Conserv Genet (2016) 17:631-641
DOI 10.1007/s10592-016-0811-z

=
@ CrossMark

RESEARCH ARTICLE

Does higher connectivity lead to higher genetic diversity? Effects
of habitat fragmentation on genetic variation and population

structure in a gypsophile

Alicia Gémez-Fernandez' - Irene Alcocer! - Silvia Matesanz'

Received: 4 August 2015/ Accepted: 13 January 2016/ Published online: 19 January 2016

© Springer Science+Business Media Dordrecht 2016

Abstract Habitat fragmentation is a major threat to the
maintenance of genetic diversity in many plant populations.
Genetic effects of population size have received far more
attention than the effects of isolation—or connectivity—but
both are key components of the fragmentation process. To
analyze the consequences of fragment size and connectivity
on the neutral genetic variation and population genetic
structure of the dominant gypsophile Lepidium subulatum,
we selected 20 fragments along two continuous gradients of
size and degree of isolation in a fragmented gypsum land-
scape of Central Spain. We used eight polymorphic
microsatellite markers, and analyzed a total of 344 individ-
uals. Populations were characterized by high levels of genetic
diversity and low inbreeding coefficients, which agrees with
the mainly outcrossing system of L. subulatum and its high
abundance in gypsum landscapes. Bayesian clustering
methods, pairwise Fst values and analysis of molecular
variance revealed low among-population differentiation,
with no significant isolation by distance. However, several
genetic diversity indices such as allelic richness, number of
effective alleles, expected heterozygosity and number of
private alleles were negatively related to population isola-
tion. The higher genetic diversity found on more connected
fragments suggests higher rates of gene flow among more
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connected populations. Overall, our results highlight that
fragmentation can have important effects on intra-population
genetic processes even for locally abundant, dominant spe-
cies. This, together with previously documented effects of
connectivity on fitness of gypsophile species highlights the
importance of including habitat connectivity in management
and conservation strategies of this type of semiarid systems.
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Introduction

Habitat fragmentation presents a major threat to biodiver-
sity worldwide, and is one of the main driving forces
behind current genetic diversity loss in many plant popu-
lations (Young et al. 1996; Lindenmayer and Fischer
2006). In arid and semi-arid Mediterranean environments,
it becomes especially relevant due to the profound land use
changes occurred over centuries, mainly through agricul-
ture and afforestation practices (Pueyo et al. 2008). Habitat
fragmentation reduces the size and increases the spatial
isolation of populations, which can reduce genetic variation
and its distribution across the landscape (Young et al. 1996;
Aguilar et al. 2008). In general, habitat loss may cause a
decrease in population size, which may involve risks of
inbreeding depression, loss of genetic variation, fixation of
deleterious alleles as well as increased population differ-
entiation as a result of genetic drift (Wright 1951; Lande
1988; Barrett et al. 1991; Ellstrand and Elam 1993).
Moreover, increased isolation (i.e., reduced connectivity)
of fragmented populations can affect pollen and seed dis-
persal, altering patterns of gene flow and thereby genetic
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diversity among populations (Young et al. 1996; Sork et al.
1999; Sork and Smouse 2006).

Although both fragment size and connectivity can have
important effects on the amount and distribution of genetic
diversity (Aguilar et al. 2008), many studies in fragmented
landscapes have focused mainly on the effects of fragment
and/or population size, overlooking the effects of connec-
tivity (see e.g. Van Rossum et al. 2004; Leimu et al. 2006;
Ganzhorn et al. 2015; Raabova et al. 2015; but see Leblois
et al. 2006; Honnay et al. 2007; Tamaki et al. 2008;
Matesanz et al. 2015). Despite this oversimplification, it
may be expected that the net effect of habitat fragmentation
in a given population is a result of the interaction between
different factors (Leblois et al. 2006); therefore, addressing
only the effects of reductions in fragment and/or population
size may not fully reflect multiple processes occurring in a
fragmented landscape (Aguilar et al. 2008). For instance,
moderate or even relatively low levels of gene flow among
connected plant populations can mitigate the genetic
effects associated with small population sizes by replen-
ishing alleles lost through genetic drift (e.g. Schaal and
Leverich 1996; Sork et al. 1999; Couvet 2002). However,
experimental designs where populations are selected along
continuous and independent gradients of size and degree of
isolation are rather uncommon in fragmentation studies,
even though they can provide robust tests of the effects of
both components. Even more, partialling out the con-
founding effect of small population sizes should be con-
sidered to properly test the effects of fragment size. In
small habitat patches, populations may have reduced
genetic diversity due to low population sizes rather than to
the effects of habitat size per se. This confounding factor
can be minimized by selecting fragments with moderate
population sizes where the deleterious effects linked to
small population sizes, such as inbreeding, genetic drift and
reproductive stochasticity are lower.

