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e Background and Aims Ulmus minor has been severely affected by Dutch elm disease (DED). The introduction
into Europe of the exotic Ulmus pumila, highly tolerant to DED, has resulted in it widely replacing native U. minor
populations. Morphological and genetic evidence of hybridization has been reported, and thus there is a need for as-
sessment of interspecific gene flow patterns in natural populations. This work therefore aimed at studying pollen
gene flow in a remnant U. minor stand surrounded by trees of both species scattered across an agricultural
landscape.

e Methods All trees from a small natural stand (350 in number) and the surrounding agricultural area within a
5-km radius (89) were genotyped at six microsatellite loci. Trees were morphologically characterized as U. minor,
U. pumila or intermediate phenotypes, and morphological identification was compared with Bayesian clustering of
genotypes. For paternity analysis, seeds were collected in two consecutive years from 20 and 28 mother trees.
Maximum likelihood paternity assignment was used to elucidate intra- and interspecific gene flow patterns.

o Key Results Genetic structure analyses indicated the presence of two genetic clusters only partially matching the
morphological identification. The paternity analysis results were consistent between the two consecutive years of
sampling and showed high pollen immigration rates (~0-80) and mean pollination distances (~3 km), and a skewed
distribution of reproductive success. Few intercluster pollinations and putative hybrid individuals were found.

e Conclusions Pollen gene flow is not impeded in the fragmented agricultural landscape investigated. High pollen
immigration and extensive pollen dispersal distances are probably counteracting the potential loss of genetic varia-
tion caused by isolation. Some evidence was also found that U. minor and U. pumila can hybridize when in sym-
patry. Although hybridization might have beneficial effects on both species, remnant U. minor populations represent
a valuable source of genetic diversity that needs to be preserved.

Key words: Ulmus minor, Ulmus pumila, elm, genetic diversity, hybridization, paternity analysis, fragmentation,
forest remnant, conservation genetics, biological invasion, habitat degradation, long distance dispersal, plain forest.

INTRODUCTION

The paramount role played by gene flow in evolutionary proc-
esses of forest trees is often underestimated (Ellstrand, 2014).
Gene flow affects how genetic variation is distributed among
populations of a species, and it has been shown to influence the
ability of a species to colonize new habitats and adapt to novel
environments (Zalapa et al., 2010; Krutovsky et al., 2012). In
conservation genetics, management strategies are strongly
influenced by how gene flow affects whether most of the
genetic variation is found within or among populations of a
given species (Finkeldey and Ziehe, 2004; Piotti et al., 2013).
Anthropogenic changes in the environment have affected the
degree of habitat fragmentation for some species, which can
have a serious impact on the potential for gene flow. In general,
habitat fragmentation, by reducing the size of populations and
increasing the distance between them, can increase genetic drift

within populations, decrease gene flow and increase mating
among relatives. Such processes can lead to the loss of genetic
diversity within populations and, eventually, to the fixation of
alleles, even deleterious ones (Crow, 1993; Kramer et al.,
2008). Aside from anthropic disturbances, natural factors, such
as pathogenic attacks, climatic events and natural forest fires,
can also modify the gene flow patterns characterizing forest
tree populations (e.g. Shohami and Nathan, 2014). The complex
interaction between the life history of a species and the current
environmental conditions of its populations makes it difficult,
however, to predict the actual genetic response to altered gene
flow patterns without adequate information on pre- and post-
disturbance gene flow estimates (Sork and Smouse, 2006;
Kramer et al., 2008; Piotti, 2009; Bacles and Jump, 2011).
Anthropic and natural changes interact also in the aftermath
of a pathogen attack, as in the case of Ulmus minor, the field
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elm (Mittempergher, 1989; Brasier, 1991, 2000). This species,
which is of great ecological and cultural importance, has been
repeatedly hit by Dutch elm disease (DED), caused by fungi of
the genus Ophiostoma (Brasier, 2000), during the 20th century.
This disease led to a drastic demographic reduction of U. minor
in many European regions, including northern Italy, coupled
with severe modification of its growth habit from a dominant
tree to a resprouting shrub (Mittempergher, 1989). This ecologi-
cal shift has allowed the congeneric species Ulmus pumila
(Siberian elm) to rapidly colonize and expand in both forest
and field habitats (Brunet et al., 2013). Ulmus pumila, first
introduced into Europe in the 16th century (Cogolludo-Agustin
et al., 2000), is a tree of considerable ruggedness and adaptabil-
ity. According to a comprehensive study by Wesche er al.
(2011), it is the only tree species able to withstand the harsh
conditions of the semi-arid zones of the Mongolian Gobi. In
addition, U. pumila is particularly prone to high hybridization
rates, a characteristic that may facilitate the evolution of inva-
siveness (Ellstrand and Schierenbeck, 2000). Many U. pumila/
Ulmus rubra hybrid trees have been identified by genetic analy-
sis in most naturalized U. pumila populations studied across the
USA (Zalapa et al., 2010), where the species was introduced as
a shelter tree (Zalba and Villamil, 2002). Hybridization has
been demonstrated at the morphological level among several
elm species (Mittempergher and La Porta, 1991) and con-
firmed, by genetic methods, between U. pumila and Ulmus car-
pinifolia (Goodall-Copestake er al., 2005) and between
U. pumila and U. minor (Cogolludo-Agustin et al., 2000;
Brunet et al., 2013). Despite these warnings, the occurrence of
interspecific gene flow between U. minor and U. pumila has
not been investigated yet in natural populations by means of
paternity analysis, which would allow parentage reconstruction
between seeds and potential fathers based on their genetic com-
patibility (Jones et al., 2010).

