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Abstract
Campanula fenestrellata subsp. fenestrellata and C. fenestrellata subsp. istriaca belong to the morphologically and phylogeneti-
cally well established amphi-Adriatic group Campanula ser. Garganicae. The two morphologically differentiated endemic taxa are 
distributed on the north-eastern Adriatic islands and coast. In order to study the relationships among C. fenestrellata s.l. popula-
tions and to gain insight into genetic basis of taxonomic separation established on morphology, we examined amplified fragment 
length polymorphisms (AFLPs) as well as nuclear and plastid DNA sequences (ITS and trnL–trnF). With the sequence data, no 
structure and no distinction between the two subspecies were observed. The AFLPs separated populations geographically and 
inferred high number of most likely clusters. The northern and the southernmost populations were assigned to uniform separate 
clusters indicating the longer isolation of respective populations, while the admixed populations were evident in the central area 
where the two taxa geographically overlap, indicating the presence of gene flow. Distinct fragmentation patterns and the exist-
ence of several temporally continuous microrefugia during the Quaternary climatic oscillations likely promoted strong genetic 
differentiation within the species range, while secondary postglacial contacts are reflected in observed admixture. Although the 
two taxa exhibited differences in ecological preferences, niche conservatism was detected. Overall, phylogeographic reconstruc-
tion of C. fenestrellata s.l. populations highlights the importance of microrefugia in shaping the intraspecific genetic variation as 
well as of melting-pot areas in rearranging such variation as a result of a more recent admixture.
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Introduction

Subspecies are defined as groups of populations within a 
species that share a unique geographical range or habitat, 
and differ from other such groups in several genetically 
based traits, e.g. morphology and ecology (Avise and Ball 
1990; Hamilton and Reichard 1992). Genetic markers may 
aid in reconstructing the evolutionary history and thus help 
in delimiting subspecies, although the patterns observed in 
molecular-based assessments may differ from those seen in 
morphological and ecological characters (e.g. Bardy et al. 
2011; Caković et al. 2015; Rešetnik et al. 2016b). More 
over, the past range fluctuations can be detected in genetic 
variation even in the contemporary continuous distribution 
of closely related taxa (Bardy et al. 2010; Lakušić et al. 
2013; Olšavská et al. 2016). The evolutionary history and 
underlying genetic structure of closely related taxa may be 
confronted with different habitats that impose particular 
environmental constraints on them. However, the studies 
focusing on specific ecological niches of Balkan intraspe-
cific plant taxa are few (Kolář et al. 2016; Frajman et al. 
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2019). Ecologically, closely related taxa can have a ten-
dency to differ less than expected by chance due to shared 
environmental constraints and biogeographic history, which 
is recognized as phylogenetic niche conservatism (Wiens 
and Graham 2005; Losos 2008; Pyron et al. 2015). Nonethe-
less, they might differ more ecologically than expected by 
chance providing the evidence for ecological niche diver-
gence (Warren et al. 2008; McCormack et al. 2010).

The Quaternary refugial character of the Balkan Peninsula 
promoted the diversification of numerous species groups (e.g. 
Janković et al. 2016; Španiel et al. 2017; Aleksić et al. 2018), 
and strong genetic substructure has been shown for several 
taxa (Slade et al. 2008; Aleksić and Geburek 2010; Surina 
et al. 2011, 2014; Kutnjak et al. 2014; Rešetnik et al. 2016a; 
Janković et al. 2019). Although until recently the southern 
part of the Balkan Peninsula has been regarded as the major 
refugial area, northern Istria has been considered as local 
glacial refugium by Médail and Diadema (2009). As other 
glacial refugia, the north-western Balkan Peninsula also 
harbours many endemic species, for instance Campanula 
tommasiniana Koch and Campanula justiniana Witasek 
(Campanulaceae), Asperula borbasiana (Korica) Korica 
and Asperula woloszczakii Korica (Rubiaceae), Asplenium 
hybridum (Milde) Bange (Aspleniaceae), Moehringia tom-
masinii Marches. (Caryophyllaceae) and Astragalus glacialis 
Lovrić (Fabaceae). Moreover, recent studies show evidence 
for glacial survival of broad-leaved forests and herbaceous 
understory species (Fagus sylvatica L., Magri et al. 2006; 
Cyclamen purpurescens Mill., Slovák et al. 2012; Knautia 
drymeia Heuff., Rešetnik et al. 2016b) in the westernmost 
part of the Balkan Peninsula. At the same time, the thermo-
philous taxa distributed along the northern part of the Adri-
atic Sea have mostly been shown to exhibit lower levels of 
genetic diversity indicating their survival in southern part of 
the Adriatic (Surina et al. 2011; Rešetnik et al. 2016a). None-
theless, the higher levels of genetic diversity in the northern 
Adriatic were, for example, observed in Tanacetum cinerarii-
folium (Trevir.) Sch. Bip. (Grdiša et al. 2014), suggesting that 
refugium for some taxa was also located in the northern part.

