genetic diversity
of L. pulmonaria in different woodland habitats in Europe
(Juriado et al. 2011; Otdlora et al. 2011). Nevertheless, our result
is partially in agreement with a recent study in Scandinavian
fragmented forests where high levels of genetic diversity were
retained (Hilmo et al. 2012). Other studies have also found that
genetic diversity of L. pulmonaria populations in Europe did not
decrease with latitude (Widmer et al. 2012; Scheidegger et al.
2012), suggesting that other factors could be mitigating the ef-
fects of isolation in marginal areas. In our study, isolated pop-
ulation in the south can be maintaining relatively stable and
quite large populations because of the high annual

precipitation values and then, relatively high values of genetic
diversity.

Population genetic structure and gene flow

When including clones the Mantel test showed a weak signif-
icant effect of isolation by distance which is consistent with
previous studies of Lobaria pulmonaria at regional scales
(Walser et al. 2005). However, when the clones were excluded
the Mantel Test suggested that dispersal is not local nor
regional restricted. The AMOVA analysis revealed a low pro-
portion (1.70 % and 1.01 %) of genetic variation attributed to re-
gional differences. Lobaria pulmonaria populations in Spain
have similar levels of diversity to those detected at interconti-
nental and local scales reported in previous studies (Walser
et al. 2005; Werth et al. 2006a; 2007; Juriado et al. 2011;
Otalora et al. 2011; Scheidegger et al. 2012). The results from
several studies of L. pulmonaria genetic structure at the local
scale have suggested that dispersal in this species is rather ef-
fective, but not spatially unrestricted (Scheidegger & Werth
2009). Bayesian clustering method (BAPS) detected low diver-
gence with four gene pools showing a moderate pattern of re-
gional structure especially in north and central regions.
Additionally, this analysis also showed a high level of similar-
ity among distant populations (Fig 4). Organisms dispersed by
spores are capable of long distance dispersal, and past estab-
lishment of founder populations could cause random gene
distribution (Munoz et al. 2004; Grundmann et al. 2008). Dis-
persal limitations at small spatial scales (distance of up few ki-
lometers) have been shown in different lichen-forming fungi
species (Walser 2004; Cassie & Piercey-Normore 2008), being
in some cases virtually absent at large distance (Walser et al.
2005). However, other studies have reported a wide and effi-
cient dispersal in both small and large spatial scales
(Printzen et al. 2003; Munoz et al. 2004; Werth et al. 2006b;
2007; Buschbom 2007; Lattman et al. 2009; Geml et al. 2010;
Otalora et al. 2010; Fernandez-Mendoza et al. 2011).

Historical factors and present day processes acting at dif-
ferent spatial and temporal scales may explain the differen-
tiation patterns of populations. The factors that determine
the genetic structure of populations at local scales are re-
lated to dispersal capabilities depending on the type of prop-
agules (Freeland 2005), reproduction and recruitment, as
well as drift and selection, which are influenced by habitat
availability and quality. Here we have found, after removing
the geographic distance effect, a significant partial correla-
tion between environmental factors and allele frequencies.
This implies a role of environmental heterogeneity in the ge-
netic divergence of populations. Several studies have found
that neutral population genetic differentiation is explained
by environmental variation rather than by simple geo-
graphic distances in plant species (Gram & Sork 2001;
Bockelmann et al. 2003; Temunovi et al. 2012) and animal spe-
cies (Pilot et al. 2006; McGaughran et al 2014). Otdlora et al.
(2011) also found this relationship in L. pulmonaria in a study
developed at local scale (Otalora et al. 2011). More recently,
Nadyeina et al. (2014) showed ecological differentiation of
gene pools in L. pulmonaria in a study developed in a primeval
forest of Ukraine. They found that the distribution of gene
pools depended on altitude, distance from rivers and height



810

M. A. G. Otalora et al.

in the trunk where the thallus grows. These variables were
correlated to climate-related environmental factors such as
air temperature and humidity, and solar radiation. The fact
that environmental factors affect neutral genetic structure
indicates that natural selection may interact with neutral
processes of gene flow and genetic drift (McGaughran et al.
2014). Future tests with candidate genes could clarify the
possible role of natural selection in shaping the genetic
structure of L. pulmonaria.

