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Abstract Including population genetic aspects into the selec-
tion of planting material within the framework of conservation
and restoration measures is of vital importance for the long-
term persistence of populations. This is especially true facing
climate change since genetic diversity and the spread of po-
tentially beneficial alleles are important for the adaptability of
populations. Therefore, knowledge about genetic variability
within and between populations is a critical aspect when de-
termining provenance regions. In our study, we investigated
the population genetic structure of a widespread, insect-
pollinated and mainly bird-dispersed shrub species,
Frangula alnus, on the basis of seven microsatellites and
two chloroplast DNA markers throughout Germany. The
aim was to determine the spatial, temporal and ecological
processes genetically structuring populations to critically re-
vise existing provenance regions. Therefore, we conducted
analyses on different spatial scales (country-wide, regional
and local) using the two different marker sets in addition to
environmental variables. We detected distinct patterns on all

spatial scales which indicated influences of historic recoloni-
zation processes, regional differences of seed dispersal across
the landscape, as well as small-scale spatial genetic structures
attributable to local dispersal processes. No relation of under-
lying environmental gradients such as temperature or precip-
itation and genetic patterns was found. We conclude that dif-
ferent aspects of historic and more recent gene flow shape
population genetic structures and that a thorough analysis on
a variety of spatial, temporal and environmental scales is nec-
essary to appropriately select planting material for conserva-
tion and restoration measures. Correspondingly, management
advice regarding provenance delineations will be provided.

Keywords Seed zone .Microsatellite . cpDNA .Genetic
diversity . Differentiation .Management

Introduction

In species conservation and restoration projects, considering
the role of genetic aspects for the success and sustainability of
planting measures becomes more and more an issue
(Mijangos et al. 2015). This is because populations’ adapta-
tion to local environmental conditions on the one hand and
populations’ adaptability to changes in conditions on the other
hand play a vital role for species’ persistence (McKay et al.
2005). Hence, gene flow is considered an important evolution-
ary force (Ellstrand 2014). It is a fundamental source of ge-
netic diversity and enables the spread of beneficial alleles
which can reinforce selective processes, both important as-
pects in the face of environmental change (Booy et al. 2000;
Pautasso 2009; Pluess et al. 2016). Thus, if gene flow is too
much restricted, populations can lack adaptive potential and
can additionally suffer from inbreeding depressions (Booy
et al. 2000; Hufford et al. 2012). On the other hand, however,
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gene flow can also be detrimental by counteracting local ad-
aptation if selective forces are weak (Ellstrand 2014).

In restoration projects, it is often stated to use planting
material of local origin in order to prevent maladaptation
(McKay et al. 2005; De Kort et al. 2014; Beatty et al. 2015;
Mijangos et al. 2015). Consequently, specifying so-called
provenance regions (also seed zones or seed transfer zones)
is a common strategy to select suitable planting material (Ying
and Yanchuk 2006; Malaval et al. 2010; Barsch et al. 2012;
Azpilicueta et al. 2013). These regions/zones are defined as
distinct geographic areas of a limited range. Since patterns of
gene flow and the strength and direction of gene-environment
interactions are species-specific, it is, however, not clear
which geographic and environmental scale defines Blocality^
considering both aspects of local adaptation and adaptability.
Hence, knowing patterns of gene flow is an important prereq-
uisite and stresses the need for genetic research.

One possibility to delineate provenance regions is to use eco-
regions that differ regarding physiographic conditions (i.e. cli-
mate, soil, landforms, distribution of vegetation types, etc.).
This approach is certainly the easiest to attain since information
on related variables is usually readily available. Consequently, it
is often employed (Miller et al. 2011; Potter and Hargrove 2012;
Bower et al. 2014), and delineated provenance regions are even
ruled by national legislation (Ying and Yanchuk 2006; Beatty
et al. 2015). In Germany, for example, six provenance regions
were determined on the basis of broad natural landscape units for
55 woody species as the basis for the selection of planting mate-
rial in the open landscape (Barsch et al. 2012). It is under debate
whether such a general delineation of provenance regions on the
basis of merely environmental characteristics is a suitable ap-
proach. For example, genetic diversity and genetic differentiation
patterns are strongly dependent on the life history of species (e.g.
regarding dispersal traits) despite potential selective forces acting
on local populations (Hamrick and Godt 1996; Austerlitz et al.
2000; Kremer et al. 2012). Hence, ignoring species-specific pop-
ulation genetic processes might compromise the effort to con-
serve the adaptive potential if provenance delineation based on
environmental characteristics does not match population genetic
patterns.