One of the thermophilous and chasmophytic species with 
continuous and abundant distribution along the north-eastern 
Adriatic coast and islands is Campanula fenestrellata Feer. 
Campanula fenestrellata belongs to the morphologically, 
karyologically and phylogenetically well-supported mono-
phyletic group Campanula ser. Garganicae Trinajstić dis-
tributed in the amphi-Adriatic and Ionian region (Park et al. 
2006; Liber et al. 2008; Frajman and Schneeweiss 2009; 
Bogdanović et al. 2014a, b, 2015, 2019). The group, as cur-
rently delimited, includes 12 species, while the sister spe-
cies of the group is the Albanian endemic C. comosiformis 
(Hayek and Janch.) Frajman and Schneew. The onset of 
diversification of the group (including C. comosiformis) has 
been suggested to be the upper Burdigalian in the Miocene 

(Frajman and Schneeweiss 2009), although the Pleistocene 
climatic fluctuations also influenced the currently observed 
variation in the group (Bogdanović et al. 2019).

Campanula fenestrellata is composed of two subspecies; 
C. fenestrellata Feer subsp. istriaca (Feer) Damboldt that is 
distributed from Istria to Jablanac (Velebit littoral) and on 
the northern Adriatic islands and the typical C. fenestrellata 
Feer subsp. fenestrellata distributed from Jablanac south-
wards to Krka river in Dalmatia (Fig. 1). The two subspecies 
are differentiated morphologically; C. fenestrellata subsp. 
istriaca is densely tomentose, basal leaves are serrate, with 
corolla and capsule usually larger than in typical subspe-
cies, while C. fenestrellata subsp. fenestrellata is glabrous 
and with 2-serrate or dentate basal leaves (Damboldt 1965; 
Bogdanović et al. 2014a, b). The phylogeny of the ser. Gar-
ganicae inferred with plastid and ITS sequence data unam-
biguously separated all species in the group although rela-
tionships among the species in the group were mostly poorly 
resolved due to low clade support (Park et al. 2006; Frajman 
and Schneeweiss 2009; Bogdanović et al. 2014a, b, 2015, 
2019). However, the two C. fenestrellata taxa always formed 
a well-supported distinct lineage.

In order to further study the relationships between C. 
fenestrellata s.l. populations and to gain insight into genetic 
basis of taxonomic separation traditionally established on 
morphology, we examined amplified fragment length poly-
morphisms (AFLPs), as well as nuclear (ITS) and plastid 
DNA sequences (trnL–trnF). In addition, by employing 
ecological niche analyses, we assess whether environmen-
tal differences between C. fenestrellata subsp. istriaca and 
C. fenestrellata subsp. fenestrellata exist and if they are 
congruent with obtained genetic and/or morphological 
differentiation.

Materials and methods

Plant material

Fourteen populations of C. fenestrellata s.l. (each subspecies 
represented with seven populations) were sampled across 
the entire distribution area between 2011 and 2017 (Fig. 1). 
In addition, for the phylogenetic analyses we used ITS 
sequences and trnL–trnF sequences (30 accessions of ser. 
Garganicae and one outgroup) from previous studies (Park 
et al. 2006; Frajman and Schneeweiss 2009; Bogdanović 
et al. 2014a, b, 2015, 2019) deposited in GenBank (for 
details see Online Resource 1).

DNA extraction, ITS and trnL–trnF sequencing

Extraction of total genomic DNA was performed from silica 
gel dried leaves using the DNeasy plant mini kit (Qiagen 
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GmbH, Hilden, Germany), following the manufacturer’s 
instructions. Polymerase chain reactions (PCR) were per-
formed as described in Bogdanović et al. (2015) using the 
17SE and 26SE primers (Sun et al. 1994) for the nuclear 
ITS and c and f primers (Taberlet et al. 1991) for the plastid 
trnL–trnF region. The PCR products were purified with the 
GenElute PCR clean-up kit (Sigma-Aldrich Chemie GmbH, 
Steinheim, Germany), according to the manufacturer’s pro-
tocol. The products were sequenced by the Macrogen Inc. 
(Seoul, Korea) using the same primers as in PCR and the 
BigDyeTM terminator cycle sequencing kit (Applied Bio-
systems, Foster City, California) and analysed on an ABI 
PRISM 3730XL automated sequencer (Applied Biosys-
tems, Foster City, California). Contigs were assembled and 
edited, and sequences were aligned using Geneious Pro5.3.6 
(Drummond et al. 2011; Online Resource 2). Base polymor-
phisms in the ITS sequences were coded using NC-IUPAC 
ambiguity codes.