Plain forests in northern Italy are nowadays extremely rare.
This ecosystem has almost disappeared due to intense defores-
tation since the Neolithic Age, and it has been almost entirely
transformed into an agricultural mosaic landscape (Marchetti,
2002). The main goal of this research was to shed light on gene
flow patterns by investigating pollen movements in a natural
stand of U. minor in a flood area of the Po River surrounded by
trees of both species (U. minor and U. pumila) scattered in an
agricultural landscape. This situation is ideal for studying intra-
and interspecific gene flow. Results of paternity analysis may
provide valuable information on the coexistence of native and
introduced Ulmus species as a starting point for urgent conser-
vation strategies.

MATERIALS AND METHODS

Study site and sample collection

The study area consisted of the isolated stand of Porporana
(~8ha) and the surrounding agricultural landscape. It is located
between the Po river and the village of Porporana (northern
Italy, 11°28'37" E, 44°56'03” N; Fig. 1). To our knowledge, the
Porporana stand is the last planitial forest remnant of natural
origin with a high density of U. minor. Several other tree and
shrub species typical of deciduous planitial forests of northern
Italy are present. Most U. minor individuals are adults with an
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estimated age of 50—60 years. Individuals younger than 5 years
are rare, probably because seedling recruitment is limited by
the high tree density. This area has not been managed in the
last 50 years. From a phytopathological point of view, U. minor
trees in the Porporana stand are not affected by DED, with the
exception of a small number of infected plants in the eastern-
most part of the wood (15-20 trees). Observations carried out
in two consecutive years excluded the spread of infection in
other areas. The Porporana stand is surrounded by arable fields
for several tens of kilometres. In this agricultural area, U. pum-
ila is more common and both species are highly scattered, with
trees located several tens of metres apart.

In 2007, all elm trees with a diameter >5cm in the
Porporana stand (n=2350) and in the surrounding agricultural
area within a radius of 5km (7 = 89) were sampled by collect-
ing fresh leaves for genetic analyses and georeferenced with a
GPS device. Species identification was based on the following
morphological traits: (1) crown structure (mostly ascending
branches in U. minor, hanging branches in U. pumila); (2) bark
of younger branches (suberized and fissured in U. minor,
smooth in U. pumila); (3) texture of leaf blade (matt, rough,
and deeply incised by secondary venations in U. minor, shiny,
smooth, with slightly incised venations in U. pumila); (4) shape
of leaf edge (double indentation in U. minor, single indentation
or double indentation with only the primary one marked
and the secondary one sketchy in U. pumila) (Abbate et al.,
2005). Trees were classified as U. minor or U. pumila if they
matched at least three out of the four morphological traits
described above; otherwise they were designated as hybrids.
According to this morphological identification, all individuals
in the Porporana stand were classified as U. minor, whereas
both species and hybrids were found in the agricultural area
(Fig. 1).

To elucidate the pollen dispersal dynamics, seeds were col-
lected in 2007 and 2008 from 20 and 28 mother trees, respec-
tively. Mother trees were chosen according to their seed
production. Since seed production in the Porporana stand was
low, most mother trees were located in the surrounding agricul-
tural area (19 out of 20 in 2007, 25 out of 28 in 2008). Mother
trees included U. minor (11 in 2007 and 18 in 2008), U. pumila
(seven in 2007 and seven in 2008) and hybrids (two in 2007
and three in 2008).