Acknowledgements

We thank Tatiana Flores, for help with fieldwork. We also thank
J. Mas for technical support in the molecular Lab at URJC. This
research was supported by the Direccién General del Medio
Natural, Comunidad Auténoma de Castilla-La Mancha (projects
POI109-0286-4849; GU002806; SC 0001/07), Ministerio de Educa-
cién y Ciencia (project CGL2007-66066- C04-04/BOS), Ministerio
de Ciencia e Innovacién of Spain (CGL2010-22049/BOS), and
Ministerio de Economia y Competitividad (EPIDIVERSITY
CGL2013-47010-P). The Comunidad Auténoma de Castilla-La
Mancha, Madrid and the City Council of Montejo allowed the
study of Lobaria pulmonaria populations in protected areas.

REFERENCES

Avise JC, 2000. Phylogeography: the history and formation of species.
Harvard University Press, Cambridge.

Belinchdn R, Martinez I, Otalora MAG, Aragdén G, Dimas J,
Escudero A, 2009. Fragment quality and matrix affect epi-
phytic performance in a Mediterranean forest landscape.
American Journal of Botany 96: 974—1982.

Bockelmann AC, Reusch TBH, Bijlsma R, Bakker JP, 2003. Habitat
differentiation vs. isolation-by-distance: the genetic popula-
tion structure of Elymus athericus in European salt marshes.
Molecular Ecology 12: 505—515.

Brown JH, 1995. Macroecology. University of Chicago Press,
Chicago.

Burgaz AR, Martinez I, 1999. La familia Lobariaceae en la Penin-
sula Ibérica. Botanica Complutensis 23: 59—90.

Buschbom J, 2007. Migration between continents: geographical
structure and long-distance gene flow in Porpidia flavicunda
(lichen-forming Ascomycota). Molecular Ecology 16: 1835—1846.

Carrion JS, Sanchez-Gémez P, Mota JF, Y1l EI, Chain C, 2003. Fire
and grazing are contingent on the Holocene vegetation dy-
namics of Sierra de Gador, southern Spain. Holocene 13:
839-849.

Cassie DM, Piercey-Normore MD, 2008. Dispersal in a sterile
lichen-forming fungus, Thamnolia subuliformis (Ascomycotina:
Icmadophilaceae). Canadian Journal of Botany 86: 751—762.

Corander J, Waldmann P, Sillanpaa MJ, 2003. Bayesian analysis of
genetic differentiation between populations. Genetics 163:
367—-374.

Corander J, Siren J, Arjas E, 2008. Bayesian spatial modeling of
genetic population structure. Computational Statistics 23:
111-129.

Costa M, Morla C, Sainz H, 2001. Los bosques ibéricos. Una inter-
pretacién geobotanica. Planeta, Madrid.

Dal Grande F, Widmer I, Wagner HH, Scheidegger C, 2012. Vertical
and horizontal photobiont transmission within populations of
a lichen symbiosis. Molecular Ecology 21: 3159—3172.

Dieringer D, Schlstterer C, 2003. Microsatellite analyser (MSA):

a platform independent analysis tool for large microsatellite
data sets. Molecular Ecology Notes 3: 167—169.

Eckert CG, Samis KE, Lougheed SC, 2008. Genetic variation across
species’ geographical ranges: the central-marginal hypothesis
and beyond. Molecular Ecology 17: 1170—1188.

Ellstrand NC, Elam DR, 1993. Population genetic consequences of
small population size: implications for plant conservation.
Annual Review of Ecology and Systematics 24: 217—242.

Excoffier L, Smouse PE, Quattro JM, 1992. Analysis of molecular
variance inferred from metric distances among DNA haplo-
types: application to human mitochondrial DNA restriction
sites. Genetics 131: 479—491.