Plant communities established on gypsum soils constitute
a compelling study system to assess the ecological, genetic
and evolutionary effects of habitat fragmentation, due to
their unique landscape and biological features (Escudero
et al. 2015). Gypsum habitats conform naturally fragmented
configurations (Martinez-Nieto et al. 2012), defined by the
presence of low rounded gypsum hills of varying size or
edaphic islands surrounded by flat-bottomed valleys, where
different plant communities occur (Rivas-Martinez and
Costa 1970). This implies that the evolutionary history of
gypsum plants is intimately linked to the insular structure of
the habitat (Escudero et al. 2015). This natural archipelago-
like configuration has become increasingly fragmented due
to agriculture intensification (Guerrero-Campo et al. 1999;
Matesanz et al. 2009, 2015). Therefore, current remnants of
gypsum habitats are the result of both natural and anthropic
fragmentation and constitute evolutionary scenarios in
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which fragmentation has operated for a long time (Matesanz
et al. 2009; Escudero et al. 2015). Furthermore, gypsum
soils are also characterized by a diverse and specialized flora
where endemic and endangered plants abound (Rzedowski
1955; Mota et al. 2004). Due to their high biodiversity and
vulnerability, they have been recognized as a remarkable
biodiversity hotspot in terrestrial ecosystems (Escudero et al.
2015), being designated as priority habitats for conservation
by the European Union (Habitats Directive 92/43/EEC;
habitat 1520). The conservation value of their flora, together
with their particular landscape configuration, call for studies
aimed to understand how past and ongoing fragmentation
shape population genetic structure and whether it may limit
future plant adaptation (Leimu et al. 2010).

Our main goal was to evaluate the consequences of frag-
ment size and connectivity on genetic variation and popula-
tion genetic structure of the dominant and abundant
gypsophile Lepidium subulatum L. The study species is an
Ibero-North African endemic with a wide and dominant dis-
tribution in gypsum landscapes. This small perennial shrubis a
strict habitat-specialist that exclusively grows on gypsum soils
(Palacio et al. 2007). The high habitat specificity of this spe-
cies, together with its short-distance seed dispersal (Escudero
et al. 2000, 2015), dependency on pollinators (self-incom-
patible; Gomez et al. 1996) and relatively short-life span
(Eugenio et al. 2012), make it an ideal plant to study the
genetic effects of fragmentation (Aguilar et al. 2008). Indeed,
a previous study on the effects of habitat fragmentation on
fitness of L. subulatum populations revealed that plants from
more connected fragments had higher reproductive success
via increased seed mass (Matesanz et al. 2015). Accordingly,
we hypothesized that populations of L. subulatum on more
isolated fragments will have lower genetic diversity and
higher population differentiation than connected ones, irre-
spective of their size. We selected 20 fragments (populations)
with different size and degree of isolation in a gypsum land-
scape of Central Spain, where this species grows abundantly,
and addressed the following questions: (i) what is the relative
importance of both fragment size and connectivity on intra-
population genetic variation of L. subulatum?; (ii) are popu-
lations genetically differentiated from one another?; and (iii)
is there spatial genetic structure? If so, is that structure related
to fragment size and connectivity? i.e., are smaller and/or
geographically more-isolated populations genetically more
differentiated than larger and/or more-connected populations?

Materials and methods

Species and study site

Lepidium subulatum L. (Cruciferae) is an endemic species
of the Iberian Peninsula and North Africa (Hernandez-
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Bermejo and Clemente 1993). This perennial plant is a
small (20-60 cm in height) shrub and a genuine gyp-
sophile, i.e., a species that occurs only on gypsum soils
(Palacio et al. 2007). It is a self-incompatible species
(Gomez et al. 1996) with generalist entomophilous polli-
nation that is visited by diverse pollinators, such as several
Bombyliidae, Apidae, Coleoptera and Lepidoptera species
(Escudero et al., unpublished data). Its seeds, very small,
lack any feature to assist dispersion and they are covered
by a mucilage that favors their adhesion to the gypsum
surface crust (Escudero et al. 2000). Flowering peaks in
May—June in Central Spain and individuals can produce
~ 6000 flowers (Matesanz et al. 2015). It is a diploid
species with 2n = 16 chromosomes (Martinez-Nieto et al.
2012).

This study was carried out in a gypsum landscape
located 45 km southeast of Madrid, in Central Spain (40°
10N, 3°25'W, 673 m.a.s.l.). The area has a Mediterranean
semiarid climate, with an annual average rainfall of
440 mm, characterized by considerable interannual varia-
tion, a severe summer drought, and a mean annual tem-
perature of 14 °C (Palacio et al. 2007). These dry
conditions, combined with the characteristics of gypsum
soils determine the presence of a very specialized vegeta-
tion, dominated by a large number of medium- to low-sized
woody species. Since the 1950s, intense agricultural
activities have transformed the matrix exacerbating the
differences among gypsum habitats on small hills and a
very adverse matrix formed by extensive crops such as
vines, olive trees, cereals and Pinus plantations (Guerrero-
Campo et al. 1999; Matesanz et al. 2015).

