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*  The spread of Prunus serotina in invaded forests is facilitated by high propagule pressure.

»  The seed shadow overlap prevents strong spatial genetic structure.

*  During colonization of isolated site, a strong spatial genetic structure is produced due to
founder effect.

»  Opverall clonality in P. serotina was low but may efficiently support seedling bank thus con-
tributing to species invasiveness.

Abstract

Prunus serotina Ehrh. (black cherry) is one of the most important invaders in the European for-
ests, but existing studies have given limited insight into demo-genetic factors underpinning the
process of species invasion. Fine-scale genetic structure (FSGS) may deliver important knowl-
edge on genetics of invasion contributing to efficient management of the alien species. Using
eight microsatellites we investigated FSGS, clonal structure and relatedness in four black cherry
populations which represented different stages of the invasive spread into Scots pine forests.
Three populations were in a continuous forest complex and represented the colonization (Z 1)
and established stages (Z 2 and Z 3). To investigate how colonization ability of the species is
modified by landscape features, we analyzed an isolated population at colonization stage located
in limited forest patch located in an agricultural landscape (R). Populations from continuous
forest showed low yet significant positive FSGS with Sp=0.0068 in Z 1, 0.0054 in Z 2, and
0.0066 in Z_3, while in R spatial structure was the strongest (0.0145). Considerable relatedness
noted in population R suggests a dominance of within-population mating and recruitments, low
immigration rate and limited seed dispersal, all of which led to the observed strong FSGS. Also,
we presume that a founder effect likely involved during colonization of isolated forest patch R led
to strong FSGS. In contrary, the seed shadow overlap in the populations from continuous forest
prevented strong FSGS and facilitated colonization. Despite of low level of clonality, we argue
that it may efficiently support black cherry seedling bank contributing to species invasiveness.
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1 Introduction

Human-mediated introductions of plants and animals have a very long history, but only since the
20th century with increased globalization has the redistribution of species accelerated and become
a global issue both in scale and consequences. Biological invasions cause global homogenization
of biodiversity, which challenges the biogeographic patterns we know (Capinha et al. 2015), affect
ecosystem processes and services that support human societies (Aerts et al. 2017; Craven et al.
2017; Taylor et al. 2017), may generate great costs for local and national budgets and even stir up
social conflicts (van Wilgen et al. 2008; Crowley et al. 2017). In the context of ongoing climate
changes, biological invasions emerge as a serious problem that the global ecosystem will have to
deal with (Hulme 2017).

Forestry is a human activity that has actively contributed to the mass introduction of alien
tree species all over the world in order to increase timber yields (Aguas et al. 2017). Some of these
tree species have spread from plantations into adjacent habitats, converted into successful invaders.
A striking example is the use of pines on an unprecedented scale in commercial plantations in the
Southern Hemisphere which has become a serious issue due to the wide-ranging negative influences
they exert on the functioning and structure of the invaded ecosystems (Bravo-Monasterio et al.
2016; Mostert et al. 2017). Quercus rubra L. was introduced from North America into European
forestry in the early 19th century and has recently been recognized as an invasive species threaten-
ing native biodiversity (RiepSas and Straigyté 2008; Woziwoda et al. 2014; Tyler et al. 2015). But
spectacular invasions do not necessarily involve transcontinental transfers. Pinus pinaster Aiton,
native to the Mediterranean, has been widely used in afforestation beyond its natural range across
the Mediterranean countries, but has turned out to be a very aggressive invader, able to displace
natural evergreen and deciduous woodlands leading to a decrease in taxonomic and phylogenetic
diversity of the invaded areas (Selvi et al. 2016).

The process of plant invasion can be framed in a model consisting of a few consecutive stages
such as transport from the natural range, introduction into a new territory, establishment, and finally
invasive spread into other sites within the new range (Blackburn et al. 2011). The three first stages
(transport, introduction and establishment) are of interest to many researchers aiming to explore the
exact sources and subsequent pathways of species invasions. However, recognition of the mecha-
nisms and factors present during invasive spread at new sites matters greatly for the identification of
population genetic processes underlying invasion’s successes and failures. To get the full picture of
an invasion process it also seems particularly necessary to study the process across invasion stages
(e.g. colonizing and established population), environmental and landscape complexity or habitat
features (Berens et al. 2014). A deep understanding of invasive genetics in a wider ecological per-
spective may be used for tailoring efficient management strategies for alien invasive species.

Invasion biology attempts to understand the process of invasion by asking about the causes
and conditions of the successful invasions. From one side, the attention is paid on the external fac-
tors linked to the ecological and human-related aspects of the invasions, which has been enclosed
in a term of a community invasibility (Richardson and Pysek 2006); from the other side, studies
also try to profile a successful invader by pointing the specific set of traits that is shared among the
most successful invaders (PySek and Richardson 2008). Studies confirmed that the traits do really
matter, and those related with the propagules — or generally with reproduction — matter greatly.
Invasive ecology studies repeatedly underline that clonality is positively associated with species
invasiveness (Sakai et al. 2001; Liu et al. 2006; Kelager et al. 2013; Gaskin et al. 2014; Thomas et
al. 2016). This life-history trait allows survival in the very first stages of the invasion when immi-
grants face with the new environments (Okada et al. 2009) or gives the competitive superiority to
congeneric native species, which also facilitate invasion (Travis et al. 2011). In their theoretical
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model, Rafajlovi¢ et al. (2017) indicated that dioecious clonal species may form a “asexual colo-
nization wave” during colonization that efficiently supports the establishment of recent invaders,
especially in situation of the biased sex ratio. In extreme conditions, clonality even enables wide
colonization by one sex only (Budde et al. 2011), and in the common garden experiment, Castro
etal. (2016) reported a transition into clonality in reproductive strategy in plants from the invasive
range. All these studies clearly show that clonality is a very important trait in plant invaders.