Plant tissue collected from adult trees was stored at room
temperature in 10ml of 95 % ethanol until DNA extraction.
Specimens were rehydrated at room temperature for 1 d by sub-
sequent immersions in ethanol solutions at decreasing concen-
trations (70 %, 50 %, 30 %, pure water) before extraction.
Harvested seeds were germinated in a greenhouse. After germi-
nation, three or four mature leaves from each seedling were
used to perform DNA extraction.

DNA extraction and SSR genotyping

DNA was extracted from seedlings and adults using the
DNeasy™ Plant Mini Kit (Qiagen) according to the manufac-
turer’s instructions. Leaf tissue was disrupted in the lysis buffer
provided in the kit by the use of a TissueLyser (Qiagen) (30 Hz
for 30 min). The quality and concentration of genomic DNA
were assessed with an electrophoretic run (10 V/cm) on 1 %
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O U. minor

L1 U. minor mother tree
® U. pumila

B U. pumila mother tree
© Hybrid

E Hybrid mother tree

FiG. 1. Sampling area surrounding the relic Porporana stand. Different symbols distinguish mother trees (i.e. trees from which seeds were harvested) from all other
adults trees sampled (see key). Different shadings distinguish U. minor (white) from U. pumila (black) and putative hybrid individuals (grey) according to morpho-
logical criteria (see Materials and methods).

agarose gel (IBI Scientific) in 1x TAE buffer in comparison
with a molecular weight standard (GeneRuler™ 1kb DNA
Ladder; Fermentas Life Sciences).

Several microsatellite markers developed for Ulmus spp.
(Ulmus laevis, Whiteley et al., 2003; U. minor, Collada et al.,
2004; U. rubra, Zalapa et al., 2008) were tested. After screen-
ing these markers for reproducibility, readability of amplifica-
tion patterns and ability to cross-amplify between U. minor and
U. pumila, two primer pairs developed by Collada et al. (2004)
(Ulmil-21, Ulmil-165) and four loci originally developed for
U. rubra by Zalapa et al. (2008) (UR123, UR138, URI15S,
UR188a) were retained (Supplementary Data Table S1). PCR
amplification was performed in a 20-pl reaction volume con-
taining ~20ng template DNA, 0-2 um of each primer, 0-2 mm
of each dNTP, 1x PCR Buffer (Promega), 2mm MgCl, and
0-5 U of GoTaq Flexy ™ DNA Polymerase (Promega). The flu-
orochromes 6-FAM, HEX and TAMRA (Sigma-Genosys) were
used to label the 5 end of each forward primer. After amplifica-
tion, PCR products were pooled (two triplexes, one with
UR123, UR138 and Ulmil-21 and one with UR158, UR188a
and Ulmil-165) to be run on the MegaBACE DNA sequencer.
The molecular size standard ET-Rox 400™ (GE Healthcare)
was used to size PCR products. Amplicons were scored using

MegaBACE™  Fragment Profiler software version 1.2
(Amersham Biosciences).

Data analysis

Genetic diversity indexes Standard genetic parameters describ-
ing genetic variation (N,, Hg, Hp) for adult U. minor, U. pumila
and hybrid individuals were calculated with GenAlEx v. 6.5
(Peakall and Smouse, 2012). Frequencies of null alleles and the
inbreeding coefficient (Fs) were estimated using the program
INEst, running the individual inbreeding model (IIM) with a
Gibbs sampler of 10° iterations (Chybicki and Burczyk, 2009).

Genetic structure The Bayesian model-based clustering method
implemented in STRUCTURE v.2.3.3 (Pritchard ez al., 2000)
was used to investigate the genetic structure in the study popu-
lation. The most likely number of clusters (K) into which
sampled individuals could be divided was determined using the
empirical statistic AK, calculated using STRUCTURE
HARVESTER (Evanno et al., 2005; Earl and von Holdt, 2012).
STRUCTURE was run using the admixture model and corre-
lated allele frequencies between clusters, varying K from 1 to 6.
Each run consisted of 1 x 10* burn-in iterations and 5 x 10*
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iterations, and was replicated 20 times. Different runs for the
same K value were averaged using the software CLUMPP
(Jakobsson and Rosenberg, 2007) with the Greedy algorithm
and 1 x 10* iterations. Individual ¢ values quantifying the prob-
ability of belonging to one of the inferred clusters were com-
pared with species determination based on morphological traits
using Fisher’s exact test. Principal coordinates analysis was
also carried out on the matrix of genetic distances among indi-
viduals in GenAlEx.