Population genetic patterns might also be shaped by histor-
ic processes. The re-immigration history of woody species
into Central Europe frequently played a substantial role in
interpreting patterns of genetic diversity and differentiation
(Petit et al. 2003; Heuertz et al. 2004; Cornille et al. 2013;
Havrdová et al. 2015). It is commonly accepted that at least for
thermophile woody species, three main refugial areas contrib-
uted to postglacial re-immigration into Central Europe, the
Iberian and/or Balkan refugia being effective refugia for
northern biota whereas the Appenine refugia often being iso-
lated (Taberlet et al. 1998). While a delimitation of refugial
lineages sometimes has per se been taken for seed zone delin-
eation (Bucci et al. 2007), particularly at so-called leading

edges of recolonization, e.g. in German ranges, admixture
between different refugial lineages, e.g. Iberian and Balkan
lineages, may happen thereby explaining comparably high
levels of genetic diversity (Hampe and Petit 2005; Havrdová
et al. 2015). The latter may additionally serve as an important
criterion for selecting restoration material. Hence, conserva-
tion and restoration measures focussing on the long-term pop-
ulation fitness should consider population genetic patterns and
underlying processes potentially influencing genetic diversity
(Hufford et al. 2012).

We aim at contributing to the understanding of processes
shaping the multiscale population genetic structure of non-
wind-pollinated and non-wind-dispersed woody species for
an effective delineation of provenance regions to safeguard
the sustainability of restoration measures. For a thorough anal-
ysis of recent gene flow, we investigated the population ge-
netic structure of the insect-pollinated and bird-dispersed
shrub species Frangula alnus using a set of seven microsatel-
lite loci. To unravel patterns of population genetic diversity
and differentiation and potential processes behind these pat-
terns, we examined genetic data on three different scales, i.e.
the country-wide scale, the regional (between populations
within larger geographic regions) and the local scale (within
populations). Additionally, we analysed populations for two
chloroplast DNA (cpDNA) markers to identify potential un-
derlying structures of postglacial recolonization. From a range
wide study at chloroplast marker loci, it was concluded that
F. alnus recolonized from a Balkan refugial area into Central
Europe (Hampe et al. 2003). While those authors used a PCR-
RFLP approach, we aimed at higher resolution analyses by
sequencing the marker loci. Working on the sample design of
our nuclear SSR study, our cpDNA data cover a much larger
and thus more representative German distribution range of the
species as compared to Hampe et al. (2003). A remaining
question is whether there is a genetic imprint revealing/
supporting a single refugial origin (the Balkan) without any
admixture of other large refugial gene pools. If so, it could be
helpful in creating a more accurate picture of past and recent
gene flow as mediated by seed dispersal as one important
mechanism behind the spatiotemporal distribution of genetic
variation and diversity. Finally, we investigated relations of
genetic data with geographic and environmental variables to
check if environmental patterns match the genetic ones and
thus if the delineation of provenance regions by environmen-
tal characteristics is justified.

Materials and methods

Studied species

F. alnus (alder buckthorn) is an insect-pollinated and mainly
bird-dispersed deciduous shrub species that is naturally
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distributed throughout most parts of Europe as well as
Western Asia (Hampe et al. 2003). In Central Europe,
F. alnus is widespread and occurs as an early to mid-
successional species on moist and often acid soils in open
woods, forest edges and bogs with certain demands for light
hence vanishing in dense forest stands (Hampe et al. 2003;
Zecchin et al. 2016). In Germany, though usually no used in
forestry, F. alnus is often planted in the open landscape, e.g. in
hedgerows or along roadsides.

Sampling and genetic analysis of microsatellites
and cpDNA

Overall, 30 populations throughout Germany were sampled
(Fig. 1) in the years 2014 and 2015 with a total of 10 to 26
randomly selected individuals per population (Table 1).
Populations were more or less evenly distributed across
Germany to cover all six suggested provenance regions
(Fig. 1). Distances between populations ranged from 51 to
730 km with an average of 85 km. Individuals of populations
were sampled within a radius of about 15 km following a
specific scheme with the closest individuals located at a me-
dian minimum distance of about 18 m and the farthest at a
median maximum distance of about 8.3 km. The individual
geographic position was recorded using GPS. Several leaves
of each individual were collected, stored in paper bags and
oven dried for 24 h at 36 °C prior to DNA extraction.

From about 30 mg of dried leaf tissue, DNAwas extracted
according to the protocol of Eimert et al. (2003). All individ-
uals were genotyped at seven microsatellite loci identified by
Rigueiro et al. (2009), i.e. FaA110, FaA3, FaA7, FaB106,
FaB4, FaB8 and FaB9. PCR was conducted individually for
each locus differing in concentrations of PCR chemicals and
PCR cycles (for details, see Supplementary material, S1).
PCR products were separated by a capillary electrophoresis
using a Beckmann Coulter CEQ 8800 (Beckmann, Fullerton,
CA, USA) and sizes scored using GenomeLab GeXP
(Beckmann, Fullerton, CA, USA). Allele binning was con-
ducted using the R package MsatAllele (Alberto 2009).