Fernandez-Mendoza F, Domaschke S, Garcia MA, Jordan P,
Martin MP, Printzen C, 2011. Population structure of myco-
bionts and photobionts of the widespread lichen Cetraria acu-
leata. Molecular Ecology 20: 1208—1232.

Fernandez-Mendoza F, Printzen C, 2013. Pleistocene expansion of
the bipolar lichen Cetraria aculeata into the Southern hemi-
sphere. Molecular Ecology 22: 1961—-1983.

Freeland J, 2005. Molecular Ecology. John Wiley and Sons, West
Sussex.

Gaston KJ, 2003. The Structure and Dynamics of Geographic Ranges.
Oxford University Press, Oxford.

Gaston K]J, 2009. Geographic range limits of species. Proceedings of
the Royal Society B-Biological Science 276: 1391—1393.

Geml J, Kauff F, Brochmann C, Taylor DL, 2010. Surviving climate
changes: high genetic diversity and transoceanic gene flow in
two arctic—alpine lichens, Flavocetraria cucullata and F. nivalis
(Parmeliaceae, Ascomycota). Journal of Biogeography 37:
1529-1542.

Gonzalez-Martinez SC, Dubreuil M, Riba M, Vendramin GG,
Sebastiani F, Mayol M, 2010. Spatial genetic structure of Taxus
baccata L. in the western Mediterranean Basin: past and pres-
ent limits to gene movement over a broad geographic scale.
Molecular Phylogenetic and Evolution 55: 805—815.

Gram WK, Sork VL, 2001. Association between environmental and
genetic heterogeneity in forest tree populations. Ecology 82:
2012—-2021.

Grundmann M, Ansell SW, Russell SJ, Koch MA, Vogel JC, 2008.
Hotspots of diversity in a clonal world - the Mediterranean
moss Pleurochaete squarrosa in Central Europe. Molecular Ecol-
ogy 17: 825—-838.

Hilmo O, Lundemo S, Holien H, Stengrundet K, Stengien HK, 2012.
Genetic structure in a fragmented Northern Hemisphere
rainforest: large effective sizes and high connectivity among
populations of the epiphytic lichen Lobaria pulmonaria. Molec-
ular Ecology 21: 3250—3265.

Joshi JB, Schmid MC, Caldeira PG, Dimitrakopoulos J, Good R,
Harris A, Hector K, Huss-Danell A, Jumpponen A, Minns CPH,
Mulder JS, Pereira A, Prinz M, Scherer-Lorenzen ASD,
Siamantziouras AC, Terry AY, Troumbis Lawton JH, 2001. Lo-
cal adaptation enhances performance of common plant spe-
cies. Ecology Letters 4: 536—544.

Juriado I, Liira J, Csencsics D, Widmer I, Adolf C, Kohv K,
Scheidegger C, 2011. Dispersal ecology of the endangered
woodland lichen Lobaria pulmonaria in managed
hemiboreal forest landscape. Biodiversity and Conservation 20:
1803—-1819.

Kark S, Hadany L, Tabarroni C, Safriel U, Noy-Meir I, Eldredge N,
Tabarroni C, Randi E, 2008. How does genetic diversity change
towards the range periphery? An empirical and theoretical
test. Evolutionary Ecology Research 10: 391—414.

Lattman H, Lindblom L, Mattsson JE, Milberg P, Skage M, Ekman S,
2009. Estimating the dispersal capacity of the rare lichen
Cliostomum corrugatum. Biological Conservation 142: 1870—1878.

Legendre P, Fortin MJ, 2010. Comparison of the Mantel test and
alternative approaches for detecting complex multivariate