Sampling design

In summer 2012, we selected 20 fragments within a
5 x 6 km rectangular area, in a gypsum landscape where
L. subulatum populations were present and abundant
(Fig. 1). A fragment was defined as a gypsum vegetation
patch, surrounded by croplands/plantations with sharp
limits. Altitude, slope aspect and fragment age, i.e., factors
that have been previously found to affect genetic variation
(Aguilar et al. 2008), were homogenized in the selection of
the fragments (see Matesanz et al. 2015 and Online
Resource 1 for details on fragment selection). Lepidium
subulatum populations on each fragment had a minimum of
150 individuals to tease apart the effects of fragment fea-
tures from those associated with small population sizes.
All selected fragments created both a size and a con-
nectivity gradient, independent from each other (Online
Resource 1). Fragment area and minimum distance
between fragment borders were calculated on ArcGis 10.1
(ESRI, Redlands, CA, USA), using high-resolution
orthophotos of the area from 2011 (www.ign.es).

Connectivity of each fragment (Ci) was calculated as an
index, which takes into account the distance of the focal
fragment i to all other (k) surrounding L. subulatum pop-
ulations included within a 500 m radius circle (d%), toge-
ther with their fragment size (A;) (Ci = logo Y Add3; see
Matesanz et al. 2015 for a detailed description of the
index). In the spring of 2013, we randomly selected 20
flowering individuals from each fragment in a 20 x 20 m
plot, each separated by at least 1 m from its neighbors.
From all selected individuals we collected young leaves
and stored them in paper bags with silica gel at room
temperature. In total, 400 individuals from 20 populations
were collected.

DNA extraction and microsatellite markers

Genomic DNA was extracted from 60 mg of leaf tissue
using the SpeedTools Plant DNA Extraction kit (Biotools,
Madrid, Spain), following the manufacturer’s protocol.
DNA quality and quantity were estimated using 1 %
agarose gels. Eight microsatellite markers (loci), previ-
ously described for L. subulatum by Martinez-Nieto et al.
(2012), were selected for their high level of polymorphism
across the species: Lsub0l, Lsub02, Lsub03, Lsub04,
Lsub05, Lsub07, Lsub08 and Lsubl?2.

PCR reactions for each microsatellite marker were
performed in a 20.2 pL. volume containing 14.2 pL of
autoclaved Milli-Q water, 2 pL. of Buffer with 2 mM
MgCl, (Biotools, Madrid, Spain), 0.2 pL of each dNTP
(Biotools, Madrid, Spain), 0.5 pL. of the forward primer
(labelled with 6FAM, NED, PET or VIC fluorescent dyes
from Applied Biosystems, Madrid, Spain), 0.5 pL of the
reverse (unlabelled) primer, 1 U Tag DNA polymerase
(Biotools, Madrid, Spain) and 1.2 pL. of template DNA.
Amplification reactions were performed in a S1000 Ther-
mal Cycler (Bio-Rad Laboratories, CA, USA) with the
following cycle: initial denaturation step of 94 °C for
4 min, followed by 30 cycles of 1 min at 94 °C, 1 min with
annealing temperature of 55 °C and 1 min at 72 °C, and a
final extension at 72 °C for 7 min. One negative control
without DNA was included in each amplification and,
approximately 10 % of the samples were re-amplified, as a
control, to ensure a correct genotyping. The amplified
products obtained were checked by running 2.5 pL of PCR
product and 2.5 pL of loading buffer (bromophenol blue,
glycerol and dimethyl sulfoxide) on a 1 % agarose gel
stained with GelRed (Nucleic Acid Gel Stain, 10,000 X,
Biotium, USA). Successful amplifications were analyzed
on an automated DNA sequencer (ABI PRISM 3730
Genetic Analyzer, Applied Biosystems, Madrid, Spain) at
the Parque Cientifico de Madrid (http://www.fpcm.es/).
Different sizes of the amplified DNA fragments were
interpreted as different alleles using the GeneMarker
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program v. 2.61 (SoftGenetics, State College, PA, USA).
Each of the eight microsatellite loci showed consistent
polymorphic patterns and behaved as diploids, amplifying
one or two alleles per individual. They were thus selected
for genotyping of all individuals.

Data analysis
Genetic diversity within populations

For each population, we estimated the following genetic
diversity indices: Pys, the percentage of polymorphic loci by
the 0.95 criterion; A, average number of alleles per locus and
per population; A,, average number of effective alleles per
locus and per population (1/Zp?, where p; is the frequency of
the ith allele for the population); H,,, observed heterozygosity
(number of heterozygotes/N, where N is the number of indi-
viduals per population); H,, gene diversity or Nei’s unbiased
expected heterozygosity (2N/(2N — 1)) * (1 — Zpiz)); Fis,
inbreeding coefficient (1 — (H,/H,.)); the number of private
alleles (i.e., alleles found in a single population) and the
number of multi-locus genotypes (i.e., allelic combinations of

all loci examined), using the programs GenAlEx v. 6.501
(Peakall and Smouse 2012) and Genepop v. 4.2 (Rousset
2008). To obtain a conservative estimate of the number of
multi-locus genotypes, we ignored the loci that could not be
genotyped. Therefore, we assume that a particular multi-locus
genotype is identical to another if it only differs in the loci with
missing data.