Analyses of sequence data

Two different data sets (ITS and trnL–trnF) were analysed 
using maximum parsimony (MP) and Bayesian inference 
(BI). The trees were rooted using C. pyramidalis L. as 

outgroup. The most parsimonious trees were searched for 
heuristically with 1000 replicates of random sequence 
addition, and TBR swapping, as implemented in PAUP* 
4.0b10 (Swofford 2003). Bootstrap support values (MPB; 
Felsenstein 1985) from 1000 replicates were generated 
using the heuristic search options as above except for 
random addition sequence with 100 replicates. Bayesian 
analyses were performed using MrBayes v.3.2.2 (Ron-
quist et al. 2012) applying the SYM+G substitution model 
selected based on the Akaike information criterion imple-
mented in MrModelTest (Nylander 2004). The settings for 
the Markov chain Monte Carlo process included two runs 
with four chains each for 107 generations, sampling trees 
every 1000th generation. The first 2500 trees (prior to the 
2.5 × 106 generation), which was well after the chains, had 
reached stationarity as judged from plots of the likelihood 
and from the average standard deviation of split frequen-
cies being < 0.01, were discarded as burn-in. Convergence 
of the MCMC procedure was assessed by visual inspection 
of the traces and via effective sample size (ESS) values 
calculated with the program Tracer v. 1.4 (Rambaut and 
Drummond 2007).

Fig. 1   Distribution of Campanula fenestrellata s.l. populations used 
in environmental niche analyses (small circles) and sampled popula-
tions for genetic analyses (large circles). Blue circles correspond to C. 

fenestrellata subsp. fenestrellata, and green circles correspond to C. 
fenestrellata subsp. istriaca. For details, see Online Resource 1
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AFLP fingerprinting

AFLP fingerprinting was performed with five to ten indi-
viduals per population (Table 1). The AFLP procedure fol-
lowed Vos et al. (1995) with several modifications from 
Carović-Stanko et al. (2011). The four primers for selec-
tive PCR were as follows: VIC-EcoRI-ACG+MseI-CGA, 
FAM-EcoRI-ACA+MseI-CAC, NED-EcoRI-AGA+MseI-
CAC and PET-EcoRI-AGC+MseI-CGA. Restriction and 
ligation, preamplification and selective amplification 
were performed in a ProFlex™ PCR System (Applied 
BiosystemsR) with a 2 × 96-Well PCR block. Six blank 
controls (DNA replaced with water) were included to test 
for contamination, Three DNA samples were replicated 
within each individual 96-well PCR plate, while two DNA 
samples were repeated in both 96-well PCR plates. The 
products were detected by capillary electrophoresis in the 
Macrogen Inc. (Seoul, Korea) using the ABI 3730xl ana-
lyser (Applied BiosystemsR).

Analyses of AFLP data

Electropherograms were analysed with GeneMapper 4.0 
software (Applied BiosystemsR). The error rate estimation 
and final selection of AFLP alleles were calculated accord-
ing to Herrmann et al. (2010) using ScanAFLP script. A 
matrix of 116 individuals was finally produced and ana-
lysed as described below. The within-population genetic 
diversity was assessed by calculating the proportion of 
polymorphic markers (%P), the number of private mark-
ers (Npr) and the Shannon’s information index (I; Shan-
non and Weaver 1949; Lewontin 1972). The frequency 