Prunus serotina Ehrh. (black cherry) is considered one of the “100 of the Worst” invasive
species (DAISIE; www.europe-aliens.org). It was introduced to Europe from the north-eastern
United States in the 17th century as an ornamental tree and was used in the 19th century in forestry
for timber production, with low levels of success. Because it was expected to be useful for soil
improvement, and wind- and firebreaks, black cherry was intensively grown in European forests
during the first half of the 20th century (Lorenz et al. 2004). Currently, the species is naturalized
but mostly invasive in much of Central Europe where it typically invades Scots pine-dominated
stands. Recent studies have clearly showed the adverse effects of black cherry invasions in forest
stands including limiting recruitment of native species (Vanhellemont et al. 2010), shifting forest
community structure (Halarewicz and Zotnierz 2014) or even changing ecosystem functioning
by altering nutrient cycling leading to a reduced carbon sequestration capacity of native species
(Aerts et al. 2017). Leaves of P. serotina are successfully used as an alternative food source for
native insect pests (Karolewski et al. 2014) that increases the food base for the insect pests of the
native bird cherry (Prunus padus L.). Currently, there is no efficient method for invader eradication.

Pairon et al. (2010) reconstructed the introduction history of black cherry to Europe and
indicated that there were several introduction events, which prevented the species from reduction
of genetic diversity (Petitpierre et al. 2009); a significant bottleneck was detected only in the
populations at the limits of the expanding range (Pairon et al. 2010). These results appreciably
contribute to our understanding of the initial stages of the invasion process (transport, introduc-
tion, establishment of a new range) in this species, but we need a knowledge on the mechanisms
acting during the invasive spread to successfully deal with the invasion. Since clonality is one of
the important trait of the invasiveness syndrome, a reliable data on P. serotina ability of clonal
reproduction and its impact on the species genetic structure and dynamics is highly required. Is
clonality a significant factor during colonization of a new territories by this species? What is the
clonal structure of the invaded forests and how it changes during invasive spread, if it changes at
all? This has not been yet thoroughly studied and the existing data concerning overall clonality in
P. serotina are very limited (Pairon et al. 2006; Jagodzinski et al. 2015).

Studies exploring changes in fine-scale spatial genetic structure (FSGS) during invasive
spread are rare (Sloop et al. 2011; Barnaud et al. 2013), and none has been conducted for P. serotina.
Meanwhile, results of FSGS are commonly used in reconstructions of demographical and coloni-
zation histories of plant populations (Jones et al. 2006; Chybicki et al. 2011; Dering et al. 2016)
and can provide information on the origin and number of invasion founders and events, deliver
details on the demographic history and population genetic structure of invaders, and unravel the
evolutionary genetics of invasions with special regard to the fast adaptability of invaders (Pairon
et al. 2010; Blackburn et al. 2015; Bock et al. 2015). By setting daughter ramets in a space, clonal
reproduction affects the disutibution of genotypes in a space, which affects the FSGS in a popula-
tion. Study which compared clonal tree species with non-clonal species showed that spatial genetic
structure estimated at the genet level (i.e., without repeted genotypes) was almost three times
higher in clonal trees than in non-clonal ones (Dering et al. 2015). The inclusion of ramets into
estmation of spatial structure generally leads to its intensification (Dering et al. 2016). For example,
estimation of FSGS in wild cherry (Prunus avium L.) resulted in high values of FSGS at the genet
level (Sp ranging from 0.030 to 0.045), but FSGS at the ramet level was even twice as higher (Sp
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ranging from 0.089 to 0.119). Strong FSGS may have profound evolutionary consequences for plant
popualtions because it may lead to biparental inbreeding, which results in a decrease of genetic
diversity. Hence, FSGS may serve as the valuable source on the microevolutionary processes acting
at different stages of the process of the biological invasion (Barnaud et al. 2013).

In this study, we aimed to investigate the population genetic patterns underlying the invasive
spread of P. serotina in Pinus sylvestris L. stands. Hence, we compared FSGS between (1) pop-
ulations at colonization and established stage and (2) between populations at colonization stage
located in continuous forest complex and in agricultural environment. Given the results suggesting
limited seed dispersal in black cherry (Pairon et al. 2006), we expected (1) to find stronger FSGS
and higher overall relatedness in the populations at the colonization stage than in established
populations and (2) to observe higher FSGS in population at colonization stage located in the
agricultural landscape in comparison to population from the extensive forest complex due to spatial
isolation and stronger founder effect. Black cherry is capable of clonal growth by root suckering
(Auclair 1975), but existing studies have given limited insight into the role of this trait in species
population dynamics, genetic structure and invasiveness (Closset-Kopp et al. 2007). Hence, in this
study we also aimed to assess the level of clonality, assuming that (1) clonal recruitment dominates
in population dynamics and thus this trait contributes significantly to species invasiveness and (2)
clonality intensifies FSGS in black cherry populations.