Genetic diversity indices may be affected by the dif-
ferent number of genotyped individuals in each population.
Thus, to avoid bias in the estimation of genetic diversity
indices due to relatively small differences in sample size
across populations, we corrected the indices that were
correlated with sample size, namely allelic richness,
number of private alleles and the number of multi-locus
genotypes, for unequal sample sizes using the rarefaction
method (Online Resource 2). Rarefaction is a statistical
technique that allows to compare indexes between unequal
samples (see e.g. Matesanz et al. 2014), by correcting them
for the lowest sample size. As in this study the smallest
sample analyzed consisted of 11 individuals (population
133, Table 1), allelic richness and the number of private
alleles per locus was set to 22 (diploid species) for this

Fig. 1 Fragments of natural @Ff
gypsum vegetation in the '
sampled area (dark grey areas).
Sampled fragments are
highlighted in black (N = 20)
and identified by the fragment
codes presented in Table 1. The
selected fragments represent a
size and a connectivity gradient
(see text for details), and

(b) distribution range of L.
subulatum in the Iberian
Peninsula indicated with black
dots and location of the sampled
area
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calculation (A and Appaye, respectively) and the number
of multi-locus genotypes to 11 (Gpae). For allelic richness
and number of private alleles, this calculation was con-
ducted using the rarefaction method implemented in the
Hp-Rare software (Kalinowski 2005), and the number of
multi-locus genotypes was corrected using the function
rarefy implemented in the package “vegan” (Oksanen et al.
2014) for the R statistical software (v. 3.0.2) (Ihaka and
Gentleman 1996).

The significance of the Fig values calculated over all
loci for each population was tested with the Markov Chain
Monte Carlo approximation (dememorization = 10,000,
batches = 100, iterations per batch = 1000) of Fisher’s
exact test implemented in Genepop v. 4.1 (Rousset 2008).
In order to detect signs of recent bottlenecks or founder
events, we evaluated deviations in heterozygosity from
mutation-drift equilibrium in each population with the
software Bottleneck 1.2.02 (Cornuet and Luikart 1996a).
When a bottleneck occurs in a population and the effective
population size is significantly reduced, the number of
alleles decreases faster than heterozygosity, resulting in an
apparent excess of heterozygosity than expected at equi-
librium (Cornuet and Luikart 1996b). We performed Wil-
coxon tests with 2000 iterations under three different
mutation models, the stepwise-mutation model (SMM), the
infinite allele model (IAM), and the intermediate two-phase
mutation model (TPM) with 95 % of single-step mutations
(the remaining consisting of multiple-step mutations), as
recommended for microsatellites.

Finally, the effect of fragment size and connectivity on
the genetic diversity indices (Arare, Acr Ho, He, Fis, Aprare
and Gp,.) Was analyzed with Pearson correlations, using
the software Statistica v. 8.0 (StatSoft, Tulsa, OK, USA).

Population genetic structure

We estimated the level of genetic differentiation between
pairs of populations by constructing a population pairwise
Fst matrix (Weir and Cockerham 1984) with P values for
each pair of populations (999 permutations) using GenA-
IEx 6.5 software (Peakall and Smouse 2012). Significance
values were corrected by the Bonferroni adjustment for a
more conservative approach. The same software was used
to implement a hierarchical analysis of molecular variance
(AMOVA), testing its significance with 999 permutations
to analyze the partitioning of molecular variance among
and within populations. In order to test whether genetic
differentiation among populations is related to isolation by
distance, correlations between the pairwise Fgt and geo-
graphic (Euclidean) distance matrices was assessed with
the Mantel test based on 9999 permutations, using the
GenAIEx 6.5 software (Peakall and Smouse 2012). The test
was repeated using log-transformed geographical distances

matrix between populations (Slatkin 1993; Rousset 1997),
and similar results were obtained (see Results).

Population genetic structure was further investigated
with two Bayesian clustering methods implemented in the
programs Structure v. 2.3.4 (Pritchard et al. 2000; Falush
et al. 2003) and Geneland v. 4.0.0 (Guillot et al. 2005).
With no prior information on population sampling design,
these programs probabilistically assign genotyped indi-
viduals into genetic groups or clusters where Hardy-
Weinberg and linkage equilibrium within each cluster are
maintained (Pearse and Crandall 2004; Guillot et al. 2005).
First, we used the method implemented by the program
Structure. This program assumes a model in which there
are K clusters (whose number is a priori unknown), each of
which is characterized by a set of allele frequencies at each
locus (Pritchard et al. 2000). Individuals are then assigned
to one or more clusters on the basis of their genotypes. We
performed five independent runs for each K value (from 1
to 22), each run comprising a burn-in period of 10’ itera-
tions followed by 10° Markov Chain Monte Carlo
(MCMC) iterations, assuming the admixture model and the
model of correlated allele frequencies as recommended by
Pritchard et al. (2000). To determine the most adequate
numbers of clusters (K) in our data, we first analyzed the
average log probability of the data for each K, and deter-
mined the value of K for which this probability was the
highest. In addition, we calculated the ad hoc statistic AK,
following the method described in Evanno et al. (2005),
and identified the maximum AK when is plotted against
K. The software Structure Harvester (Earl and vonHoldt
2012) was used to extract the relevant data from Structure
result files and to generate input files for the program
Clumpp. We then used Clumpp v. 1.1.2 (Jakobsson and
Rosenberg 2007) to obtain the permuted membership
coefficients for each individual in each cluster, combining
results from the five runs at each K. We used the Greedy
algorithm for K values below six and the LargeKGreedy
algorithm for K values above six. The output from Clumpp
was visualized in the software Distruct v. 1.1 (Rosenberg
2004).