http://refhub.elsevier.com/S1878-6146(15)00086-0/sref1
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref1
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref2
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref2
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref2
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref2
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref2
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref2
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref2
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref2
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref2
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref3
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref3
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref3
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref3
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref3
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref4
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref4
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref5
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref5
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref5
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref5
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref5
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref5
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref6
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref6
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref6
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref6
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref7
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref7
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref7
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref7
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref7
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref7
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref7
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref7
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref7
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref7
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref8
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref8
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref8
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref8
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref9
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref9
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref9
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref9
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref9
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref10
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref10
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref10
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref10
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref11
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref11
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref11
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref11
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref11
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref12
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref12
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref12
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref12
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref13
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref13
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref13
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref13
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref13
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref14
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref14
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref14
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref14
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref15
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref15
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref15
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref15
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref16
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref16
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref16
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref16
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref16
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref17
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref17
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref17
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref17
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref17
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref17
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref17
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref17
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref18
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref18
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref18
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref18
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref18
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref19
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref19
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref20
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref20
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref21
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref21
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref21
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref22
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref22
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref22
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref22
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref22
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref22
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref22
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref23
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref23
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref23
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref23
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref23
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref23
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref23
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref23
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref24
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref24
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref24
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref24
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref25
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref25
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref25
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref25
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref25
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref26
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref26
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref26
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref26
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref26
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref26
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref26
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref27
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref27
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref27
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref27
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref27
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref27
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref27
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref28
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref28
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref28
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref28
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref28
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref28
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref28
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref29
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref29
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref29
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref29
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref29
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref30
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref30
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref30
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref30
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref30
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref31
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref31

Genetic diversity and structure of Lobaria pulmonaria

811

relationships in the spatial analysis of genetic data. Molecular
Ecology Resources 10: 831—844.

Lindblom L, Ekman S, 2006. Genetic variation and population
differentiation in Xanthoria parietina on the island Storfosna,
central Norway. Molecular Ecology 15: 1545—1559.

Lindblom L, Ekman S, 2007. New evidence corroborates popula-
tion differentiation in Xanthoria parietina. Lichenologist 39:
259-271.

Lucking R, 2003. Takhtajan’s floristic regions and folicolous lichen
biogeography: a compatibility analysis. Lichenologist 35: 33—53.

Martinez I, Carreno F, Escudero A, Rubio A, 2006. Are threatened
lichen species well-protected in Spain? Effectiveness of a pro-
tected areas network. Biological Conservation 133: 500—511.

Martinez I, Flores T, Otalora MAG, Belinchén R, Prieto M,
Aragon G, Escudero A, 2012. Multiple-scale environmental
modulation of lichen reproduction. Fungal Biology 116:
192-1201.

McGaughran A, Morgan K, Sommer R], 2014. Environmental var-
iables explain genetic structure in a beetle-associated nema-
tode. PLoS ONE 9: e87317. http:
//dx.doi.org/10.1371/journal.pone.0087317.

Merinero S, Rubio-Salcedo M, Aragén G, Martinez I, 2014. Envi-
ronmental factors that drive the distribution and abundance
of a threatened cyanolichen in Southern Europe: a multi-scale
approach. American Journal of Botany 101: 1876—1885.

Munoz ], Felicisimo AM, Cabezas F, Burgaz AR, Martinez I, 2004.
Wind as a long-distance dispersal vehicle in the Southern
Hemisphere. Science 304: 1144—1147.

Nadyeina O, Dymytrova L, Naumovych A, Postoyalkin S, Werth S,
Cheenacharoen S, Scheidegger C, 2014. Microclimatic differ-
entiation of gene pools in the Lobaria pulmonaria symbiosis in
a primeval forest landscape. Molecular Ecology 23: 5164—5178.

Nei M, 1975. Molecular Population Genetics and Evolution North-
Holland, Amsterdam.

Nei M, 1978. Estimation of average heterozygosity and genetic
distance from a small number of individuals. Genetics 89:
538-590.

Otdlora MAG, Martinez I, Aragén G, Molina MC, 2010. Phylogeog-
raphy and divergence date estimates of a lichen species
complex with a disjunct distribution pattern. American Journal
of Botany 9: 216—223.