Furthermore, two chloropast DNA regions were sequenced
using two primer pairs, i.e. trnD/trnTand trnS/trnG (Hampe et al.
2003), for a subsample of each population (Table 1 and
Supplementary material Table S2). The Sanger sequencing was
conducted byMacrogen Europe (Amsterdam, The Netherlands),
and the sequences were aligned using the Muscle algorithm as
implemented in CodonCode 6.0.2 (CodonCode Corporation,
www.codoncode.com) and corrected manually.

Data analysis

Microsatellite analysis

Microsatellite data were examined regarding the occur-
rence of null alleles using Micro-Checker 2.2.3 (van

Fig. 1 Overview of the 30
sampled populations in Germany.
The six differently indicated areas
display provenance regions as
suggested by the Federal Ministry
of the Environment
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Oosterhout et al. 2004). Loci were checked for linkage
disequilibrium by Genepop 4.5.1 (Rousset 2008), and
significant deviations from Hardy-Weinberg equilibrium
(HWE) per locus were tested using FStat 1.2 (Goudet
1995). We computed the observed heterozygosity using
GenAlEx 6.5 (Peakall and Smouse 2006). Allelic rich-
ness Rt with rarefaction on the basis of 10 individuals,
Nei’s unbiased gene diversity D and the inbreeding co-
efficient FIS were calculated with FStat 1.2 (Goudet
1995). Significance of the latter was tested by a permu-
tation procedure with 4200 randomizations.

Population structure based on microsatellite data

To investigate population genetic structures on the
country-wide scale, a principal coordinate analysis (PCoA)
was performed using population pairwise Nei’s unbiased ge-
netic distances as implemented in GenAlEx 6.5 (Peakall and
Smouse 2006). Furthermore, a Bayesian cluster analysis using
the program STRUCTURE 2.3.2 (Pritchard et al. 2000) was
computed to examine substructuring of populations.
Assuming an admixture model and correlated allele frequen-
cies of populations, microsatellite data were tested for 1 to 31

Table 1 Overview of sampled populations and statistics of gene diversity on the basis of investigated microsatellites and the two cpDNA markers