Since admixed individuals can represent either hybrids
between different genetic clusters or simply genetically unre-
lated individuals (e.g. migrants from unsampled genetic clus-
ters), analytical tools focused on hybrid detection were also
applied. First, STRUCTURE was run again to estimate the
probability that an individual was from, or had ancestry in, the
inferred clusters, under the selected value of K, using prior
information on populations and the options POPFLAG =1,
MIGPRIOR =0-05 and GENSBACK =2. Ten independent
runs were done with a burn-in of 1 x 10* steps followed by
5% 10" iterations. Second, NEWHYBRIDS (Anderson and
Thompson, 2002) was used to estimate the posterior probability
that each sampled individual belonged to parental classes
(called PO and P1) or hybrid categories (i.e. F', F», backcrosses)
following two approaches: (1) no prior information about indi-
vidual assignment, and (2) using individual priors correspond-
ing to genetic clusters previously detected by STRUCTURE
analysis. A burn-in of 2 x 10* steps followed by 1 x 10’ itera-
tions was used and ten independent replicates were run for each
analysis.

Paternity analysis Paternity analysis was conducted on the 386
seeds for which at least four loci were genotyped (157 in 2007
and 229 in 2008) using a maximum likelihood approach. The
maximum likelihood paternity analysis was conducted on our
datasets (seeds harvested in 2007 and 2008) using the software
FaMoz, following a categorical allocation approach based on
the assignment of paternity to the individual with the highest
log of the odds (LOD) score above an estimated threshold
(Gerber et al., 2003). Seeds were considered as locally polli-
nated if at least one compatible father with a LOD score above
the threshold was found, otherwise they were classified as polli-
nated by external trees. The thresholds for statistical signifi-
cance of LOD scores were estimated by graphically comparing
(1) the distribution of LOD scores of the most likely fathers of
5 x 10* seeds randomly generated from the genotypes of local
adults, representing local allele frequencies, and (2) the distri-
bution of LOD scores of the most likely fathers of 5 x 10* seeds
whose paternal genotype was randomly generated according to
the allele frequencies calculated only from the paternal contri-
bution of sampled seeds, representing allele frequencies of the
background populations. The threshold was chosen at the inter-
section of the two distributions of LOD scores to simultane-
ously minimize type I error (i.e. when a seed pollinated by local
pollen was not assigned to local fathers) and type II error (i.e.
when a paternity is attributed to a local father whereas the true
father was outside the sampling area) (Gerber et al., 2000).
Thresholds were estimated for all combinations of three geno-
typing error values (i.e. 0-01, 0-05 and 0-10) and two inbreeding
coefficient values (Fis O and 0-10). The e values were chosen to
represent the probability of mistyping and allele dropout
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according to previous work (Slavov et al., 2009; Moran and
Clark, 2011). To further check for the possible influence of null
alleles on paternity assignment, we performed a transformation
of the original dataset based on a genotype substitution proce-
dure. In this procedure, only for loci where null allele frequen-
cies were estimated as >0-1, homozygous genotypes were
systematically changed in heterozygotes with a null allele and
non-amplifying genotypes were transformed in null allele
homozygotes. The procedure holds true for seed genotypes
with the exception of non-amplifying seed genotypes that were
not transformed if their mother trees were heterozygous.
Previous studies demonstrated that this procedure significantly
increases exclusion probabilities and decreases genotyping error
rates when compared with other transformations (e.g. the binning
procedure) (Bacles and Ennos, 2008; Piotti et al., 2012).

Maximum likelihood paternity assignments were used to
estimate: (1) the pollen immigration rate from outside the study
plot; (2) within-plot pollen exchanges between morphologically
defined clusters and between genetically defined clusters; (3)
the distribution of male reproductive success; and (4) the distri-
bution of pollen dispersal distances. All estimates were carried
out separately for the 2007 and 2008 datasets.

Pollination distances were calculated as the Euclidean distan-
ces between pollen donors and mother trees. When two (or
more) pollen donors with the same LOD scores were the most
likely ones, the shorter distance from the mother tree was con-
sidered to be the pollination distance. To determine whether the
distribution of pollen dispersal resembled that of distances
between all potential pollen donors and mother trees, we com-
pared them using the Kolmogorov—Smirnov test (Sokal and
Rohlf, 1995).