Otdlora MAG, Martinez I, Belinchén R, Widmer I, Aragén G,
Escudero A, Scheidegger C, 2011. Remnants fragments pre-
serve genetic diversity of the old forest lichen Lobaria pulmo-
naria in a fragmented Mediterranean mountain forest.
Biodiversity and Conservation 20: 1239—1254.

Peakall R, Smouse PE, 2006. Genalex 6: genetic analysis in Excel.
Population genetic software for teaching and research. Molec-
ular Ecology Notes 6: 288—295.

Pilot M, Jenrzejewski W, Branicki W, Sidorovich VE,
Jedrzejewska B, et al., 2006. Ecological factors influence popu-
lation genetic structure of European grey wolves. Molecular
Ecology 15: 4533—4553.

Printzen C, Ekman S, Tgnsberg T, 2003. Phylogeography of Cav-
ernularia hultenii: evidence of slow genetic drift in a widely
disjunct lichen. Molecular Ecology 12: 1473—1486.

Reynolds J, Weir BS, Cockerham CC, 1983. Estimation for the
coancestry coefficient: basis for a short-term genetic distance.
Genetics 105: 767—779.

Sanchez-Palomares O, Sanchez-Serrano F, Carretero-Cavero MP,
1999. Modelos y cartografia de estaciones climaticas termoplu-
viométricas para Espana Peninsular. INIA, Madrid.

Scheidegger C, Werth S, 2009. Conservation strategies for lichens:
insights from population biology. Fungal Biology Review 23:
55—66.

Scheidegger C, Bilovitz PO, Werth S, Widmer I, Mayrhofer H, 2012.
Hitchhiking with forests: population genetics of the epiphytic
lichen Lobaria pulmonaria in primeval and managed forests in
southeastern Europe. Ecology and Evolution 2: 2223—2240.

Singh G, Dal Grande F, Cornejo C, Schmitt I, Scheidegger C, 2012.
Genetic basis of self-incompatibility in the lichen-forming
fungus Lobaria pulmonaria and skewed frequency distribution
of mating-type idiomorphs: implications for conservation.
PLoS ONE 7: e51402. http:
//dx.doi.org/10.1371/journal.pone.0051402.

Slatkin M, 1995. A measure of population subdivision based on
microsatellite allele frequencies. Genetics 139: 1463.

Temunovic M, Franjic ], Satovic Z, Grgurev M, Frascaria-

Lacoste N, et al., 2012. Environmental heterogeneity explains

the genetic structure of continental and Mediterranean pop-

ulations of Fraxinus angustifolia Vahl. PLoS ONE 7: e42764. http:
//dx.doi.org/10.1371/journal.pone.0042764.

Urbieta IR, Zavala MA, Maranon T, 2008. Human and non-human
determinants of forest composition in southern Spain: evi-
dence of shifts toward cork oak dominance as a result of
management over the past century. Journal of Biogeography 35:
1688—1700.

Walser JC, 2004. Molecular evidence for limited dispersal of veg-
etative propagules in the epiphytic lichen Lobaria pulmonaria.
American Journal of Botany 91 1273—1276. 2004.

Walser JC, Sperisen C, Soliva M, Scheidegger C, 2003. Fungus
specific microsatellite primers of lichens: application for the
assessment of genetic variation on different spatial scales in
Lobaria pulmonaria. Fungal Genetics and Biology 40: 72—82.

Walser JC, Holderegger R, Gugerli F, Hoebee SE, Scheidegger C,
2005. Microsatellites reveal regional population differentiation
and isolation in Lobaria pulmonaria, an epiphytic lichen. Mo-
lecular Ecology 14: 457—467.

Werth S, Wagner HH, Holderegger R, Kalwij JM, Scheidegger C,
2006a. Effect of disturbances on the genetic diversity of an old-
forest associated lichen. Molecular Ecology 15: 911-921.

Werth S, Wagner HH, Gugerli F, Holderegger R, Csencsics D,
Kalwij JM, Scheidegger C, 2006b. Quantifying dispersal and
establishment limitation in a population of an epiphytic li-
chen. Ecology 87: 2037—2046.