down-weighted marker values (DW; Schönswetter and 
Tribsch 2005) were calculated using AFLPdat (Ehrich 
2006). A neighbour joining tree was constructed based on 
pairwise distance matrix between individual plants cal-
culated using Dice’s coefficient (Dice 1945). Statistical 
support of the branches was assessed by bootstrap analysis 
using 1000 replicates (Felsenstein 1985) in PAST ver. 2.01 
(Hammer et al. 2001). The analysis of molecular variance 
(AMOVA; Excoffier et al. 1992) was used to partition the 
total genetic variance among and within populations as 
well as among subspecies, among populations within sub-
species and within populations in Arlequin ver. 3.5.2.2 
(Excoffier and Lischer 2010). The variance components 
were tested using 10,000 permutations. The genetic struc-
ture of C. fenestrellata populations was inferred using two 
Bayesian model-based clustering methods as implemented 
in STRU​CTU​RE ver. 2.3.4 (Pritchard et al. 2000) and 
BAPS ver. 5.4 (Corander et al. 2003). In STRU​CTU​RE, 
ten runs per each K were performed by setting the num-
ber of clusters (K) from 1 to 15 on the Isabella computer 
cluster at the University of Zagreb, University Computing 
Centre (SRCE). Each run consisted of a burn-in period 
of 200,000 steps followed by 106 MCMC (Monte Carlo 
Markov Chain) replicates assuming admixture model and 
correlated allele frequencies. The choice of the most likely 
number of clusters (K) was carried out by calculating an 
ad hoc statistic ΔK based on the rate of change in the 
log probability of data between successive K values, as 
described by Evanno et al. (2005) and implemented in 
STRU​CTU​RE HARVESTER ver. 0.6.94 (Earl and von 
Holdt 2012). The population mixture analysis was con-
ducted in BAPS by setting the maximal number of clusters 

Table 1   Molecular diversity revealed by AFLP markers in 14 Campanula fenestrellata s.l. populations

n sample size; P% proportion of polymorphic bands; Npr number of private bands; I Shannon’s information index; DW frequency down-weighted 
marker values

Taxon Locality n P% Npr I DW

Campanula fenestrellata Feer subsp. fenestrellata 1 Croatia, Jablanac 10 33.27 0 0.243 42.73
Campanula fenestrellata Feer subsp. fenestrellata 2 Croatia, Karlobag 6 29.70 1 0.239 39.69
Campanula fenestrellata Feer subsp. fenestrellata 3 Croatia, Velebit, Baške Oštarije 6 40.23 7 0.333 72.55
Campanula fenestrellata Feer subsp. fenestrellata 4 Croatia, Velebit, Velika Paklenica 10 26.32 5 0.199 89.09
Campanula fenestrellata Feer subsp. fenestrellata 5 Croatia, Zrmanja, Kudin most 8 32.52 3 0.239 61.02
Campanula fenestrellata Feer subsp. fenestrellata 6 Croatia, NP Krka, Roški slap 5 28.95 5 0.236 71.88
Campanula fenestrellata Feer subsp. fenestrellata 7 Croatia, Drniš 7 28.57 10 0.226 99.04
Campanula fenestrellata subsp. istriaca (Feer) Damboldt 1 Croatia, Istra, Plomin 10 33.27 7 0.241 105.88
Campanula fenestrellata subsp. istriaca (Feer) Damboldt 2 Croatia, island Cres, Merag 10 35.53 1 0.254 70.76
Campanula fenestrellata subsp. istriaca (Feer) Damboldt 3 Croatia, island Krk, Vrbnik 10 33.27 7 0.242 67.48
Campanula fenestrellata subsp. istriaca (Feer) Damboldt 4 Croatia, Lukovo 8 36.28 1 0.270 77.71
Campanula fenestrellata subsp. istriaca (Feer) Damboldt 5 Croatia, Alan 8 38.72 0 0.295 43.57
Campanula fenestrellata subsp. istriaca (Feer) Damboldt 6 Croatia, island Rab, Kamenjak 10 36.09 3 0.247 69.30
Campanula fenestrellata subsp. istriaca (Feer) Damboldt 7 Croatia, island Pag, Kolan 8 32.52 1 0.237 49.58
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(K) to 15 with 10 runs per each K. Results of the mixture 
analyses were used as input for the following admixture 
analyses (Corander and Marttinen 2006), with the default 
settings in order to detect admixture between clusters.