Complementarily, we used the software Geneland,
extension of the R statistical program v. 3.0.2 (Ihaka and
Gentleman 1996). Geneland differs from Structure in that
geographical information can be incorporated in the anal-
ysis to produce more accurate inferences of population
genetic structure based on the spatial distribution of indi-
viduals (Chen et al. 2007). For the Geneland analysis, the
coordinates (latitude and longitude) of each population and
the genetic data of each individual were used to run the
spatial and correlated allele frequency models. We per-
formed five independent runs for each value of K ranging
from 1 to 20 with the following parameters: 10° MCMC
iterations, maximum rate of Poisson process fixed to 100,

@ Springer



Conserv Genet (2016) 17:631-641

636

uoroejorer PIm sadKjoussd snoof
-pnwW Jo Rquinu ™o ‘sad£jousd SnOo[-BNU JO JOqUINU H ‘UOTIOBJOILT YIIM sI[A[[e Aeand jo soquinu >y ‘soforre sjeand jo roquinu dy qusroyyeoo Jurpaaiqur SLy K11s03Az010)oy pajoadxd
°H “K11s05£Z01310Y PaAIasqo °f ‘SI[O[[e 9ATIO9JJ9 JO Joquunu o5eIoAL °Y ‘UOTIORJAIRI YA SI[I[E JO Joquinu aSe1aAe ™7 ‘snoof 1od soo[e Jo Joquinu oSeIoAe Y ‘pojdures S[enprarpur Jo Iequinu A/

SOTISTIE)S UO S[TRIP J0J I1XQ) 99§ 'SNO0[ Yoea Je SLy Jo 90ueoyrudis 10J ¢ 99In0sal QUIUQ 29§ ‘sasayyuared ur umoys a1e (gS) SIOLQ prepuels

601 L1 (€0°0) 91°0 8¢ (810°0) ¥60°0 (800°0) LOL'O (¥10°0) 099°0 (010 18°€ (¥1°0) 909 (81°0) ¥8'9 yre - - [[eI2AQ
011l 4! (r1°0) STO 4 (Tero) ¥81°0 (620°0) 0TL'0 (001°0) ¥19°0 (I+'0) 98°¢ (6¥°0) 08°S (TS0 €19 4! 88LT 4! €0¢
011l 61 (€T°0) €20 4 (971°0) 8000~ (T€0'0) 0TL0 (080°0) SEL'0 (€°0) 06°€ (L9°0) S6'S (€8°0) 889 61 Irie S¥'0 ¢
011l 0c (60°0) T1°0 ! (€01°0) 10T°0 (L20'0) SOL'0 (680°0) ¥99°0 (6£°0) ¥9°€ (¥S'0) 919 (S9°0) 00°L 0c §estT SLO 10€
011l 1c (81°0) T¥'0 S (0S0°0) 8010 (620°0) ¥€L'0 (€40°0) SL9°0 (TS0 vy (S9°0) €89 (€6'0) 058 1c 9¢09 609 (994
011 0T (80°0) 11°0 1 (€L0°0) LTTO (€¥0°0) OVL'0 (€%0°0) 6590 (LS0) S¥¥ (19°0) S¥'9 (08°0) 0S°L 0c 1949 0c6 0S¢
9°01 91 (60°0) 11°0 ! (6L0°0) 6¥1°0 (S20'0) TEL0 (150°0) 0¥9°0 (0€'0) ¢6°€ (0S°0) 059 (€L°0) 8€'L L1 LL1Y (41! Lyl
011 91 (€1°0) 81°0 ! (Ly0'0) ¥90°0 (Te0'0) ¥ELO 9¥0°0) STL'0 (S¥'0) €1 (TL'0) 899 (r6'0) ST'L 91 €615 0 94!
011 L1 aro v1°0 ! (¥S0°0) 9110 (Tr0'0) ¥S9°0 (150°0) 8650 (TS0 og€ (€8°0) T€'S (10'1) 88°S L1 IvLe 88°¢l 6¢l
011 cl (00°0) 000 0 (280°0) 6110 (€€0°0) ¥L9°0 (€50°0) 8190 (6T°0) 9T°€ (L¥'0) 08 (8%°0) 88'¥ cl 9¢81 cro 9¢1
011l I (20'0) 200 0 (€L0°0) 6200~ (LS0'0) 9190 (690°0) ¥69°0 (99°0) 05°€ (T8°0) €9°S (T8°0) €9°S 11 6vce (433 eel
011 4! (81°0) LEO € (1L0°0) STT0 (1€0°0) 1SL°0 (S50°0) 069°0 (LEO) €€¥ (L9°0) LEO (IL'0) €99 4! 8969 80 121
011 81 (80°0) T1°0 1 (0S0°0) 0200 (1€0°0) T1L°0 (I1¥0°0) €1L°0 (8¢'0) €L°¢€ (85°0) 919 (08°0) ST'L 81 1908 cro 611
S0l SI (€T°0) ¥T0 [ (#01°0) 0L0°0 (1¥0°0) 82L0 (€90°0) ¥89°0 (95°0) €T¥ (0L0) ¥¥'9 (S8°0) 889 91 8165 1223 8
011 81 (91°0) 82°0 [ ($80°0) ¥50°0 (L20'0) T0L0 (9€0°0) 1L9°0 (97°0) Ts'¢ (9°0) 8L'S (€6'0) 889 81 06¢y 483 LL
011 0c (L0'0) T1°0 ! (01°0) 690°0 (0€0°0) 82L0 (850°0) 6,90 (9%'0) 00 (99°0) LO'9 (6L°0) €1°L 0C 0c6t oY 123
011 91 (10°0) 200 0 (9€1°0) 8€T°0 (Te0'0) 91L0 (660°0) £€9°0 (r'0) $8°¢ (LS'0) ¥¥'9 (L90) €1°L 91 9799 e Sy
L0l 81 (¥0°0) S0°0 0 (680°0) 1ST0 (L20'0) 069°0 (8L0°0) 0€9°0 (LT0) 8¢°€ (LED) 60°S (€5°0) SL'S 61 90LY €0 84
011l 0c (01°0) LT0 C (L90°0) LTT0 (190°0) 9890 (080°0) LE90O (99°0) 86°¢ (rL'0) S€9 (16'0) 0S'L 0c SIy9 ¥8'Y 9
01l 61 (L0'0) LOO 1 (€L0°0) ¥0T°0 (€20°0) 2690 (S50°0) L£90O (€T0) LE€E (S¥'0) L6°S (€9°0) 00°L 61 90St 09°1 9
0r1L L1 (ST°0) ST0 4 (#90°0) STT°0 (150°0) 8,90 (120°0) 2290 (65°0) €L°€ (85°0) v€'9 (1L'0) €9°L Ll (444" 99 14