2 Material and methods
2.1 Study sites and sampling design

We studied populations of black cherry located in P. sylvestris stands in the Zielonka Forest com-
plex (Poland). In this forest complex, covering the total area of over 12000 ha, P. serotina was
introduced from 1949 up to the 1960s as an understory species and has been spreading ever since.
The investigated populations of P. serotina represent spontaneous invasion into Scots pine stands
of artificial origin. In contrary to short-lived species with high rates of population turnover, direct
tracing of the invasion process starting from the colonization stage up to fully established popu-
lation of an invader in case of tree species remains as genuine problem due to longevity of trees.
To overcome such constrains, we adopted an indirect method. During field inspection, we chose
three populations of black cherry, Z 1, Z 2 and Z 3, in which the age of the 10 individuals with
the biggest trunk circumference was assessed dendrochronologically. Wood samples (Z 1 discs,
Z 2 and Z 3 cores using increment borer) were taken from the bottom of the trunk. The samples
were scanned and age analysis was conducted using a WinDENDRO Image Analyzing System
(Regent Instruments Inc.). Homogeneity of ring series was subsequently verified using the COFE-
CHA software (Holmes 1994). Based on the obtained average age, populations were assigned to
one of the two successional stages: Z 1 — colonization and Z 2 and Z 3 — established (Table 1).
Stands Z 1 and Z 2 were pure, one forest-floor Pinus sylvestris stands, while population Z 3 had
a second forest-floor with Quercus robur L. at age of 80 years (ca. 7% of the stand). Additionally,
to investigate invasive colonization in different landscape context, a single population of black
cherry located in an isolated Pinus sylvestris stand in Raszkow was included (R). The age of the
oldest individuals was assessed similarly to previous populations from Zielonka Forest complex on
the base of the collected discs. This population represented the colonization stage and was located
in a size-limited forest patch with a total area of 8 ha and surrounded by an extensive agricultural
landscape (Table 1). The nearest black cherry population with adult trees was ca. 1 km away in a
Scots pine stand 11 ha in size.
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Table 1. Characteristics of four studied populations of Prunus serotina located in Pinus sylvestris stands.

Population ID Location Number of indi-  Habitat Invasion Noof  Density Age P sylvestris
viduals sampled type stage adults  (indv./m?) stand age
Raszkéw R 51°42°37.89” N 109 agricultural colonization 8 0.18 17 34
17°44°32.12” E (isolated stand)
Zielonka Z 1 52°30°26.17” N 180 forest colonization 3 0.68 20 34
Forest 17°07°08.52” E
Zielonka Z 2 52°31°00.81” N 446 forest established 16 1.82 35 80
Forest 17°06°44.46” E
Zielonka Z 3 52°31°01.44” N 205 forest established 16 0.84 35 146
Forest 17°06°57.01” E
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Fig. 1. Sampling scheme in study plots located in four analyzed populations of Prunus serotina. Open circles define

location of mature (fruiting) trees.
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We adopted a star-like sampling scheme in order to simultaneously estimate clonal structure
and FSGS (Fig. 1). For this reason, four 60 x 1 m crisscross transects running along the directions
N-S, E-W, NW-SE and NE-SW were randomly selected in each of the P. serotina populations
in Spring 2014. In total, 940 individuals were sampled and their position was recorded — 180
individuals in population Z 1,446 inZ 2,205 in Z 3 and 109 in R. Also, the numbers and posi-
tions of flowering individuals, and densities in terms of numbers of individuals per square meter
were noted (Table 1). In all populations, the number of basal resprouts was counted. However,
due to the limited number of basal resprouts noted in population Z 1 (2 individuals, see Results
and Table 3), the significance of difference in average number of basal resprouts was tested only
between population Z 2 and Z 3 with a T-test.

2.2 Genotyping

DNA was extracted from fresh plant tissue using the protocol of Dumolin et al. (1995). Genotyping
was made with a set of eight nuclear microsatellite markers (nSSRs) which were originally gener-
ated for Prunus cerasus L. (sour cherry) and P. persica (L.) Batsch (peach) (Cipriani et al. 1999;
Downey and Iezzoni 2000). Those markers were successfully used in previous studies in population
genetics of P. serotina, which confirmed their high polymorphism (Pairon et al. 2008) (Table 2).
Prunus serotina is a tetraploid and presents disomic mode of inheritance which was proven in
controlled crosses (Pairon and Jacquemart 2005). The Polymerase Chains Reactions (PCR) were
conducted in two PCR-Multiplex reactions using a Qiagen Multiplex PCR Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions, with ca. 30 ng of template DNA and the
thermal protocol used in Pairon et al. (2008). The PCR products were processed on a 3130 DNA
Genetic Analyzer (Applied Biosystems) with the GeneScan 500-LIZ size standard. The software
GeneMapper v.4.0 (Applied Biosystems) was used to score the genotypes.

2.3 Data analysis

The average numbers of alleles (4), observed (Hp) and expected heterozygosities (Hg), and
inbreeding coefficients (£;s) were calculated for each population at genet level using GenAlEx
v.6.2 (Peakall and Smouse 2006). The Hardy-Weinberg equilibrium (HWE) was tested in GenePop
v. 4.0 using an exact test with 1000 iterations (Raymond and Rousset 1995). The frequency of null
alleles (Null) was provided by INEst 1.0 (Chybicki and Burczyk 2009). Identification of genets and
estimation of the probability that the repeated genotypes originate from independent reproduction

Table 2. Characteristics of eight microsatellite loci used.