Environmental niche analyses

Occurrence data for both taxa were collected from the Flora 
Croatica Database (Nikolić 2019), including herbarium data, 
observations and literature georeferenced points. The initial 
data set (172 occurrence points for subspecies fenestrellata 
and 126 for subspecies istriaca) was first checked for dupli-
cates, precision and taxonomic accuracy and then reduced 
to include only unique georeferenced points with the high-
est precision (i.e. GPS coordinates and points georeferenced 
with at least 1:25.000 topographic map) and unambiguous 
taxonomy. This data set was complemented with our own 
GPS sampling points of 14 populations used for phyloge-
netic analyses. In total, we obtained 40 unique occurrence 
points for C. fenestrellata subsp. fenestrellata and 21 for C. 
fenestrellata subsp. istriaca used for the subsequent niche 
analyses. To characterize and compare the environmental 
niche of the two closely related taxa, we selected eight out 
of initially 26 tested environmental variables based on their 
ecological relevance for the studied taxa and low collinear-
ity (we removed highly correlated variables with |r| > 0.85 
and the variance inflation factor VIF below recommended 
threshold of 10). Selected environmental variables were used 
at the 1 km2 resolution and included: Temperature Seasonal-
ity (bio4), Temperature Annual Range (bio7), Mean Temper-
ature of Wettest Quarter (bio8), Mean Temperature of Driest 
Quarter (bio9), Precipitation of Driest Month (bio14), and 
Precipitation of Coldest Quarter (bio19) from the World-
Clim database (www.world​clim.org), Hargreaves climatic 
moisture deficit (CMD) from the ClimateEU database (https​
://sites​.ualbe​rta.ca/~ahama​nn/data/clima​teeu.html), and 
Soil pH in H2O at 30 cm depth (pH) from the SoilGrids 
database (https​://soilg​rids.org). To assess the environmen-
tal niche differences or similarity between C. fenestrellata 
subsp. fenestrellata and C. fenestrellata subsp. istriaca, we 
first used the environmental principal component approach 
(PCA-env) following Broennimann et  al. (2012). Back-
ground available environment was depicted by extracted 
environmental data from 5000 random points across the 
study area (distribution area of the whole ser. Garganicae). 
We then calculated the observed niche overlap between the 
two taxa in the environmental space using the Schoener’s 
D metric which ranges from 0 (no overlap) to 1 (identical 
niches) (Schoener 1968; Warren et al. 2008) and performed 
the niche equivalency and similarity tests described by War-
ren et al. (2008) and implemented in the ecospat R package 
(Di Cola et al. 2017). The observed niche overlap D values 
were then compared to the null distributions of D values 

simulated using 1000 replicates (Warren et al. 2008; Broen-
nimann et al. 2012). In the niche equivalency test, if the 
observed D value is below the 95% confidence limits of the 
null distribution the two niches are not statistically equiva-
lent, while in the similarity test higher observed D value than 
95% confidence limits of the null distribution indicates that 
the two niches are more similar than expected by chance, 
indicating niche conservatism (Warren et al. 2008; Broen-
nimann et al. 2012).

Results

Phylogenetic analyses of ITS and trnL–trnF

The characteristics of the ITS and trnL–trnF data sets ana-
lysed using MP and BI are summarized in Online Resource 
3. The sequence data of both data sets confirmed the dis-
tinct position of C. fenestrellata within the ser. Garganicae 
(ITS: 1 PP/99 BS; trnL–trnF: 1 PP/91 BS; Fig. 2). However, 
no structure and no distinction between the C. fenestrellata 
subsp. fenestrellata and C. fenestrellata subsp. istriaca were 
observed. None of the other species belonging to ser. Gar-
ganicae were resolved as sister taxa of C. fenestrellata s.l. 
All other species within the group received high support 
from both maximum parsimony and Bayesian analyses and 
the relationships among them are congruent with the results 
obtained in Bogdanović et al. (2019).

AFLP data

A total of 551 polymorphic fragments were scored in 116 
individuals. Nineteen fragments were excluded because they 
were present or absent in a single individual. The global 
mismatch error rate was 2.5%. The percentage of polymor-
phic markers varied among the populations with the highest 
proportion in population Baške Oštarije (40.23%) and the 
lowest in population Paklenica (26.32%) (Table 1). Simi-
larly, Shannon’s information index (I) ranged from 0.199 
(Paklenica) to 0.333 (Baške Oštarije) with an average of 
0.250 (Table 1, Fig. 4a). Out of 532 polymorphic markers, 
51 were private. The population with the most private alleles 
(10) was Drniš, while no such alleles were found in the Alan 
and Jablanac populations. The frequency down-weighted 
marker values (DW) varied greatly and ranged from 39.69 
in Karlobag population to 105.88 in Plomin population 
(Table 1, Fig. 4b).

The NJ analysis separated most of the analysed popula-
tions with high bootstrap support. The northern and the 
southernmost populations receiving maximal support, 
while the populations in the centre of distribution having 
lower support and with Jablanac population receiving no 
support and Alan population separated into two clusters 

http://www.worldclim.org/
https://sites.ualberta.ca/%7eahamann/data/climateeu.html
https://sites.ualberta.ca/%7eahamann/data/climateeu.html
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(Fig.  3). The results of the one-way AMOVA showed 
that 39.00% of the total genetic diversity was attribut-
able to among-population component. AMOVA’s ϕST 
equalled 0.39 (P < 0.0001) suggesting an extensive inter-
populational differentiation ranging from 0.169 (between 
populations Jablanac and Alan) to 0.539 (between pop-
ulations Paklenica and Roški slap) (Online Resource 
4). Two-way AMOVA revealed that only 3.14% of the 
total genetic diversity could be explained by differences 
between subspecies (subsp. istriaca vs subsp. fenestrel-
lata; ϕCT = 0.031; P = 0.026).