KJATIOQUUOD (eH) azis 9pod
Ry ’5) aweidy, dy SLy °H ° °y Qalyy \ % N JjuowSer] JjuowSer] JuowSer]

Ananoduuod pue oz1s juawSely o) Surpioode suonendod wmipngns 7 0z Y JO SAOIPUT AJISIOAIP O1)OUSD) | AqE],

pringer

A's



Conserv Genet (2016) 17:631-641

637

Table 2 Pearson correlations between genetic diversity indices and
fragment size and fragment connectivity

Fragment size Fragment connectivity

r P r P

A 0.235 0.319 0.581 0.003
Avare 0.167 0.482 0.634 0.007
Ae 0.088 0.711 0.538 0.015
H, —0.422 0.064 0.022 0.927
H. —0.126 0.596 0.348 0.133
Fis 0.263 0.262 0.218 0.356
A, 0.090 0.706 0.367 0.112
Aprare 0.033 0.889 0.370 0.109
G 0.160 0.501 0.195 0.410
Grare —0.181 0.445 —0.114 0.633

Note that effects where P > 0.01 are not significant when Bonferroni
correction is applied

r (Pearson’s correlation coefficient) and P (significance) are shown.
Significant values (P < 0.05) are indicated in bold

A average number of alleles per locus, A, average number of alleles
with rarefaction, A, average number of effective alleles, H, observed
heterozygosity, H. expected heterozygosity, Fis inbreeding coeffi-
cient, A, number of private alleles, Ap .. number of private alleles
with rarefaction, G number of multi-locus genotypes, G, number of
multi-locus genotypes with rarefaction. See text for details on
statistics

uncertainty attached to spatial coordinates fixed to 0.2 km,
maximum number of nuclei in the Poisson-Voronoi tes-
sellation fixed to 400 and a burn-in period of 1000. Finally,
we also performed five independent runs assuming both the
uncorrelated allele frequencies and non-spatial models, for
comparative purposes.

Results

From the 400 individuals sampled, a total of 344 were
successfully genotyped. All populations had a minimum of
14 genotyped individuals, with the exception of two pop-
ulations (/33 and 136) with 11 and 12 individuals,
respectively (Table 1). In the 344 individuals, 8.72 % of all
alleles for the eight microsatellite loci could not be
determined.

Genetic diversity within populations and effects
of habitat fragmentation

Genetic diversity was generally high in all populations.
The eight microsatellite loci scored gave a total of 134
alleles in the 344 individuals of L. subulatum examined,
with an average of 16.75 alleles per locus. All of the loci
were polymorphic with 12-22 alleles per locus (Table 1).

(a)g,0- r=0.634; P=0.003

3 4 5 6
Fragment connectivity

-
w -
3 4
[

(b)s s - r=0.538; P=0.015

3 4 5 6
Fragment connectivity

-
~ A
3
[

Fig. 2 a Correlation between fragment connectivity and average
number of alleles per locus with rarefaction (A,,.), and b correlation
between fragment connectivity and average number of effective
alleles per locus (A.). Shown are mean £+ SE

In the 344 individuals, we found a total of 341 multi-locus
genotypes, i.e., practically every individual represented a
unique genotype except for three individuals which had
the same genotype for the eight microsatellite loci ana-
lyzed as another sampled plant (Table 1). The average
number of alleles observed per locus after rarefaction
ranged from 4.80 in population /36 (the least connected
population) to 6.83 in population 255 (Table 1). A total of
28 private alleles, which represent 20.89 % of all alleles
were found in 16 of the 20 populations. The number of
private alleles per population ranged from 1 to 5
(Table 1).