No. Population Longitude (° E) Latitude (° N) Microsatellites cpDNA

N Rt HO D FIS HEW N No. of
haplotypes

hk

1 Bordes 10.048 54.186 25 5.92 0.771 0.790 0.024 ns 8 3 0.607

2 HH 10.159 53.729 11 5.59 0.722 0.743 0.029 ns 6 2 0.333

3 SteSe 11.890 53.833 19 6.43 0.748 0.786 0.049 ns 8 3 0.714

4 Clopp 7.930 52.755 20 5.65 0.693 0.735 0.057 ns 8 1 0

5 Lenz 11.548 53.127 22 5.75 0.669 0.691 0.032 ns 9 2 0.389

6 Uedem 6.278 51.679 25 6.34 0.754 0.777 0.029 ns 8 2 0.25

7 Senne 8.615 51.851 15 6.46 0.771 0.798 0.033 ns 7 1 0

8 Gifho 10.617 52.472 25 6.16 0.714 0.750 0.047 ns 8 2 0.25

9 Teschd 13.178 52.866 12 6.26 0.702 0.762 0.077 ns 8 2 0.25

10 Reiha 9.533 51.500 20 6.24 0.743 0.769 0.034 ns 7 3 0.524

11 WEif 6.254 50.503 15 6.17 0.695 0.738 0.058 ns 8 2 0.429

12 Eitorf 7.462 50.717 10 6.14 0.743 0.768 0.032 ns 6 2 0.333

13 LDK 8.261 50.798 15 5.92 0.705 0.762 0.075 ns 8 2 0.25

14 Hersf 9.631 50.894 18 5.91 0.736 0.780 0.057 ns 8 3 0.679

15 Kranif 11.193 50.867 25 6.03 0.706 0.762 0.073 ns 8 2 0.571

16 Chemn 12.988 51.031 20 6.77 0.758 0.805 0.058 ns 8 2 0.536

17 Ostrau 14.201 50.916 13 5.59 0.582 0.694 0.16 ns 8 2 0.429

18 Goerl 14.650 51.328 23 7.17 0.789 0.788 −0.001 ns 9 2 0.222

19 Thalf 6.974 49.795 26 5.39 0.654 0.704 0.071 ns 9 2 0.222

20 Diebu 8.933 49.946 25 6.59 0.616 0.756 0.184 Def* 8 1 0

21 Schwef 10.528 50.001 12 6.33 0.724 0.783 0.076 ns 7 1 0

22 Pegn 11.560 49.800 20 5.67 0.686 0.693 0.01 ns 8 1 0

23 Bienw 8.135 49.010 26 6.25 0.692 0.729 0.051 ns 9 2 0.222

24 Kuenz 9.687 49.208 25 5.69 0.640 0.738 0.133 ns 8 2 0.25

25 Roth 11.126 49.187 25 6.57 0.697 0.785 0.112 ns 8 3 0.75

26 Pfaff 11.527 48.659 15 6.15 0.813 0.767 −0.06 ns 7 2 0.286

27 Deggen 12.916 48.862 20 6.99 0.727 0.784 0.073 ns 8 2 0.536

28 Freibu 7.798 48.103 19 5.72 0.674 0.758 0.111 ns 8 2 0.25

29 Memm 10.159 48.052 10 7.00 0.700 0.795 0.12 ns 7 4 0.857

30 Teisd 12.899 47.873 20 6.52 0.664 0.744 0.107 ns 9 2 0.389

N number of individuals included in analyses, Rt allelic richness after rarefaction (with N = 10), HO observed heterozygosity, D gene diversity, FIS
inbreeding coefficient, HEW test on Hardy-Weinberg equilibrium, ns non-significant deviations, Def. heterozygosity deficit, hk haplotype diversity

*Significant deviations at p ≤ 0.05
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clusters. Computations were run with 50,000 burn-ins follow-
ed by 100,000 Monte Carlo Markov chain replications, and
runs were repeated eight times. To identify the most probable
number of clusters, the approach of Evanno et al. (2005) was
employed, and afterwards, CLUMPP was used for cluster
alignment across the eight runs for the most likely number
of clusters (Jakobsson and Rosenberg 2007). Since there
was strong evidence for an underlying gradient related to lat-
itude and longitude regarding the structuring of populations
from the STRUCTURE analysis, we tested the relation of
cluster affiliation of populations against UTM coordinates
using a generalized linear model (GLM) and used a
quasibinomial error term for proportion data due to the occur-
rence of overdispersion.

We tested for isolation by distance (IBD) to examine dif-
ferentiation patterns in a more regional context. Therefore, a
Mantel test correlating genetic distance and log-transformed
geographic distance was performed. For this, we initially cal-
culated overall and population pairwise Dest values. Dest is
suggested to be a better measure for population differentiation
than other parameters such asGSTwhen gene diversity is high
(Jost 2008).Dest as well as theMantel test itself was calculated
using R 3.1.1 (R Development Core Team 2014) and the
packages Demetics (Gerlach et al. 2010) and Vegan
(Oksanen et al. 2015), respectively. Significance of Pearson
correlation was tested by 10,000 permutations. To investigate
IBD in more detail, a Mantel test was first run for the whole
data set. In a second step, data were divided according to the
substructuring found by the STRUCTURE analysis. For this,
populations were assigned to the respective cluster with clus-
ter affiliations >0.65. Populations with intermediate values not
assignable to a specific cluster were treated as an own group,
and accordingly, Mantel tests were employed separately.

Spatial autocorrelation analysis was conducted to test for
small-scale spatial genetic structure (SGS) focussing on cor-
relations within populations on a local scale using the software
SPAGeDI 1.4 (Hardy and Vekemans 2002). For this, distance
classes were predefined emphasizing the SGS of individuals
within populations, and relationship of individuals was repre-
sented by Moran’s index across loci (Hardy and Vekemans
1999). Significance of autocorrelation was tested by 10,000
permutations.

Analysis of cpDNA data

The cpDNA sequences obtained by the use of the two primer
pairs were combined, and assignment of multilocus haplo-
types was performed using GenAlEx 6.5 (Peakall and
Smouse 2006). Haplotype diversity was computed with the
program CONTRIB (Petit et al. 1998). We tested the data set
for the presence of a phylogeographic structure by comparing
GST and NST values according to Pons and Petit (1996) and
Burban et al . (1999) using PermutCpSSR 1.2.1.

Differentiation between populations was calculated using the
allelic frequencies only (GST) and also considering similarities
between the haplotypes (NST). A permutation procedure with
1000 permutations was conducted to test whether NST was
significantly higher than GST. To visualize phylogenetic rela-
tions between the observed haplotypes, we calculated a re-
duced median network of haplotypes using Network 5
(fluxus-engineering.com, Bandelt et al. 1995). Geographic
distribution of haplotypes within populations was plotted
using ArcMap 10.2 (ESRI, Kranzberg, Germany). To test
whether diversity parameters of chloroplast und nuclear
markers are similarly distributed, we correlated haplotype
diversity with gene diversity D of the microsatellites.