Locus A HO HE F]S Null

UCD_CH14 17 0.761 0.782 0.027 0.023
UDP96 005 6 0.482 0.584 0.175 0.070
UDP98 025 9 0.723 0.757 0.045 0.027
PCGA43 18 0.738 0.758 0.026 0.020
PCHGMS3 1 20 0.639 0.813 0.214 0.090
PCHGMS3 2 21 0.708 0.820 0.137 0.056
PCHGSM2 18 0.642 0.674 0.047 0.022
UDP98-405 12 0.474 0.564 0.161 0.062
Average 15.1 0.646 0.719 0.104 0.046

A — number of alleles, Hy — observed heterozygosity, Hp — expected heterozygosity, Fig
— inbreeding coefficient, Null — frequency of null alleles
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events (psexwe) (conservative mode including HWE departure) were done with GeneClone 2.0
(Arnaud-Haond and Belkhir 2006). Clonal diversity (R) of the population was estimated according
to the formula R = (G-1)/(N-1), where G is the number of genets and N is the number of sampled
individuals (ramets) (Dorken and Eckert 2001); value close to 1 denotes high input of generative
reproduction i.e., high clonal diversity.

Parental relationships (genets only) were reconstructed using Colony 2.0.4.4, a maxi-
mum-likelihood parentage software (Jones and Wang 2010) in order to compare the sibship
relationships among investigated populations with reference to the inferred FSGS. We used the
following settings: monoecious species, inbreeding not present, diploid, polygamy for males and
females, full-likelihood method, medium length run, medium precision and no updating allele
frequencies. Locus-specific estimates of genotyping error rates per population were provided by
INEst 1.0 (Chybicki and Burczyk 2009). The prior probability of finding a father or mother in the
population was set to 0.5, but the prior information about sibship size was not given. Only rela-
tionships of full-sibs (#Ss) and half-sibs (HSs) supported with a probability of >0.95 were scored.

Spatial structure may vary widely between populations, but comparing populations can be
problematic because of differences in sampling design. To avoid this problem, for each popula-
tion we used the same strategy during field sampling and analyzed FSGS using the same distance
classes. Spatial auto-correlation analysis of kinship was conducted at genet level with SPAGeDi
v. 1.2 (Hardy and Vekemans 2002). Average multilocus kinship coefficients (/) were computed
(Loiselle et al. 1995) and averaged within each of the 10 distance classes: 5, 10, 15, 20, 25, 30, 40,
50, 60 and 65 m. Additionally, confidence intervals for the observed F;;, were calculated as £2SE,
where SE is the standard error obtained after jacknifing over loci. The 95% confidence interval
for each distance class was obtained from 10000 permutations of the individual location. Average
values of F;; were regressed on the logarithm of distance In(dj) in order to obtain the regression
slope, br, which quantifies the extent of FSGS. The Sp statistic, developed by Vekemans and Hardy
(2004), was computed according to the formula Sp = —bg/(1-F(;)), where F(;)refers to the mean
kinship coefficient for individuals from the first distance class.

3 Results
3.1 Genetic diversity and population density

In total, we genotyped 940 individuals of black cherry. All used loci were polymorphic with vary-
ing numbers of alleles (4), from 6 to 21 with an average of 15.1 (Table 2). The frequency of null
alleles (Null) ranged from 0.020 to 0.090, giving an average of 0.046 — a value frequently found
in tree species. All loci presented significant deviations from HWE with Fjg values ranging from
0.026 to 0.214 which indicates an excess of homozygotes.

Population statistics for all four investigated populations are given in Table 3. The highest
average number of alleles per locus (4) was found in Z_3 (11.12), while the lowest was in the iso-
lated population R (9.125). In all populations, a significant excess of homozygotes was observed.
The highest F;5 was noted in the isolated population R (0.137), and the lowest in population Z 2
(0.013).

We noted different densities of black cherry in the analyzed populations (Table 1). The highest
density had Z 2 (1.82 indv. /m?), while the two stands in the colonization stage presented lower
densities, of which the isolated population R had the lowest (0.18 indv. /m?). In both the colonizing
stage populations a considerably lower number of mature individuals was noted compared with
two older populations (Table 1).
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Table 3. Results of genetic structure, clonal diversity and pedigree analysis conducted in four populations of Prunus
serotina.

Popu- Ng Nz A Hp Hg Fis Range of No of Average Clonal diversity % HSs % FSs
lation genet  polycormic number (R)
size individuals ~ basal RS  RS+BR
resprouts
R 78 109 9.125  0.619  0.693 0.137"* 2-13 0 0 0.713 0.713 539 043
(1.125) (0.077) (0.059) (0.056)
Z 1 164 180 10.625 0.681 0.691 0.019"" 24 2 2.00 0911 0.890 0 0.17
(1.546) (0.046) (0.038) (0.021)
Z 2 437 446 10.00 0.650 0.657 0.013"** 2 28 232 0979 0.854 3.77 094
(1.615) (0.035) (0.031) (0.012)
Z 3 201 205 11.12 0.606 0.674 0.108"* 2 34 3.18 0980 0.719 4.16 0.05

(1.288) (0.056) (0.044) (0.047)