To investigate the possible origin of the paternal contribution
of seeds unassigned to local fathers, we estimated their proba-
bility of belonging to STRUCTURE-inferred clusters by using
the Bayesian method implemented in GeneClass2 (Rannala and
Mountain, 1997; Piry et al., 2004). Pollen genotypes were
determined by subtracting maternal alleles from seed genotypes
and doubling them to obtain an artificial diploid pollen geno-
type to be analysed by an assignment test with GeneClass2.
When maternal alleles could not be uniquely identified (i.e.
mother and seed with the same heterozygous genotype), both
alleles were included in the pollen genotype making an artifi-
cial heterozygous individual.

RESULTS
Genetic structure

The STRUCTURE analysis, following Evanno’s method,
showed the highest values of AK for K=2 (Supplementary
Data Fig. S1). Individuals were assigned to the two distinct
genetic clusters (hereafter referred to as cluster A and cluster B)
when the posterior probability of membership (¢) was higher
than 0-8 (Fig. 2). Individuals with lower g were all grouped in
cluster M (mixed individuals). The correspondence between
morphologically defined species and genetically inferred clus-
ters was generally scarce (Fisher’s exact test, P < 0-001). Most
individuals (17 out of 22) morphologically defined as U. pumila
were grouped in genetic cluster A. Conversely, individuals
morphologically defined as U. minor were divided between
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als, zooming in on the central Porporana stand (C). (D) Distribution of ¢ values from STRUCTURE analysis for the Porporana stand (on the left) and the

surrounding agricultural area (on the right). The black and white portions of each bar are the probabilities of belonging to cluster A and B, respectively. Grey dotted
lines represent 0-8 thresholds applied for assignment to clusters A and B.

cluster A (101) and B (195), and 110 individuals were assigned
to cluster M (Fig. 2; for raw data see Supplementary Data
Table S2). In the Porporana stand, trees were mainly classified
as B (191/350) whereas cluster A was less represented (69/350,
Fig. 2C). On the contrary, in the surrounding agricultural area
most individuals were classified as A or M, whereas only six
individuals were assigned to cluster B (Fig. 2B). Principal coor-
dinates analysis analysis confirmed results from Bayesian clus-
tering (Fig. 2A). The first two principal coordinates, which
explained 49 % of the total genetic variation, showed a clear
distinction between morphologically identified U. minor trees
located in the Porporana stand and those in the surrounding
area (open and black circles, respectively, in Fig. 2B and C). In
the principal coordinates analysis plot, the putative morphologi-
cal hybrids (diamonds in Fig. 2A) are all located in an inter-
mediate position between genetic cluster A (open symbols) and
B (black symbols in Fig. 2A).

The probability that an individual had ancestry in the inferred
clusters A and B was estimated by running STRUCTURE again
with the GENSBACK option on. Under the prior of the two
clusters, all admixed individuals (cluster M) derived half of
their genetic setup from each cluster. In no cases did M trees
show ancestry from either cluster A or cluster B
(Supplementary Data Table S3).

The presence of hybrids was further investigated using the
software NEWHYBRIDS with or without prior information on
the genetic assignment. In both cases, there was general agree-
ment among likelihood distributions of ten independent runs that
gave highly comparable results. Therefore, results from a single
representative run for each analysis, choosing a threshold for ¢
values at 0-80, are presented in Supplementary Table S4. In the
analysis using the assignment to A and B clusters by the use of
STRUCTURE as prior information, only one individual from the
M cluster was classified as a hybrid, whereas the others were
assigned to parental class P1 or unassigned. The low number of
individuals classified as hybrids was confirmed by the analysis
without prior information. The majority of individuals classified
as admixed using STRUCTURE (cluster M) fell into the P1 cate-
gory, with 16 unassigned and 9 individuals out of 116 classified
as hybrids (Supplementary Data Table S4).