Further analyses including spatial and environmental
variables

To investigate if population genetic patterns coincide with
environmental conditions and spatial structures, we used sev-
eral variables related to temperature and precipitation, geo-
graphic coordinates as well as altitude (Supplementary mate-
rial, Table S3). Climate variables were extracted from raster
data sets with a resolution of 1 km × 1 km (source: CDC,
Deutscher Wetterdienst, 2015), and altitude was obtained
from a digital elevation model with a resolution of
200 m × 200 m (source: GeoBasis-DE/BKG 2015). These
data were extracted on the basis of the populations (i.e. values
for individuals subsequently averaged across each population)
using ArcGIS (ESRI, Kranzberg, Germany).

To identify the correlation structure of all environmental
variables, a principal component analysis (PCA) was conduct-
ed with standardized data. It revealed strong multicolinearity
of the variables (Supplementary material, Fig. S4).
Temperature means displayed the strongest correlations with
PCA axis 1, whereas axis 2 was best represented by the
continentality index (negatively correlated) as well as latitude
(positively correlated). The third axis was best represented by
longitude. Hence, we used coordinates, the annual tempera-
ture mean, the continentality index, the annual precipitation
mean as well as altitude as potential descriptors for further
analyses.

These variables were used as explanatory factors in a re-
dundancy analysis (RDA) performed on the microsatellite al-
lele frequencies of populations as the multivariate response
data, which were Hellinger transformed before (Legendre
and Gallagher 2001). Additionally to the environmental vari-
ables, we included the cpDNA haplotypes (with occurrence
frequencies >1) as explanatory variables into the RDA analy-
sis to infer relations of ancient and more recent gene flow. The
full RDA model including the reduced data set of environ-
mental variables as well as four cpDNA haplotypes still
displayed strong correlation structures as indicated by large
variance inflation factors. Hence, a stepwise forward selection
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procedure was performed as implemented in function
ordi2step of the Vegan package with 1000 permutation steps
to identify those variables actually contributing to the model
as indicated by an increased adjusted R2 (Borcard et al. 2011).
Finally, we carried out variation partitioning using partial
RDAs to clarify the importance of the different variable
groups, i.e. geographic coordinates, environment and
haplotypes.

To examine if there is any spatial pattern regarding the
distribution of genetic diversity, we tested the gene diversity
and the allelic richness in a linear model against the
geocoordinates and the altitude.

Results

Microsatellite performance and total variation

Examinations of microsatellite data revealed the occurrence of
null alleles at four different loci within three populations, i.e.
two populations with one locus each and one population with
two loci. Overall, no significant deviations from HWE were
detectable for the seven loci. Significant linkage disequilibri-
um was detected for one loci combination, i.e. FaB4 and
FaB8, but a detailed inspection revealed linkage for only 4
of the 30 populations regarding this marker combination.
Since the occurrence of null alleles as well as linkage disequi-
librium occurred only in a few cases and were not consistently
distributed across all populations, all loci were kept for further
analyses.

Basic investigations of population genetic diversity mea-
sures (Table 1) revealed an allelic richness ranging between
5.4 and 7.2 and a mean of 6.2. Expected heterozygosity was
similar across populations averaging 0.758 (SD ± 0.031) with
highest as well as lowest values occurring in the eastern pop-
ulations. Only one population (no. 20 from Dieburg) showed
significant deviations from HWE which might be attributable
to the abovementioned occurrence of null alleles at two loci in
this population.

Genetic structure of populations

The first three PCoA axes explained a substantial amount of
genetic variation with almost 60% (axis 1 32.3%, axis 2
15.8% and axis 3 10.7%) and revealed a structuring of popu-
lations with axis 1 basically matching a longitudinal gradient
from east to west (Fig. 2). Populations of the more westerly
areas as well as the Central German populations were stronger
clumped along the first two axes compared to the populations
of the eastern areas.

Results of the STRUCTURE analysis resembled those of
the PCoA yielding two clusters by the delta K approach
(Fig. 3a, Supplementary material Figs. S5 and S6). Though

the most westerly and the most easterly populations were al-
most completely assigned to the corresponding clusters, pop-
ulations of Central Germany showed a gradual pattern of ad-
mixture exhibiting parts of both clusters. Similarly, these pop-
ulations that displayed posterior probabilities of population
affiliation of 0.35 to 0.65 were located in the middle of the
PCoA plot separating populations with main affiliation to
cluster 1 from those primarily assigned to cluster 2.
Consequently, the GLM gave evidence for a highly significant
effect of the longitude (t = −9.921, p < 0.001) as well as a
weak effect of the latitude (t = 2.598, p < 0.05) on cluster
affiliation, and the model explained almost 87% of the devi-
ance (Fig. 3b).