NG — number of genets, Ny — number of ramets, 4 — average number of alleles per locus, Hp — observed heterozygosity, Hr — expected
heterozygosity, Fjs — inbreeding coefficient, SE in parenthesis, R — clonal diversity, RS — root suckers, BR — basal resprouts, % HSs —
half-sibs, % FSs — full-sibs, " — significance at 0.001

3.2 Clonality

In procedure of the genet identification, no mismatches were detected by GeneClone. The values
of probabilities that the repeated genotype derives from distinct generative reproduction event
(psextrwe) Were reasonably low that supported the precision of the genet identification with only
eight SSRs loci used (R: 4.95 x107125-6.02 x 104, Z 1: 9.92 x1048 - 1.98 x 1019, Z 2: 1.34
x10716-3.74 x 109, Z_3:7.09 x10-15—2.15 x 10-12). The studied populations showed varied but
generally low levels of clonal growth (Table 3). The highest clonal diversity (the proportion of all
genets detected to the total number of ramets sampled) was noted in stand Z_3 (0.980), in which
most of the sampled individuals were single-individual genets; the lowest clonal diversity was
noted in the isolated stand R (0.713). In this population, the highest number of ramets per genets
was noted (13). In the remaining populations, the input of clonality was low and two-individual
genets prevailed (Table 3). We also noted differences in the number of basal resprouts. Generally,
polycormic individuals prevailed in the older populations (Z 2 and Z 3), while being absent in the
colonization stage, except for population Z 1, where only 2 such trees were found. The inclusion of
basal resprouts increased the total level of clonality (Table 3). The average number of basal resprouts
in population Z 3 was significantly higher than in Z 2 (3.18 vs. 2.32, respectively; p<0.05).

3.3 Fine-scale genetic structure and pedigree reconstruction

The results of FSGS analyses in the four black cherry populations are presented in Table 4 and
Fig. 2. Overall, we observed similar patterns across the investigated populations, with the highest
significant positive relationship coefficient in the first distance interval (0—5 m), and decreasing
continuously thereafter with increasing spatial distance (Table 4, Fig. 2). Closer inspection of the
results revealed a difference between the populations from Zielonka Forest (Z 1-Z_3) and the
isolated population R. Stronger FSGS as indicated by the over two-fold higher value of Sp was
reported in the isolated population R in comparison to the three stands from Zielonka Forest for
which the estimators of FSGS were, generally, at very similar levels. Also, the level of significant
positive FSGS in terms of the pairwise kinship coefficient at the first distance class was highest in
population R (£};=0.0346), but among populations from Zielonka Forest, the highest FSGS was
in Z_3 (F;=0.0232). A negative significant FSGS was observed in populations Z_1 in the 40 m
and 50 m and in Z 2 in the 30 m and 40 m distance classes.
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Table 4. Fine-scale genetic structure parameters for each population.

Studied populations F br Sp
R Genets 0.0346 (0.0075) —0.01402*** (0.0033) 0.0145
Ramets 0.1568 (0.0239) —0.05107*** (0.0089) 0.0601
Z 1 Genets 0.0143 (0.0030) —0.00672*** (0.0011) 0.0068
Ramets 0.0195 (0.0040) —0.01010*** (0.0017) 0.0103
Z?2 Genets 0.0119 (0.0011) —0.00542*** (0.0006) 0.0054
Ramets 0.0120 (0.0011) —0.00558*** (0.0006) 0.0056
Z3 Genets 0.0232 (0.0059) —0.00648*** (0.0017) 0.0066
Ramets 0.0258 (0.0057) —0.00515*** (0.0012) 0.0053

F;;—the mean kinship coefficient between individuals in the first distance class (5 m), by —slope
of the regression of kinship coefficients on the logarithm of spatial distance, Sp — intensity of
FSGS, *** —significant at 0.001, SE — in brackets.

The results of pedigree reconstruction are presented in Table 3 as the percent of detected

FSs pairs and HSs pairs to the total number of possible pair combinations. The analysis revealed
the existence of relatives in all studied populations except for Z 1 where HSs were not detected.
The highest proportion of HSs was in the isolated population R (5.39 %), while the highest propor-
tion of F'Ss was in population Z_2 (almost 1%). Given the results on sibship structure in the three
populations from Zielonka Forest the increase of HSs pairs was noticeable.

0.01-

0.00

-0.01-

0.01-

0.00

-0.01-

population Z_1

10 20 30 40 50 60
population Z_3
10 20 30 40 50 60

Distance class [m]

population Z_2

0.010+

0.005+

-0.005-

-0.010-

10 20 30 40 50 60
population R
0.02-
0.00 \/
-0.02-
10 20 30 40 50 60

Distance class [m]

Fig. 2. Spatial correlograms for four analyzed Prunus serotina populations with mean pairwise kinship coefficients (F7)
of six distance classes for eight microsatellite loci. Upper and lower 95% confidence intervals for null hypothesis of
random distribution of individuals are shaded.
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4 Discussion

In this work, we aimed to analyze the FSGS of populations of P. serotina, a successful invader of
European forests. We traced changes in FSGS in populations at colonization and established stage
of the invasive spread. There was an apparent difference in the levels of FSGS and relatedness
in the two youngest populations of black cherry of which one was the isolated stand located in
agricultural landscape (R) and the second (Z_1) was in continuous forest. In contrast, populations
different with respect to the stage of the invasive spread (colonization vs. established) but located
in the same continuous forest complex showed comparable levels of FSGS but varied relatedness.
Thus, our results suggest that FSGS in black cherry may result from a complex set of demographic
and ecological factors which are of varying importance during the process of invasive spread and
will be discussed in detail below.