Paternity analysis

The markers used were highly polymorphic (mean
N,=10-833, mean Hg =0-69) and provided good resolution in
terms of exclusion probability (EP=0-987, Supplementary
Data Table S5). The transformation applied to original datasets
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TaBLE 1. Numbers of pollination events detected among and
within genetic clusters (from STRUCTURE analysis) in 2007 and

2008
Year FromA % FromB % FromM % From outside %
2007 To A 10 11 4 4 9 10 69 75
ToB 1 7 2 14 1 7 10 71
ToM 0 0 4 8 2 4 45 88
2008 To A 21 20 1 0 10 10 72 69
ToB 0 0 0 0 1 6 15 94
ToM 5 5 3 3 12 11 89 81

did not reveal substantial changes in gene flow estimates.
Varying paternity analysis settings (increasing Fis and e), we
obtained consistently high gene flow estimates, ranging from
0-59 to 0-89 when considering the two years together
(Supplementary Data Table S6). In the following, we chose to
use the paternity assignments obtained from the intermediate
scenario based on the original dataset, with Fig=0-10 and
e=0-05.

Analysing paternity assignments from this scenario, we
found that 33 seeds out of the 157 sampled (21 %) in 2007 and
53 seeds out of the 229 sampled (23 %) in 2008 were compati-
ble with at least one pollen donor inside the study area.
Conversely, 124 and 176 seeds in 2007 and 2008, respectively,
had no compatible pollen donor inside the study plot, giving a
pollen immigration rate from outside the sampling area of 0-79
and 0-77, respectively. Among locally pollinated seeds, one in
2007 and four in 2008 were self-pollinated. The pollen immi-
gration rate differed among mother trees, ranging from 0-5 to
1-0 in 2007 and from 0-2 to 1-0 in 2008 (Supplementary Data
Table S7), although a higher number of seeds per mother tree
would have been required to obtain precise estimates of pollen
immigration at the mother tree level. The pollen immigration
rate was similar among genetically inferred clusters (Table 1).

Despite the higher number of potential pollen donors belong-
ing to cluster B, which represents mainly individuals from the
Porporana stand, effective pollination events from B individuals
to A and M mother trees were infrequent. On the other hand,
most pollinations from A individuals were directed towards A
mother trees. Five cases of intercluster pollinations were
recorded in 2007 (one from A to B and four from B to A) and
one from B to A in 2008 (Table 1).

Few local individuals were involved in the pollination proc-
ess. Only 22 and 36 individuals (out of 439) acted as successful
pollen donors in 2007 and 2008, respectively. The distribution
of male reproductive success (i.e. the number of sired seeds per
potential pollen donor) was skewed, with few individuals
involved in the majority of local pollination events. Seven
adults were involved in 55 % of local pollinations in 2007, and
11 in 53 % of local pollinations in 2008. Most successful pollen
donors were individuals belonging to clusters A and M (Fig. 3).
The higher involvement of cluster A-like pollen donors to back-
ground pollination dynamics in the study plot was confirmed
by the cluster assignment test carried out on paternally unas-
signed pollen genotypes using GeneClass2. Most unassigned
pollen genotypes were compatible with the genetic composition
of cluster A (Supplementary Data Fig. S2).
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Mean (= s.d.) pollination distances were high and compara-
ble between years (2-86 = 1-:66 km in 2007 and 2-93 = 2-14km
in 2008) (Fig. 4). The distribution of pollen dispersal distances
in 2007 was not different from the expected distribution consid-
ering the distances among all possible pollen donors and mother
trees (Kolmogorov—Smirnov test: D =0-14, P =0-51), whereas
in 2008 there was a lack of intermediate distances compensated
for by an excess of pollination events exceeding 5km
(D=0-21, P<0-05). The maximum pollination distances
recorded were extremely high in both years (5-42km in 2007
and 7-89 km in 2008) (Fig. 4).

DISCUSSION

In this work, we investigated pollen dispersal patterns and pop-
ulation structure sampling all adult elm trees within a wide area
(5km radius = ~80km?) centred on a dense relic stand of
U. minor surrounded by an agricultural area where individuals
of the two species present (U. minor and U. pumila) have a
scattered distribution. By using paternity analysis, we estimated
the pollen immigration rate from outside the sampling area and
the characteristics of local pollination patterns, as well as pollen
exchanges between the two genetic clusters detected by
Bayesian clustering, in two consecutive reproductive seasons.
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We found that pollen immigration rates were high (~0-6-0-9)
and comparable between the two reproductive seasons investi-
gated. Despite the scattered distribution of individuals inside
the sampling area, the analysis of within-population pollination
patterns showed that pollen dispersal distances were extremely
large (up to 8km), confirming that the high pollen dispersal
capabilities of the two species can maintain the genetic connec-
tivity among isolated individuals and stands. Furthermore, our
findings about the presence of few intercluster pollinations and
hybrid individuals suggest that hybridization, albeit rare, has
been occurring, supporting previous evidence for low mating
barriers between U. minor and U. pumila.