Testing isolation by distance on the whole data set indicat-
ed a highly significant positive, though moderate correlation
of genetic and geographic distance (Mantel r = 0.3732,
p < 0.001, Fig. 4) with an overall Dest (across loci) of 0.307
(p < 0.001) for all populations.When the data set was split into
the eastern and western cluster as well as the intermediate
populations, however, only the Mantel test for the western
cluster still yielded significant correlations (Mantel
r = 0.292, p < 0.01, Fig. 4), whereas the other two Mantel
tests for the eastern and the intermediate populations were
insignificant (therefore models not shown). Noticeably, allelic
differentiation was higher for the eastern cluster populations
(overall Dest = 0.3224, p < 0.001) compared to the western
(overall Dest = 0.201, p < 0.001) as well as the intermediate
populations (overall Dest = 0.232, p < 0.001; Fig. 4).

Assessment of the spatial genetic structure, i.e. spatial au-
tocorrelation analysis, gave significant indication of genetic
relatedness of individuals across the whole distance classes
tested (Fig. 5). Especially within short distances of up to less
100 m, Moran’s I values were high, i.e. around 0.2, then

Fig. 2 Results of the principal coordinate analysis based on Nei’s
unbiased genetic distance for the first two PCoA axes (eigenvalues: axis
1 = 0.343, axis 2 = 0.168). Displayed are sample scores. Colours indicate
assignment of populations to the two STRUCTURE clusters (west (blue),
east (red))
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dropped to values below 0.15 for up to 1000m. This level was
largely kept for distances up to 10 km, and beyond that dis-
tance, values decreased further to low levels of about 0.05 to
0. The last two distance classes showed negative values of
Moran’s I, indicating genetic dissimilarity of pairs of individ-
uals across these distances.

cpDNA and phylogeographic structure

Overall, nine different haplotypes on the basis of eight muta-
tions (six substitutions and two indels) could be detected.
There was one highly abundant haplotype occurring in all

but one population; two haplotypes were predominantely dis-
tributed either more in the west or in the east; one haplotype
was located rather centrally, and there were also five single-
tons (Table 1, Fig. 6a and Table S7). The reduced median
network revealed a linear relationship between the haplotypes
with single mutation steps (Fig. 6b). NST values
(0.238 ± 0.0709 se) were not found to be higher than the
accordingGST values (0.274 ± 0.0611 se) at the p = 0.05 level,
pointing to a lack of phylogeographic structure. The correla-
tion analyses of the haplotype diversity and the gene diversity
resulted in a significant moderate correlation (rs = 0.381,
p = 0.037).

Fig. 3 Results of STRUCTURE analysis. a Relative proportions of
alleles for each population assigned to the two STRUCTURE clusters.
b Relation of relative affiliation of populations to STRUCTURE cluster 1

with longitude. Lines display GLM predictions with different values for
the latitude. Explained deviance of the GLM with longitude and latitude
as explanatory variables is given

Fig. 4 Pairwise genetic
differentiation Dest in relation to
the geographic distance of
populations for the eastern
(triangles) and the western (dots)
cluster as indicated by the
STRUCTURE analysis, as well as
the intermediate populations
(quadrates). The dashed, grey
line displays the significant
mantel correlation for the western
cluster and the dashed, black line
the significant correlation when
all populations are included. Note
the log scale of the x-axis. For
Mantel statistics, see text
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Further analyses including spatial and environmental
variables

The stepwise selection procedure of the RDA yielded a final
model in which only 3 of the formerly 10 variables were
retained, i.e. longitude, altitude and one of the haplotypes
(no. 6, Fig. 6). Constrained axes explained about 26% of the
total variation of the genetic data. Longitude as well as the
haplotype was strongly correlated with axis 1, while altitude
reflected axis 2 (Fig. 7). Variation partitioning resulted in dis-
crete explanatory values as indicated by an adjusted R2 of

about 26.3% for longitude, 17.9% for altitude and 9.3% for
the haplotype. Comparing results of the full RDA model with
a PCA performed on the Hellinger-transformed allele frequen-
cies revealed a similar pattern for the sample and species
scores in the diagram indicating that explanatory variables
represent variation in the genetic data adequately (data not
shown).

Testing the spatial structure of gene diversity and
allelic richness by relating these variables to the
geocoordinates and altitude yielded no significant rela-
tions (data not shown).

Fig. 6 Frangula alnus
chloroplast haplotypes. a
Distribution of haplotypes across
all sampled populations. b
Reduced median network of
cpDNA haplotypes; lines
represent single mutational steps;
size of the circles indicate
frequency of occurrence

Fig. 5 Spatial autocorrelogram
of Moran’s index as an average
across all populations for 15
distance interval classes.
Displayed are mean values per
distance class ± SE. Dashed lines
indicate the 95% confidence
interval for random pairs of
individuals based on 10,000
permutations. Note the log scale
of the x-axis
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Discussion

Our analyses of neutral genetic variation of the shrub species
F. alnus revealed spatial genetic structures at the country-
wide, the regional as well as the local scale that should be
considered with regards to the delineation of provenance re-
gions as a baseline for the selection of planting material.