4.1 Colonization in agricultural landscape vs. forest complex

Our results show, that propagule source distance is the factor that may largely determine the pro-
cess of invasive colonization in black cherry, as it was previously suggested in field observations
(Knight et al. 2008; Jagodzinski et al. 2015). Pairon et al. (2006) indicated that 83% of seeds of
P, serotina fall in close vicinity of the mother tree — up to 5 m, and the remaining part of seed crop
is dispersed by birds and can be transported up to 45 m. However, due to methodological constraints
in that study, true long-distance dispersal episodes may not have been captured. Recently, based on
indirect estimations Jagodzinski et al. (2015) reported the maximum distance of seed dispersal for
black cherry to be ca. 600 m. In our study, the isolation of the studied forest patch R allowed us to
indirectly estimate long distance dispersal to be at least 1 km, because the closest population that
could have been the source was located at that distance. Hence, P. serotina shows a stratified mode
of seed dispersal, with a combination of short- and long-distance seed movements which refers to
mixed type of seed dispersal (autochory — gravity and zoochory). Zoochory, which accounts for
long-distance dispersal, promotes the species’ invasive spread by facilitating colonization events,
similarly to the congeneric Prunus mahaleb L., which invades Argentine Pampas (Amodeo and
Zalba 2013). In its native range, P. mahaleb was shown to disperse seeds at considerable distances,
reaching over 900 m, but local seed movements dominate, similarly to P. serotina (Garcia et al.
2007). The role of long distance dispersal is one of the focal points in studies on biological inva-
sions, emphasizing the great invasive potential of frugivorous species (Von Der Lippe and Kowarik
2007; Vanhellemont et al. 2010; Pergl et al. 2011; Amodeo and Zalba 2013).

Gosper et al. (2005) showed that the structure of the landscape, i.e. barriers (e.g. low forest
cover or fragmentation) and facilities (e.g. shrub cover within patches or perch trees) which affect
connectivity among habitats within the landscape, shapes the dispersal pattern during invasive
spread of the invasive species. Landscape features may affect the behavior of the dispersal agent
and hence the seed dispersal effectiveness, as was proven in many studies (Santos et al. 1999;
Figueroa-Esquivel et al. 2009; Schupp et al. 2010; Zapata et al. 2014; Lediuk et al. 2016). For
example, the electricity pylons were showed to effectively facilitate the dispersal of P. serotina
(Kurek et al. 2014). The investigations of Deckers et al. (2005) showed high directionality in
the invasive colonization of black cherry in an agricultural landscape that was dependent on the
spatial arrangement of hedgerow intersections. In their study, they showed that birds preferred
moving along the hedgerow structures and not across the open space, which strongly shaped
seed dispersion and further seedling occurrence. In our study, the isolated population R is a small
forest patch located in an agricultural system that limits the passing of dispersers from one forest
patch to another. Consequently, R received less colonizers than Z 1, which was surrounded by
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extensive forest habitat and numerous propagule sources. Although both the main dispersers of
P. serotina seeds (Deckers et al. 2008) — Turdus merula L. (common blackbird) and Columba
palumbus L. (common wood pigeon) show strong suburbanization (Evans et al. 2010), they are
both primary forest bird species. Their behavior may be less effective for seed dispersal in the
open space; thus, producing a considerable lag-phase in the colonization of isolated stands in
agricultural landscape.

Black cherry is self-incompatible (SI); species with this mating system should present low
or insignificant spatial structure (Vekemans and Hardy 2004; Hoebee et al. 2006). The value of
the Sp statistic obtained in the isolated population R (0.0145) fell in the upper values previously
noted for tree species with the SI system (Vekemans and Hardy 2004; Jankowska-Wroblewska et
al. 2016) while in Z_1 (0.0068) fell within the lower values (Oddou-Muratorio and Klein 2008;
Schueler et al. 2006). This shows that there is considerable variability in the spatial genetic structure
of this species, which likely reflects the general complexity of demo-genetic factors involved in
generating FSGS in plant populations (Jump et al. 2012; Moran and Clark 2012).