The STRU​CTU​RE analysis resulted in an optimal par-
tition (ΔK = 13.27) with eight clusters (K = 8; Fig. 4c; 
Online Resource 5), separating the Plomin, Paklenica and 
Zrmanja populations into individual clusters, population 
pairs Cres-Krk, Rab-Lukovo, Jablanac-Pag and Roški 
Slap-Drniš forming other four separate clusters, popula-
tions Alan and Karlobag showing a range of admixture 
proportions and Baške Oštarije population indicating 
separate cluster with admixed pattern. The second best 
partition with two clusters (K = 2; ΔK = 8.51; Online 
Resource 5) separated Paklenica-Roški Slap-Drniš popula-
tions from the rest, with Plomin, Cres, Baške Oštarije and 
Zrmanja populations showing high admixture proportions. 
In BAPS, the best partition received log marginal likeli-
hoods of − 20,760.32 suggesting the existence of six clus-
ters (Plomin-Cres-Krk, Lukovo-Rab, Jablanac-Pag-Baške 
Oštarije, Paklenica, Zrmanja, Roški Slap-Drniš) with the 
admixture present in the overlapping region of the two 
subspecies (Alan, Karlobag; Fig. 4d).

Environmental niche analyses

The first two PCA-env axes cumulatively explained 77.3% 
of the environmental variation in the data. PC1 accounted 
for 41.5% of the variation and was mainly influenced by 
temperature variables (bio4, bio7 and bio8) and also had a 
negative relationship with bio19. PC2 which accounted for 
35.8% of the variation primarily reflected moisture avail-
ability gradient (negative correlation with CMD and positive 
with bio14), followed by a negative relationship with bio9 
and pH (Fig. 5a). The niche overlap in environmental space 
between the two C. fenestrellata subspecies was low follow-
ing Rödder and Engler (2011) classification of niche overlap, 
with D value = 0.35 (Fig. 5d). The environmental niche of C. 
fenestrellata subsp. istriaca was a subset of the wider niche 
of C. fenestrellata subsp. fenestrellata. According to niche 
equivalency test, niches of the two taxa were significantly 
not equivalent (P = 0.001). However, niche similarity test 
showed that niches of the two taxa are more similar than 
random (P = 0.02), indicating niche conservatism (Fig. 5).

Discussion

Campanula fenestrellata s.l. clearly represents a highly sup-
ported lineage (ITS: 1 PP/99 BS; trnL–trnF: 1 PP/91 BS; 
Fig. 2) within the C. garganica group. However, the DNA 
sequence data are inconclusive regarding the relationships 
of C. fenestrellata s.l. with other members of the group 
which is in line with previous phylogenetic studies (Park 
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et al. 2006; Frajman and Schneeweiss 2009; Bogdanović 
et al. 2014a, b, 2015, 2019). Moreover, neither cpDNA nor 
ITS data provide any support for separation of respective 
subspecies, inferring only some geographically based group-
ings (populations from Drniš and Roški slap with 0.77 PP/54 
BS in ITS data set, populations from Jablanac, Karlobag and 
Baške Oštarije with 0.98 PP/56 BS and Plomin and Cres 
with 0.96 PP/65 BS in plastid data set; Fig. 2).

Results of our AFLP based genetic analyses also revealed 
that genetic structure within C. fenestrellata s.l. does not 
reflect taxonomic treatment and separation into two subspe-
cies, but rather indicates a more complex structure possibly 
driven by ecological factors (Figs. 3, 4). The majority of 
analysed populations are separated with high bootstrap sup-
port; the northern and the southernmost populations receiv-
ing maximal support, while the populations in the centre 
of distribution having lower support, Jablanac population 
receiving no support and Alan population separated into 
two clades (Fig. 3). Interestingly, the Jablanac and Alan 

populations belonging to separate subspecies, C. fenestrel-
lata subsp. fenestrellata and C. fenestrellata subsp. istri-
aca, respectively, exhibited the lowest ϕST value, while the 
populations Paklenica and Roški slap, both belonging to C. 
fenestrellata subsp. fenestrellata, had the highest ϕST value 
(Online Resource 4). However, the geographic distance of 
the former population pair is smaller than the latter popula-
tion pair (Fig. 1). Both the STRU​CTU​RE and BAPS analy-
ses of AFLP data revealed the high number of most likely 
clusters, K = 8 and K = 6, respectively, with representative 
populations of each identified gene pool located in prox-
imity of each other (Fig. 4c, d; Online Resource 5). The 
unique and least admixed clusters are found within northern 
and southern populations while the central ones, which are 
located within the sympatric area of the two subspecies, are 
the most admixed (Figs. 1, 4c, d). Moreover, the morpho-
logically based taxonomical separation into two subspecies 
is not evident at K = 2 either which separated southern popu-
lations into one gene pool, the central ones in a separate gene 