Considering the country-wide scale, the results revealed a
clear spatial genetic pattern with an underlying east-west gra-
dient of populations. The assignment of populations to an
eastern and a western cluster showed a quite continuous tran-
sition. Though populations showed overall significant differ-
entiation, levels were moderate indicating existing gene flow
between populations. Results of the Mantel test with weak
implications for isolation by distance underline this conclu-
sion and fit into the dispersal patterns for F. alnus. While the
species is insect-pollinated, which might be considered a
strong limitation to gene flow in comparison to wind-
pollinated species, seed dispersal by birds can counteract such
a restriction (Nathan et al. 2008; Lavabre et al. 2016).
Especially long-distance dispersal events during bird migra-
tion in autumn when fruits of F. alnus ripen might be respon-
sible for these gradual patterns of differentiation (Hampe et al.
2003). The observed pattern is stronger associated to the lon-
gitude than to the latitude which is in line with the expectation
that the connection of populations is stronger from north to
south in contrast to the east-west direction during bird migra-
tion (Daneck et al. 2016).

This aspect might also play a role when considering the
historic patterns inferred from the chloroplast data. Hampe
et al. (2003) already investigated haplotypic diversity of

F. alnus on the basis of three cpDNA markers and PCR-
RFLPs. For Central Europe, they found only one lineage from
the Balkan harbouring the Central European haplotypes and
hence concluded that F. alnus must have spread from this
origin. Similarly to the results of Hampe et al. (2003) who
used the same marker loci at less resolutive power though,
no phylogeographic signal could be detected in our Central
European sample. Together with the branching characteristics
of the reduced median network where all haplotypes derived
through mutation steps from the most abundant haplotype, we
conclude that the study area has been colonized by one single
eastern refugial lineage as described by Hampe et al. (2003).
An admixture of any so far Bhidden^ refugial gene pools can
thus be excluded. Furthermore, the distribution of the two
haplotypes 6 and 8 restricted to either the eastern or the west-
ern parts of Germany, respectively, fit into the southward
Bsecondary haplotype migration^ hypothesis of Hampe et al.
(2003), which assumes a historical secondary southward ex-
pansion of northern haplotypes due to bird migration.
Likewise reflected by the microsatellite genetic patterns,
the cp genetic eastern and western patterns remained large-
ly separated. Highlighted by the RDA analysis (where the
eastern haplotype no. 6 strongly correlated with the first
RDA axis along with the longitude), the cpDNA genetic
patterns are thus strengthening the findings of also recent
gene flow following a north-south direction more distinct
than an east-west direction. A first synthesis of the results
from both marker types suggests bird dispersal as a main
driver for distribution of gene and haplotypic diversity in
past and more recent periods. The latter is indicated by the
results of our correlation analysis. Consequently, a combi-
nation of different marker types appears useful to illumi-
nate the potentially different processes behind population
genetic patterns (López-Vinyallonga et al. 2015; Daneck
et al. 2016) which, in turn, is an important prerequisite to
effectively define provenance regions.

On a regional scale, differences between the populations of
the western and the eastern parts regarding population differ-
entiation and structure were identifiable. When populations
were divided by their affiliation to STRUCTURE clusters,
only for the western cluster the IBD pattern maintained sig-
nificance indicating gene flow restricted by dispersal distance.
Moreover, differentiation was remarkably larger for the east-
ern cluster populations than for the western cluster popula-
tions. These regional differences might actually be attributable
to the connectivity of the landscape. The (south-) eastern parts
of Germany are characterized by overall longer, more massive
mountain ranges (Swabian Alb, Frankish Alb, Ore
Mountains) that might act as barriers to gene flow (Ashley
et al. 2015). Although the south-western to mid-western parts
of Germany also feature several low mountain ranges, these
mountains are smaller in extent on one hand, and additionally,
the rivers Rhine and Weser cut through this region from south

Fig. 7 RDA biplot of populations’ allele frequencies and explanatory
variables (total variation 0.2636, eigenvalues: RDA axis 1 = 0.0434,
RDA axis 2 = 0.0147)
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to north. These rivers probably act as a dispersal route (poten-
tially also due to a water-mediated secondary dispersal,
Hampe 2004) and thereby enhancing gene flow. Thus, the
specific spatial context of the landscape should be considered
as a potential driving force for shaping regional patterns.