Pollen gene flow in a fragmented landscape

The general picture emerging from our study about pollen
dispersal patterns in the two Ulmus species investigated is char-
acterized by high pollen immigration and extremely low self-
pollination (0-6 % in 2007 and 0-8 % in 2008). This confirms
previous results obtained at a smaller spatial scale in other
Ulmus species. Nielsen and Kjer (2010a, b) investigated pollen
dispersal patterns in U. laevis and Ulmus glabra, showing how
both species are characterized by high outcrossing rates and the
absence of self-pollination. In U. laevis, they found dispersal
events up to 1km, and such long pollination events were also
tracked among isolated U. glabra trees. Interestingly, when
comparing gene flow patterns between continuous forest and
open landscape conditions, Nielsen and Kjer (2010b) found
that mean pollen dispersal was ~100 m in the continuous forest
and much greater among scattered individuals. As in the present
study, this shows that scattered trees may act as important
bridges for pollen exchange connecting remnant stands. The
role of scattered trees in connecting fragmented populations has
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been highlighted previously, mainly in insect- and animal-
pollinated trees (Levin, 1995; Aldrich and Hamrick, 1998;
White ef al., 2002; Kamm et al., 2009). Our study strengthens
the increasing evidence that pollination can be effective at the
landscape level also in fragmented wind-pollinated temperate
species (Bacles and Ennos, 2008; Robledo-Arnuncio, 2011;
Leonardi et al., 2012). On the other hand, information on seed
gene flow is lacking for Ulmus spp. BlaB et al. (2010) reported
that elm seeds can be transported only occasionally by a dis-
tance of >100m and results on the spatial genetic structure of
natural elm populations suggest limited transport of seeds by
wind (Nielsen and Kjar, 2010a). Further investigation is
needed to understand the relative impacts of fragmentation on
pollen and seed dispersal.

Gene flow at interspecific level

Another goal of our work was to assess the amount of cross-
pollination between U. minor and U. pumila and the consequent
formation of hybrids. In this context, it is worth noting that the
ambiguity of the morphological identification was stressed in
previous work on Ulmus species (e.g. Zalapa et al., 2010). In
our case, this was reflected in the poor agreement with the clas-
sification according to genetic criteria (i.e. membership coeffi-
cients of STRUCTURE), although a higher number and/or
different classes of markers might improve the discrimination
between the two species. However, substantial agreement
between the morphological and genetic classifications was
found for individuals that were morphologically identified as
U. pumila (mainly belonging to cluster A) and for U. minor
individuals from the Porporana stand (mainly belonging to clus-
ter B).

The presence of few putative hybrids among adult individu-
als, along with some inter-cluster pollination events, adds fur-
ther evidence about the occurrence of hybridization between
Ulmus species (Cogolludo-Agustin et al., 2000; Goodall-
Copestake et al., 2005; Zalapa et al., 2010; Brunet et al., 2013).
Some of the main key factors promoting possible hybridization
are the weak barriers to cross-fertilization characterizing the
genus Ulmus (Mittempergher and La Porta, 1991) and the
observation that anthropic alteration of environments could
facilitate hybridization in forest trees (Hoban er al., 2012).
Unlike previous hybridization studies on U. rubra/U. pumila
(Zalapa et al., 2009) and U. minor/U. pumila (Brunet et al.,
2013), in which backcrosses were biased towards U. pumila,
our data show a more balanced situation. However, the few
local pollination events detected towards mother trees from
cluster M (six in 2007 and 20 in 2008) suggest the need for
caution about this issue.

Previous studies suggested a possible role played by DED in
the recent biological history of sympatric U. minor and U. pum-
ila populations (Solla et al., 2005; Brunet et al., 2013). They
hypothesized that the native species U. minor, heavily depleted
by the effect of DED epidemics, has introgressed some of the
U. pumila’s DED resistance alleles. On the other hand, traits
introgressed from autochthonous to allochthonous species could
made them fitter in the new environment and, eventually, better
colonizers (Ellstrand and Schierenbeck, 2000; Sakai et al.,
2001; Hegde et al., 2006). Such is the scenario depicted for
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U. pumila/U. rubra by Zalapa et al. (2009). They showed that
hybridization between U. pumila and the autochthonous
American species U. rubra is strongly unbalanced towards the
former, likely enhancing its fitness in the new environment
rather than introgressing DED resistance into U. rubra.
However, the high pollen immigration from outside and the
few intercluster pollination events detected in our study do not
allow us to speculate further on such evolutionary dynamics.