While long-distance seed dispersal promotes invasive spread into new sites and shapes
the pattern of genetic differentiation among populations, short-distance dispersal determines the
population dynamics and intra-population genetic structure (Jones et al. 2006; Hampe et al. 2010).
Limited seed dispersal is mostly what drives the occurrence of significant FSGS in natural popu-
lations (Vekemans and Hardy 2004), and as indicated by Pairon et al. (2006), short-distance seed
dispersal predominates in black cherry. Hence, limited dispersal would be the major driving force
of the FSGS noted in studied populations. However, studies show that the number of founders,
relatedness of initial colonists, effective density and other factors may have direct repercussions for
FSGS (Jones et al. 2006). We noted a pronounced difference in FSGS between these two populations
at colonization stage (Table 4). In the isolated population R we noted eight adult individuals which
were probably the first founders, while only three such individuals were noted in population Z 1
(Table 1). This, at least theoretically, should foster greater FSGS in the latter, but we noted just
the opposite: the strength of FSGS was 2-fold higher in R in comparison to Z 1. In our opinion,
recruitment in R was mainly due to the local production of seeds by those eight parental trees, with
limited seed immigration, while recruitment in Z_1 was primarily based on multiple seed sources
located outside our mapped plots. Comparisons of sibship structure between these two populations
(Table 3) seem to support our hypothesis. Pardini and Hamrick (2008) acknowledged the impact
of the adjacently distributed adults on the dilution of FSGS in focal population. The long-lasting
occurrence and hence abundance of black cherry in Zielonka Forest implies opportunities for seed
immigration into our study plots due to seed shadow overlap, which is a factor preventing spatial
structure (Hamrick et al. 1993). For example, Jones et al. (2006) argued that the low FSGS noted
in a Pinus strobus L. population was due to a historical overlap of seed shadows, in comparison to
the significant spatial structure reported in a newly established population of Q. rubra due to limited
number of founding individuals. In a series of simulations, Moran and Clark (2012) confirmed that
stronger FSGS coincides with a small number of within-population seed sources.

4.2 FSGS in colonization and established population

Studies exploring temporal changes in FSGS indicate that it is was diluting over time from seedlings
to adults (Chung et al. 2003; Zhou and Chen 2010) and from initially colonized to fully established
populations (Chung et al. 2007), although a reverse trend is also noted (Pardini and Hamrick 2008;
Berens et al. 2014). The populations of black cherry from the Zielonka Forest complex representing
different stages of the invasive spread presented very similar low intensities and extents of FSGS
and varied sibship structures (Fig. 2, Table 3), which is contrary to our initial expectations. We
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predicted stronger FSGS in the colonizing population due to a residual founder effect vs. weaker
or even insignificant FSGS in the established stage due to seed shadow overlap, opportunities for
seed immigration from surroundings, and demographic thinning acting in the later stages. The
homogenic FSGS across the two analyzed stages of invasive spread is likely due to the lack of an
evident founder effect in the colonizing population Z 1 owing to an extensive base of propagules
in the surroundings. Low kinship among individuals in the colonizing population Z 1 (none of
them was HS and 0.17% were FS) supports the hypothesis of the lack of a founder effect.

The densities of seedlings and saplings were very similar in the colonizing population Z 1
and established Z 3 but in the second established stage population Z 2, the density was over two
times higher. A demographic model of expansion described for P. mahaleb invading the grasslands
of Argentina included lowest density in colonization stage and highest in the proliferation stage
and lowering of the density in the mature population (Amodeo and Zalba 2013). As indicated the
dendrochronological analysis, population Z 2 and Z 3 were founded at the same time but higher
density of individuals in Z 2 suggests a proliferation stage which is characterized by massive
fruit production (Amodeo and Zalba 2013). In our opinion, the difference between those two
populations in their demographic stages can be best explained by competition with Q. robur. Pop-
ulation Z_2 is pure Scots pine stand while in Z 3 80-year-old oak constitutes a second forest-floor
making up ca. 7% of the stand. Studies on invasion patterns in P. serotina consistently report its
high colonization effectiveness in Scots pine stands, or generally in coniferous stands and young
forests, in contrast to lower effectiveness in fully developed forests and non-coniferous stands
(Chabrerie et al. 2007a, 2007b; Vanhellemont et al. 2009; Vanhellemont et al. 2010; Jagodzinski
et al. 2015). This trend reflects the divergent light conditions in these stands and light demands
of black cherry, which attains highest growth, reproduction and probability of colonization in
good light conditions (Closset-Kopp et al. 2007; Knight et al. 2008; Closset-Kopp et al. 2011;
Jagodzinski et al. 2015).

4.3 Clonality

We identified the presence of two forms of vegetative regeneration in the studied populations of
black cherry: basal (stump) and root sucker regeneration. Both were reported previously for this
species (Acuilar 1975; Closset-Kopp et al. 2007). Contrary to our initial expectations and previous
reports for black cherry (Closset-Kopp et al. 2007), we noted rather low overall clonality due to
root suckers. The high values of the parameter R that characterizes the level of clonal structure
clearly indicate generative reproduction as the main source of new recruitments. Some invasive
species even show a transition into greater vegetative reproduction in an adventive range (Castro
et al. 2016), but this is not the case for black cherry. Considerable input of clonal individuals due
to root suckers was noted only for the isolated population R, where the biggest genet of 13 ramets
was detected. Existing data from the invasive range indicate that 10—13.7% of individuals are root
suckers (Closset-Kopp et al. 2007; Halarewicz 2011; Jagodzinski et al. 2015). It is also possible
that our sampling strategy did not allow all ramets to be detected in study plots. Nevertheless, the
multiplications of genotypes by clonal reproduction significantly reinforced the level of FSGS in
studied populations, which was in accordance with our expectations and other studies that com-
pared intensity of FSGS at genet and ramet level (Vaughan et al. 2007; Dering et al. 2016); this
was especially noticeable in population R (Table 4). However, somewhat lower value of Sp at
ramet level than at genet level noted in population Z 3, at first surprising, may only be interpreted
in frame of the clonal architecture. A guerrilla type of clonal growth in which ramets of different
genets intermingle may dissolve a FSGS in contrary to phalanx growth which may intensify it
(Dodd et al. 2013; Dering et al. 2015).
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The overall clonality level increased if basal resprouts were included (Table 3), and this
form of clonal growth seems to be more important than root suckering. Closset-Kopp et al. (2007)
reported basal resprouts to be as high as 51.7% of individuals and prevailed mainly among young
seedlings irrespective of light conditions. In contrast, our field observations indicate that basal
resprouts are more frequent in older seedlings and saplings and do not attain such high frequencies
(Table 3). In the native range, Auclair (1975) claimed that black cherry is one of the most dynami-
cally resprouting tree species. According to the author, in black cherry increased competition from
overstorey oak trees that leads to reduced species growth rates, induces regeneration from basal
sprouts. We follow this interpretation because the highest frequency of basal resprouts was noted
in population Z_3 in which the oak second forest-floor was present, which probably modifies the
light conditions of the stand.