As a third scale, the local aspect should be included with
regards to understanding population genetic patterns and the
processes behind. Inbreeding coefficients for populations of
F. alnus were overall rather small, and except one population,
none showed significant deviations from Hardy-Weinberg
equilibrium. This is in line with our expectations considering
the life history strategies of F. alnus, i.e. insect pollination and
ornithochory (Hamrick and Godt 1996), and the fact that
F. alnus is widely distributed. However, SGS analysis at the
local scale revealed noticeable significant spatial autocorrela-
tion between individuals within populations with two plateaus
of autocorrelation values, the first for 10 to 100 m and the
second for 1 to 10 km. This, too, can be assumed to being a
consequence of both the insect-dispersed pollen as well as the
bird-dispersed seeds. Though long-distance dispersal, espe-
cially for the latter, might occur from time to time, the fairly
high values of autocorrelation across distances of up to 10 km
plausibly cover activity ranges of the dispersing bird species
during sedentary periods (Vega Rivera et al. 1999). Separate
comparison of SGS structures for the western and the eastern
populations did not reveal significant differences (data not
shown).We conclude that dispersal processes at the local scale
work similarly within the populations and differences between
populations are a specific feature of the prevailing local con-
ditions. Importantly, these patterns of genetic similarity should
be addressed for the selection of planting material, and exten-
sive sampling of individuals especially across short distances
of only 10 to a few hundred meters should be avoided.

A final point relates to the aspect of local selection as an
important source for the delineation of provenance regions.
Though we investigated neutral genetic variation in our study,
we nevertheless tested relations to environmental conditions
since correlations occur from time to time pointing to selective
forces which, for example, can act when neutral markers
Bhitchhike^ with loci under selection (Michalski and Durka
2012). However, no significant contributions of environmen-
tal variables typically known to act as selecting forces, i.e.
temperature and precipitation, were found. This could have
two reasons. First, our microsatellite markers might actually
behave completely neutral which appears to be very likely.
However, another possibility could be the secondary
importance of selective forces with respect to temperature
and precipitation on the studied spatial scale. Recently, De
Kort et al. (2015) investigated the population genomic signa-
ture of environmental selection of F. alnus on different spatial
scales (i.e. a regional, an intermediate and a continental) on the
basis of SNPs. They identified substantial numbers of SNPs
under selection with the highest amount being associated with

the continental scale (reaching from France to Sweden and
Italy). Moreover, tests of relations of these adaptive SNPs with
environmental factors revealed the strongest association at the
continental scale (with temperature). At the regional (popula-
tions within Belgium) and intermediate scale (French and
Belgian populations), longitude explained more of the genetic
variation of these loci under selection than merely environ-
mental factors, similarly to our RDA results. In this context,
they stressed the important role of regional population genetic
processes to preserve the adaptive potential of regional genetic
variation in the face of, e.g. climate change. Consequently,
finding no pattern of adaptive variation in our data does not
indicate the absence of selective forces, and local adaptation
should be addressed before provenance regions are specified.
However, classical population genetic approaches are also a
vital part of these processes since gene flow and local selec-
tion are both part of the adaptive nature of populations leading
to the population genetic and landscape genomic patterns.

Conclusion

Summarizing, we could demonstrate that for the insect-
pollinated and bird-dispersed species F. alnus, distinct popu-
lation genetic patterns do exist that should be considered for
the delineation of provenance regions. The strongest pattern
was an east-west gradient. With regards to the already sug-
gested delineations (Fig. 1), especially the largest zone in the
northern lowland areas of Germany should be divided into
two zones with respect to this pattern.

Secondly, the low differentiation for populations in the
west compared to those in the east suggests from a population
genetic point of view that planting material within the western
cluster can be collected from more distantly located popula-
tions and beyond the borders of the so far delineated prove-
nance regions. Generally, for the selection of the most appro-
priate planting material, a trade-off has to be made between
too local and too foreign to prevent the risk of inbreeding on
the one hand and maladaptation and outbreeding depression
on the other (McKay et al. 2005). Regarding the western clus-
ter, gene flow acts across distances beyond the delimitation of
populations. Since inter-population mixing for the preserva-
tion of genetic diversity and of adaptation potential have been
emphasized (De Kort et al. 2015; Reiker et al. 2015; Zavodna
et al. 2015), selecting non-local plantingmaterial appears to be
a justified measure for reforestation projects in these areas.
Moreover, results from the autocorrelation analysis suggest
that sampling across longer distances is beneficial regarding
potential inbreeding aspects and distances beyond 1 km
should be considered as a compromise between costs and
benefits.

Though adaptive variation is proclaimed to being the most
important aspect for the selection of suitable planting material
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(McKay et al. 2005), preserving genetic diversity as the source
for the adaptability of species is an important task for the
management of their populations. As our study demonstrated,
classical population genetic approaches can assist in under-
standing patterns of genetic diversity and especially the pro-
cesses behind as one significant part for managing species for
conservation and restoration projects.
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