Fig. 3   Neighbour-joining tree based on the AFLP data of Campanula fenestrellata s.l. populations inferred from Dice genetic distances between 
individuals. Bootstrap values (BS) > 50% are indicated for major branches
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pool and the northern populations exhibiting highly admixed 
structure (Online Resource 5).

The unique gene pools occurring in the northern part of 
C. fenestrellata distribution correspond to C. fenestrellata 
subsp. istriaca populations. Plomin population, located on 
the mainland in Istria, today is connected with the rest of 
the C. fenestrellata s.l. populations only through the popu-
lations on the islands of Cres and Krk (Fig. 1). The Plomin 
population also has a high number of private bands and the 
highest DW frequency (Table 1), which is indicative of a 
longer and isolated in situ persistence (Schönswetter and 
Tribsch 2005; Grdiša et al. 2014; Olšavská et al. 2016). 
Similar pattern is visible among the southern populations 
corresponding to C. fenestrellata subsp. fenestrellata that 
are situated on the mainland along the deep karst canyons: 
Paklenica, Zrmanja and Krka (Roški slap and Drniš). The 
population from Paklenica canyon and two populations situ-
ated along the Krka river system formed two unique gene 
pools and are also characterized with the high number of 
private bands and the high DW frequency (Table 1). The 

distinctiveness of these populations is likely fostered by spe-
cific locations situated in deep karst canyons which limit 
the seed dispersal possibilities and hence reduce the gene 
flow towards other populations. The canyons in Dinaric karst 
were shown to limit gene flow in e.g. Campanula secun-
diflora s.l. (Janković et al. 2016), Tanacetum cinerariifo-
lium (Trevir.) Sch. Bip. (Grdiša et al. 2014) and Fraxinus 
angustifolia Vahl. (Temunović et al. 2012). Surprisingly, the 
Zrmanja population did not exhibit high DW values as popu-
lations in Krka valley and Paklenica population, although it 
formed a unique cluster in both STRU​CTU​RE and BAPS 
analyses (Fig. 4c, d).

The central distribution area of C. fenestrellata s.l. is 
most numerous in populations, and throughout the coastal 
and north Velebit area between Alan and Baške Oštarije, 
overlapping and mixed populations of the two subspecies 
occur (Fig. 1, personal observations I. Rešetnik and S. 
Bogdanović). These populations show quite admixed pat-
tern comprising larger fractions of different gene pools 
(pops. Alan, Karlobag, Baške Oštarije) revealed both by 

Fig. 4   AFLP variation of Campanula fenestrellata s.l. populations. a 
Shannon’s information index (I). b Frequency down-weighted marker 
values (DW). In a and b, the size of the circles is proportional to 
the depicted values (dark grey colour represents values above aver-
age across populations and black represents values below average). 

c Bayesian analysis of the population structure using the software 
STRU​CTU​RE assuming K = 8. d Bayesian multilocus assignment 
method using the software BAPS assuming K = 6. In c and d, the 
proportions of the ancestry of each population in each of the defined 
gene pools are colour-coded
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STRU​CTU​RE and BAPS analyses of AFLP data (Fig. 4c, 
d). The existence of introgressive forms and hybrids 
between the two subspecies in this area was postulated by 
Degen (1938) and Damboldt (1965); however, based on 
morphological diagnostic characters (glabrous leaves in 
C. fenestrellata subsp. fenestrellata vs. densely tomentose 
leaves in C. fenestrellata subsp. istriaca), the two subspe-
cies are easily recognizable. Admixed pattern is indica-
tive of more extensive gene flow that is also collaborated 
with the highest levels of gene diversity found in these 
populations (Fig. 4a). However, these observed patterns 
are mostly accompanied by low levels of private bands 
and DW (Table 1, Fig. 4b). The specific structure of these 
populations could be a consequence of the admixture of 
divergent lineages through secondary contact after post-
glacial colonization (Petit et al. 2003; Bardy et al. 2010).