Expected heterozygosity values were generally high and
did not vary much across populations (from 0.646 to 0.751)
(Table 1). Observed heterozygosity was higher than 0.598
in all populations and slightly lower than expected
heterozygosity (Table 1). The inbreeding coefficient (Fig)
was very low, ranging from -0.029 (excess of
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heterozygotes) in population /33 to 0.184 in population
303 (Table 1), and for some populations, it was signifi-
cantly different from zero (P < 0.042). When loci were
separately analyzed, each population showed highly vari-
able Fs values across loci (Online Resource 3). Assuming
the infinite allele model, seven populations deviated sig-
nificantly from mutation-drift equilibrium, but no sampled
population showed evidence of a recent bottleneck under
any mutation model (Online Resource 4).

There was no significant effect of fragment size on the
genetic diversity indices per population (Table 2). In contrast,
we found a significant effect of connectivity on several genetic
diversity indices: the rarefacted allelic richness and the
average number of effective alleles were significantly higher
in more connected fragments (Fig. 2; Table 2). Even after
removing the extreme values of the correlations, they
remained statistically significant (for A 1= 0.523;
P = 0.026) or marginally significant (for A.: r = 0.4508;
P = 0.060). Moreover, we found marginally significant,
positive effects of connectivity on expected heterozygosity
and number of private alleles (Table 2). Overall, genetic
diversity of L. subulatum, as measured with the above-men-
tioned indices, was higher in the most connected fragments,
irrespective of their fragment size (see Online Resource 5 for a
visual representation of the interaction between size and
connectivity). Populations on isolated fragments tended to
have lower allelic richness, number of effective alleles per
locus, expected heterozygosity, and number of private alleles
per locus, than connected populations.

Population genetic structure

Population pairwise Fgr values were very low yet signifi-
cantly different from zero, with values always lower than
0.067 (Online Resource 6); only 15.7 % of the comparisons
were moderately high, i.e., above 0.05. The AMOVA showed
that 95 % of the total genetic variation in L. subulatum was
found within populations. Mantel test did not reveal any sig-
nificant correlation between genetic and geographical dis-
tances among pairs of populations (r = 0.055; P = 0.308).
Both Bayesian clustering methods suggested that there is
no significant genetic structure in the study area, with K = 1
being the number of genetic clusters that best fits the obtained
data. Accordingly, the log probability of the data did not
increase with higher values of K; it remained relatively
stable at first and then decreased. In the graphical represen-
tations for the smallest K values (K = 2, K = 3 and K = 4),
all populations showed a high proportion of genetic admix-
ture, since no individual was entirely assigned to any genetic
cluster (Online Resource 7), confirming a weak population
structure with a single genetic cluster. Using Geneland, all
independent runs showed also that K = 1 was the most likely
number of genetic clusters. These results were also consistent
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with the low levels of pairwise Fgr comparisons and the
results obtained in the AMOVA analyses.

Discussion

Although an effect of fragment and/or population size on
genetic diversity in plant populations seems to be the norm
(see e.g. Van Rossum et al. 2004; Leimu et al. 2006;
Ganzhorn et al. 2015; Raabova et al. 2015 and references
therein), effects of habitat connectivity on genetic diversity
in fragmented landscapes have received far less attention.
Our findings showed that, despite high overall levels of
genetic diversity and lack of strong population differenti-
ation, there are significant and positive effects of fragment
connectivity on genetic diversity of L. subulatum popula-
tions. Furthermore, these effects are far more important
than those of fragment size, when the latter is assessed
independently of population size. These results concur with
other studies where habitat connectivity was evaluated (see
e.g. Prober and Brown 1994; Cruzan 2001; Lu et al. 2005;
Honnay et al. 2007; Tamaki et al. 2008; Matesanz et al.
2015), and importantly, highlight that habitat fragmenta-
tion can have significant genetic effects on dominant,
locally abundant species that are often omitted in frag-
mentation studies in favor of rare, endangered ones (Hon-
nay and Jacquemyn 2007; Aguilar et al. 2008; Gaston and
Fuller 2008).