Werth S, Gugerli F, Holderegger R, Wagner HH, Csencsics D,
Scheidegger C, 2007. Landscape-level gene flow in Lobaria pul-
monaria, an epiphytic lichen. Molecular Ecology 16: 2807—2815.

Werth S, 2010. Population genetics of lichen-forming fungi —

a review. Lichenologist 42: 499—-519.

Widmer I, Dal Grande F, Cornejo C, Scheidegger C, 2010. Highly
variable microsatellite markers for the fungal and algal sym-
bionts of the lichen Lobaria pulmonaria and challenges in de-
veloping biont-specific molecular markers for fungal
associations. Fungal Biology 114: 538—544.

Widmer I, Dal Grande F, Excoffier L, Holderegger R, Keller C,
Mikryukov VS, Scheidegger C, 2012. European phylogeography
of the epiphytic lichen fungus Lobaria pulmonaria and its green
algal symbiont. Molecular Ecology 21: 5827—5844.

Wright S, 1943. Isolation by distance. Genetics 28: 114—138.

Zoller S, Lutzoni F, Scheidegger C, 1999. Genetic variation within
and among populations of the threatened lichen Lobaria pul-
monaria in Switzerland and implications for its conservation.
Molecular Ecology 8: 2049—2059.


http://refhub.elsevier.com/S1878-6146(15)00086-0/sref31
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref31
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref31
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref32
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref32
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref32
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref32
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref33
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref33
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref33
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref33
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref34
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref34
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref34
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref34
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref35
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref35
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref35
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref35
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref35
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref35
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref36
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref36
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref36
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref36
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref36
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref36
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref36
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref36
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref36
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref38
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref38
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref38
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref38
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref38
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref38
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref38
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref39
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref39
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref39
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref39
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref39
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref39
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref39
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref40
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref40
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref40
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref40
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref40
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref41
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref41
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref42
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref42
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref42
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref42
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref43
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref43
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref43
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref43
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref43
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref43
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref43
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref43
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref44
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref44
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref44
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref44
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref44
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref44
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref44
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref44
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref44
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref44
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref45
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref45
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref45
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref45
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref46
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref46
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref46
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref46
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref46
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref47
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref47
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref47
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref47
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref47
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref48
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref48
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref48
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref48
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref49
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref49
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref49
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref49
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref49
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref49
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref49
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref49
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref49
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref50
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref50
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref50
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref50
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref51
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref51
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref51
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref51
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref51
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref53
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref53
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref55
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref55
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref55
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref55
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref55
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref55
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref55
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref56
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref56
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref56
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref56
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref57
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref57
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref57
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref57
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref57
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref58
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref58
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref58
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref58
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref58
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref59
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref59
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref59
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref59
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref60
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref60
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref60
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref60
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref60
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref61
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref61
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref61
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref61
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref62
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref62
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref62
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref63
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref63
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref63
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref63
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref63
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref63
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref64
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref64
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref64
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref64
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref64
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref65
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref65
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref66
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref66
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref66
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref66
http://refhub.elsevier.com/S1878-6146(15)00086-0/sref66

	The threatened epiphytic lichen Lobaria pulmonaria in the Iberian Peninsula: Genetic diversity and structure across a latit ...
	Introduction
	Methods
	Sampling
	DNA extraction and microsatellite genotyping
	Genetic diversity within populations
	Population genetic structure and gene flow

	Results
	Genetic diversity within populations
	Population genetic structure and gene flow

	Discussion
	Genetic diversity within populations
	Population genetic structure and gene flow

	Acknowledgements
	References