Our results indicate that vegetative regeneration is an important life-history trait in P. serotina
and may contribute to its invasiveness. In P. serotina vegetative regeneration is viewed as strategy
for long-term persistence in stochastic environments and sub-optimal light conditions (Auclair
1975; Closset-Kopp et al. 2007). Based on our results and field observations we conclude that
clonality per se is not a strategy allowing colonization, efficient space takeover or outcompeting of
other species as was proven to be the case in other invasive species capable of vast clonal spread
(Hollingsworth and Bailey 2000; Kollmann et al. 2009; Budde et al. 2010; Castro et al. 2016). We
rather consider that for black cherry, clonality mediates the transition from durable maintenance
in a recipient habitat with sub-optimal conditions (low light availability) to the abundant seed
production phase, which is one of the main contributors to the great invasiveness of black cherry.
In favorable conditions, e.g. after opening of the forest canopy, each of the basal resprouts may
start and/or increase the production of flowers and fruits, triggering invasive spread by the greater
reproductive output of individuals (Vallejo-Marin et al. 2010). At the population scale, an increased
production of seeds would positively affect the frugivore service that is crucial for this species
to spread into new territories. Therefore, by efficient long-term supporting of a seedling bank,
clonality emerges as a component of the ‘sit-and-wait’ strategy in black cherry and recognized as
factor for its successful invasion (Closset-Kopp et al. 2007). The development and maintenance
of a seedling/sapling bank was also suggested to be an important factor for the invasiveness of
Acer platanoides L. and Sorbus acuparia L. in their non-native ranges (Martin and Marks 2006;
Lediuk et al. 2016).

5 Conclusions

It was previously shown that P. serotina is able to shuffle between different demographic strate-
gies depending on the prevailing conditions in the recipient habitat in order to efficiently invade
and persist in a forest ecosystem, and possesses some of the traits that match the profiles of many
other successful invaders (Closset-Kopp et al. 2007; Robakowski and Bielinis 2011). Our study is
another contribution confirming the great invasive potential of this species in Scots pine forests.
In this study, we showed that black cherry’s invasive spread is strongly determined by propagule
availability and landscape features that modify the course of the invasive spread with respect to
rate and the population-level distribution of genetic information. Consequently, in contrast to
stands surrounded by an extensive base of propagules, colonization of isolated stands may involve
the emerging of a lag-phase and clustering of relatives due to the founder effect. A lag-phase is
potentially the best opportunity for efficient management of the species. Another practical hint that
emerges from our study is that the forest management of should focus on maintaining the closed
canopy in the forest stands in order to decrease risk of the invasion and further expansion of the
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invader. It means also the need of transformation of pure Scots pine stands into mixed stands as
previously suggested Jagodzinski et al. (2015). In population Z 3, the presence of the oak in the
second forest-floor of the oldest Scots pine stands likely reduced survivorship of young individuals
and resulted in lower density. To our surprise, clonality doesn’t seem to be an underlying factor of
black cherry invasiveness, but may efficiently support a seedling/sapling bank, which is considered
to be a crucial factor in species’ invasive strategy.

Significant FSGS in species with the SI system, which includes the black cherry, may
negatively affect future population persistence and performance because the Allele effect may
negatively affect mean fitness and thus lower the probability of invader establishment (Willi 2005).
Our quantification of FSGS in this study was based on neutral genetic markers, and studies show
that these may not follow the spatial structure of the S-RNase locus (Jankowska-Wroblewska et al.
2016; Jolivet et al. 2010). Hence, it seems that in invasive species with the SI system, including
the S-RNase locus into investigations would provide more comprehensive insight into the mech-
anism governing the spatial distribution of genetic information and thus directions of population
process relevant for invasive spread. Additionally, the strong FSGS reported here for the isolated
population R raises the interesting possibility of a partial breakdown of the SI system in P. serotina
in its invasive range. This would allow avoiding the negative consequences of spatial clustering of
relatives and could undoubtedly be a significant factor for species invasiveness. In fact, transitions
from self-incompatibility to self-compatibility were described in the congeneric Prunus cerasus L.,
where it was based on the accumulation of nonfunctional S-haplotypes (Hauck et al. 2006).

Finally, broader population studies of the temporal changes of FSGS are needed. These
should incorporate data on mating patterns and detailed information on SI diversity, seed- and
pollen-mediated gene flow rate and demography. This would allow deeper understanding of the
process of invasive spread of black cherry and its influencing factors. The role of isolated popu-
lations seems to be especially interesting — are they important for accelerating successful range
expansion (Lawson Handley et al. 2011), or are they just wasted chances?
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