Habitat connectivity can alter rates of gene flow between
fragments, and subsequently modify the genetic structure
and genetic diversity of plant populations (Young et al.
1996; Sork et al. 1999; Rosas et al. 2011). In our study,
several genetic diversity indices such as allelic richness,
number of effective alleles, and to a lesser extent, expected
heterozygosity and number of private alleles were nega-
tively related to population isolation. This likely implies
that gene flow into connected L. subulatum populations is
higher than gene flow into more isolated ones. In other
words, we suggest that in our system, populations on
connected fragments, irrespective of their size, are more
likely to receive and exchange genetic material—either via
pollen or seed—from surrounding populations than popu-
lations on isolated fragments. These results concur with a
previous study with three coexisting gypsophiles, including
L. subulatum, that reported negative effects of population
isolation on several reproductive traits for the study species
(Matesanz et al. 2015). Irrespective of the underlying
mechanisms causing the observed patterns, lower repro-
ductive success together with lower genetic variation in
isolated populations may have consequences for the long-
term population viability and evolutionary adaptation
(Young et al. 1996; Aguilar et al. 2008). This can be
critical in a global change context, particularly for species
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with restricted habitat requirements such as L. subulatum,
where migration can be a very limited option (Leimu et al.
2010; Matesanz and Valladares 2014).

It is noteworthy that we found a relatively large number
of private alleles (x21 % of all alleles) mainly in the most
connected and peripheral (relative to our study site) frag-
ments, with very low allele frequencies. Generally, the
presence of private alleles indicates restrictions to gene
flow (Slatkin and Barton 1989). However, in a context of
pollen or seed exchange among all fragments, those highly
connected and located in the periphery of our study area
may be more likely to receive alleles from other non-
sampled populations that were included in the connectivity
index, therefore becoming private in our sample.

Alongside positive connectivity effects, L. subulatum
showed high intra-population genetic diversity and low
inbreeding coefficients. Similar results have been reported
for other gypsophiles such as Jurinea pinnata (Salmerén-
Sanchez et al. 2014) and Gypsophila struthium (Martinez-
Nieto et al. 2013). High observed genetic diversity and low
inbreeding coefficients are consistent with the mainly
outcrossing mating system of L. subulatum (Loveless and
Hamrick 1984; Barrett et al. 2004). This also agrees with
the results of a previous pollination experiment, showing
that the number of seeds produced when pollinators were
excluded was dramatically reduced compared to a control,
open-pollination treatment (Gémez et al. 1996). High
genetic diversity in this system can also be the result of the
relative high abundance of L. subulatum in gypsum land-
scapes, with a large number of individuals per population
(see Aguilar et al. 2008). Indeed, no population showed
evidence of having been affected by recent genetic bot-
tlenecks or founder effects. Other ecological and demo-
graphic characteristics of L. subulatum, such as a generalist
pollination guild (Escudero et al., unpublished data), dense
persistent seed banks (Escudero et al. 2015) and overlap-
ping generations, can also contribute to the generally high
levels of genetic diversity observed (Barrett et al. 2004;
Aguilar et al. 2008).

Contrary to our expectations, the majority of the genetic
variation was found within populations, as shown by the
low Fgt values, and the fact that Bayesian clustering
methods grouped individuals from all populations in a
single genetic cluster. The low among-population differ-
entiation can be explained by the existence of gene flow
(via seeds and/or pollen) even among the isolated and small
fragments, although exchange rates may differ among
populations. Despite the limited seed dispersal mechanisms
of L. subulatum, gene flow via pollen may not be severely
limited for L. subulatum. This species shows a massive
flower production (x~6000 flowers per plant) that are
frequently visited by diverse and abundant groups of

generalist entomophilous pollinators (Escudero et al.
unpublished data). Furthermore, the flowering period of L.
subulatum occurs earlier than for other plants in the gyp-
sum community, which may reduce competition for polli-
nators with other coexisting species.

The high prevalence in the literature of fragment and/or
population size effects compared to those of connectivity
could be the consequence of several factors. First, in several
studies the effect of fragment and/or population size on
genetic diversity could be related to spatial separation
between sampled individuals within a single fragment (see
e.g. Van Rossum et al. 2004; Gao 2005; Honnay et al. 2006;
Ganzhorn et al. 2015; but see Galeuchet et al. 2005). It can
be expected to find more intra-population genetic diversity
when distance among sampled individuals in each fragment
is larger, and thus the sampled area differs among sites
(Wright 1943). Therefore, instead of prospecting the entire
area of each fragment, we deliberately maintained an equal
sampled area per fragment (a plot of 20 x 20 m) in order to
avoid the genetic effects associated with the geographical
separation of individuals. Second, accurate measures to
quantify the degree of population isolation—or connectiv-
ity—are used rarely (Tamaki et al. 2008). In particular, when
organisms lack efficient dispersal mechanisms, the degree of
population isolation may be influenced by the number and
size of the surrounding fragments as well as the minimum
distance between them and the focal population (Tremlova
and Miienzbergova 2007; Matesanz et al. 2015). So far,
however, most connectivity measures often ignored the
number and size of the surrounding fragments and only
considered the distance to the nearest population (see e.g.
Llorens et al. 2004; Galeuchet et al. 2005; Lu et al. 2005).

In conclusion, our study highlights the importance of
habitat connectivity on genetic diversity, given its potential
influence to alter the rates of gene flow among plant pop-
ulations. More research including fragment connectivity—
using realistic estimates of this parameter—are required to
understand the effects of isolation on population viability
and future adaptation. Our study also indicates that genetic
diversity is not necessarily correlated with fragment size.
While, in many cases, large sizes patches of habitat have
been protected by conservation and management plans, our
study reinforces the importance of surrounding populations
as sinks and sources of genetic variation.
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