Conservation issues

Previous studies have demonstrated that gene flow can be
restricted in isolated populations of forest trees (Bittencourt and
Sebben, 2007; Hanaoka et al., 2007; Sebben et al., 2010). This
lack of genetic connectivity would exacerbate the effect of
genetic drift, speeding up the loss of genetic variation in forest
remnants. However, there is increasing evidence that spatially
isolated trees and forest fragments are not necessarily geneti-
cally isolated, often receiving sufficient gene flow, in particular
via pollen, to counteract the detrimental effects of fragmenta-
tion (Aldrich and Hamrick, 1998; Kamm et al., 2009;
Buschbom et al., 2011; Robledo-Arnuncio, 2011). One possible
explanation is that high local densities can impede long-dis-
tance dispersal because of high local pollen availability and by
changing the aerodynamic properties of propagule dispersal
(Knapp et al., 2001; Hardy, 2009; Piotti et al., 2012). Shohami
and Nathan (2014) went further, demonstrating how disturban-
ces that reduce, even drastically, local density can facilitate dis-
persal across extensive distances. In this work, based on a
highly fragmented agricultural landscape, we found much lon-
ger pollen dispersal distances than previously found in Ulmus
spp. and massive pollen immigration from outside. We can thus
suggest than gene flow via pollen is not a limiting factor at this
degree of fragmentation. Therefore, our results on gene flow
patterns, together with the observation of scarce regeneration
within the Porporana stand, confirm the general view that the
genetic consequences of fragmentation can often be more
delayed than ecological ones [i.e. recruitment failure due to
pollen limitation and reduction of optimal habitat (Kramer
et al., 2008)]. This calls for increasing effort to couple ecologi-
cal and genetic data to detect early signs of the fragmentation
process in the short-term evolutionary dynamics of forest
remnants.

Although U. minor is not considered an endangered species
despite DED pandemics, it is unequivocally evident that the
effects of this disease, together with the sympatric occurrence
of the congeneric, invasive U. pumila, has modified the original
ecological and genetic status of the European species
(Mittempergher, 1989; Brunet et al., 2013). First, alteration of
its growth habit changed the ecological role of the species
itself; second, a dramatic demographic reduction exposed
U. minor to the possible consequences of a fragmented distribu-
tion. Our results provide important information for realizing
effective conservation strategies for the Porporana stand and
surrounding areas. Particular care should be taken in preserving
forest remnants with U. minor, which constitute an important
genetic archive of the pre-DED species’ genetic pool. In har-
vesting seeds for afforestation programmes, relict ancient
woods should be preferentially chosen.

Bertolasi et al. — Genetic structure and gene flow patterns in Ulmus species

We have to stress that this was preliminary research aimed at
describing gene flow patterns and the genetic structure of a pop-
ulation in a particular ecological context. To investigate the
genetic consequences of the coexistence of native and intro-
duced Ulmus species, it is necessary to acquire a more compre-
hensive picture based on the analysis of a large set of markers,
which should include candidate genes with potential adaptive
value. Another aspect deserving further attention will be the
monitoring of gene flow patterns in recently renaturalized areas
during the transition from a young reafforestation stand into
mature wood.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Figure S1: AK values
from 20 replicates of the STRUCTURE analysis calculated
using STRUCTURE HARVESTER, for K from 1 to 8. Figure
S2: probabilities of unassigned pollen genotypes belonging to
STRUCTURE-inferred clusters estimated by GeneClass2.
Table S1: characteristics of the marker set. Table S2: corre-
spondence between morphological classification and genetic
clustering. Table S3: hybrid detection analysis with
STRUCTURE. Table S4. Hybrid detection analysis with
NEWHYBRIDS. Table S5: genetic diversity parameters locus
by locus for the entire dataset and the Porporana stand only, cal-
culated using GenAlEx. Table S6: comparison of pollen immi-
gration estimates obtained by varying FaMoz settings for
genotyping error values and inbreeding coefficient values on
the original and transformed datasets. Table S7: pollen immi-
gration rate for each mother tree in 2007 and 2008.
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