Such high genetic divergence occurring in relatively small 
geographic area in the north-eastern Adriatic is indicative 
of several temporally continuous glacial microrefugia dur-
ing Pleistocene glacials. The majority of recent studies on 
herbaceous taxa distributed along the eastern Adriatic coast 
suggested only two to three most likely genetic clusters (e.g. 
Surina et al. 2011; Mereďa et al. 2011; Grdiša et al. 2014; 
Rešetnik et al. 2016a) while for C. fenestrellata s.l. six and 
eight clusters were designated (Fig. 4). Moreover, the com-
parison of genetic diversity parameters such as Shannon’s 
information index (I) with other Balkan species revealed 
higher values obtained for C. fenestrellata s.l. (Grdiša et al. 
2014, 2019). Genetic divergence of the northernmost (Plo-
min, Cres, Krk) and southernmost (Paklenica, Zrmanja, 
Roški slap, Drniš) populations is likely caused by both geo-
graphic isolation preventing contemporary gene flow and 
long-term in situ persistence. This is consistent with the 
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view of two separated, northern and more southern, local 
glacial refugia along eastern Adriatic coast (Médail and 
Diadema 2009). However, the observed high DW values in 
some central populations (Rab, Lukovo and Baške Oštarije) 
and high number of private bands (Baške Oštarije) are pos-
sible indications of some central populations also surviving 
in situ by tracking suitable microhabitats during the cold 
period (Schönswetter and Tribsch 2005; Grdiša et al. 2014). 
It is likely that these populations were more successful in 
expanding their areal and mixing through secondary post-
glacial contact than the northern populations, which were 
left separated by postglacially formed sea, or the southern 
populations trapped within the deep karst canyons.

Although the morphological distinction of C. fenestrel-
lata subsp. istriaca and C. fenestrellata subsp. fenestrellata 
was not supported with genetic evidence, the two taxa show 
differences in their ecological preferences. Despite the fact 
that the niche of C. fenestrellata subsp. istriaca was only a 
subset of the wider environmental niche of C. fenestrellata 
subsp. fenestrellata, the observed niche overlap between the 
two taxa was quite low (0.35 as measured with D metrics) 
and the niche equivalency test confirmed that niches of the 
two subspecies are not identical (Fig. 5). These results indi-
cate significant ecological differentiation between the two 
taxa and some unique niche features of each subspecies. 
For example, C. fenestrellata subsp. istriaca occupies nar-
rower environmental space occurring in warmer and drier 
sites compared to C. fenestrellata subsp. fenestrellata which 
has a broader niche, tolerating wider temperature range and 
generally occurring in colder and more humid sites. It should 
be noted that the observed environmental niche differences 
may simply be driven by different environmental condi-
tions available in the distribution range of each subspecies. 
However, this is not likely, because both niche tests were 
performed in the common available background environ-
ment, encompassing the whole known distribution area of 
the ser. Garganicae. Nevertheless, niche similarity test did 
not provide evidence for significant niche divergence, but 
has rather supported niche conservatism for the two sub-
species because the observed niche overlap was still higher 
than expected by chance. This suggests common ancestral 
ecological traits of the two subspecies, which is in line with 
the expectations for niches of closely related taxa (Wiens 
and Graham 2005; Wiens et al. 2010; Pyron et al. 2015).

Substantial morphological and/or ecological distinction 
not supported by genetic differentiation has been observed 
for other closely related plant species suggesting recent 
divergence and short-term evolutionary events rather than 
long-term divergence which could have been detected in 
phylogeny (Peterson 2011; Kreuzer et al. 2014; Albarrán-
Lara et al. 2019). Therefore, even though the two subspecies 
are lacking genetic diversification, based on the observed 
unique ecological niche features and the clear and simple 

morphological discrimination, we favour the taxonomic 
recognition of two subspecies. Such a treatment would be 
consistent with the treatment in the Flora Croatica Data-
base (Nikolić 2019) and with the available morphological 
evidence from our previous studies of Campanula ser. Gar-
ganicae (Bogdanović et al. 2014a, b, 2015, 2019).

Overall, our phylogeographic reconstruction suggests 
distinct fragmentation patterns during the climatic oscilla-
tions that promoted genetic differentiation within the species 
range. However, the highest levels of genetic diversity were 
found towards the centre of the species’ range due to high 
admixture among previously allopatric lineages supporting 
the view that the areas hosting populations with the high-
est levels of genetic diversity do not strictly overlap with 
areas of long-term stability (i.e. refugia; Petit et al. 2003). 
Therefore, the data presented here highlight the importance 
of microrefugia in shaping the intraspecific genetic variation 
as well as of melting-pot areas in rearranging such variation 
as a result of a more recent admixture (Petit et al. 2003).
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