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*  While long-lived, widespread tree species should be resistant to genetic impoverishment,
we detected high differentiation among populations and pronounced genetic structure within
populations of Quercus robur in Finland.

» These patterns seem indicative of population processes active at range margins, and of dis-
equilibrium following historic habitat change.

»  Preservation of remaining genetic variation is thus important in the conservation of Q. robur.

Abstract

Populations at species’ range margins are expected to show lower genetic diversity than popula-
tions at the core of the range. Yet, long-lived, widespread tree species are expected to be resistant
to genetic impoverishment, thus showing comparatively high genetic diversity within populations
and low differentiation among populations. Here, we study the distribution of genetic variation in
the pedunculate oak (Quercus robur L.) at its range margin in Finland at two hierarchical scales
using 15 microsatellite loci. At a regional scale, we compared variation within versus among
three oak populations. At a landscape scale, we examined genetic structuring within one of these
populations, growing on an island of ca 5 km?. As expected, we found the majority of genetic
variation in Q. robur to occur within populations. Nonetheless, differentiation among populations
was markedly high (Fsr=0.12) compared with values reported for populations of Q. robur closer
to the core of its range. At the landscape level, some spatial and temporal sub-structuring was
observed, likely explained by the history of land-use on the island. Overall, Q. robur fulfils the
expectation of the central-marginal hypothesis of high differentiation among marginal popula-
tions, but the notable population differentiation has most likely been influenced also by the long,
ongoing fragmentation of populations. Finnish oak populations may still be adjusting to the drastic
habitat changes of the past centuries. Preservation of genetic variation within the remaining stands
is thus an important factor in the conservation of Q. robur at its range margin.

Keywords microsatellites; genetic diversity; marginal populations; Finland

Addresses ! University of Helsinki, Department of Agricultural Sciences, Spatial Foodweb Ecol-
ogy Group, P.O. Box 27, FI-00014 University of Helsinki, Finland; 2Natural Resources Institute
Finland (Luke), Green technology, P.O. Box 18, FI-01301 Vantaa, Finland; 3Natural Resources


http://www.silvafennica.fi
http://dx.doi.org/10.14214/sf.1510
http://dx.doi.org/10.14214/sf.1510

Silva Fennica vol. 50 no. 2 article id 1510 - Pohjanmies et al. - Fragmentation-related patterns of genetic. ..

Institute Finland (Luke), Green technology, Haapastensyrjéntie 34, FI-12600 Laylidinen, Finland;
4University of Helsinki, Department of Agricultural Sciences, P.O. Box 27, FI-00014 University
of Helsinki, Finland; > Swedish University of Agricultural Sciences, Department of Ecology, P.O.
Box 7044, SE-750 07 Uppsala, Sweden; ® University of Jyviskyld, Department of Biological and
Environmental Sciences, P.O. Box 35, FI-40014 University of Jyvéskyla, Finland

E-mail tahti.t.pohjanmies@jyu.fi

Received 9 October 2015 Revised 29 December 2015 Accepted 30 December 2015

1 Introduction

Genetic variation is a prerequisite for the evolutionary adaptation of organisms and thereby an
important factor in the preservation of populations (Allendorf and Luikart 2007). Higher levels
of heterozygosity, a measure of genetic diversity, are typically associated with higher population
fitness (Reed and Frankham 2003). Furthermore, genetic variation within a population of one spe-
cies may influence the dynamics and diversity of associated species (Hersch-Green et al. 2011).
If the genetic variation within a basal species significantly affects associated species diversity, its
preservation becomes a factor in the conservation of all of those species (Wimp et al. 2004).

The amount of genetic variation within and among populations is shaped by population
genetic processes, such as selection, random drift, and gene flow. The nature of these processes
is determined by the life history traits of the species and the properties of the surrounding eco-
system. In small, isolated populations, genetic drift is strong and gene flow limited, which may
lead to pronounced genetic differentiation of populations and loss of genetic variation (Allendorf
and Luikart 2007). Populations at the margin of a species’ range are hypothesized to show lower
genetic diversity and increased genetic differentiation as compared with populations at the core
of the species’ range due to reduced gene flow and increased genetic drift and selection (Eckert et
al. 2008). Besides factors related to populations being located either at the core or margin of the
species’ distribution, population structuring is also affected by human land use. In fact, anthropo-
genic habitat fragmentation is currently one of the leading causes of biodiversity loss (Pimm and
Raven 2000). At range margins where populations are typically small and isolated, anthropogenic
habitat fragmentation can be expected to have particularly detrimental effects.

Oaks (Quercus L. spp.) may be considered foundation species in the temperate forests of the
northern hemisphere. Therefore, the ongoing decline in their abundance in the region has caused
concern for the preservation of associated species and ecosystem functions (Ellison et al. 2005;
Lindbladh and Foster 2010). As a group, oaks are characterized by high levels of genetic variation
both within and among species (Kremer and Petit 1993; Curtu et al. 2007), and higher genetic
variation within than among populations has been observed in several Quercus taxa (Kremer and
Petit 1993; Lind and Gailing 2013). High within-population genetic diversity and comparatively
low among-population variation are typical patterns for long-lived woody species with large geo-
graphic ranges, outcrossing breeding systems, and wind-mediated pollination (Hamrick et al. 1992).
As a consequence, these species may be relatively resilient to a loss of genetic variation even in
fragmented habitats (Hamrick 2004). However, isolation and reduction in sources of gene flow
may increase the level of inbreeding and the risk of future genetic bottlenecks also in fragmented
tree populations (Honnay and Jacquemyn 2007).

The pedunculate oak (Quercus robur L.) reaches its northern distribution limit in south-
western Finland. Here as elsewhere, it supports high levels of associated biodiversity (Southwood
1961), including several red-listed specialist species (Rassi et al. 2010; Hardwick et al. 2015). The
distinctiveness of the fauna associated with Q. robur in Finland is accentuated by its taxonomic
uniqueness, as Q. robur is the only oak species occurring naturally in Finland. Its current distribu-
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tion in Finland is a result of climatic and geological changes after the last glacial period (Ferris
et al. 1998) and, more recently, of human land and resource use. As a consequence, the present
populations are relatively small and strongly fragmented (Ollinmaa 1952; Vakkari et al. 2006).

In this study, we use microsatellite markers to measure genetic variation in Finnish Quercus
robur populations and examine the distribution of this variation at two hierarchical scales: 1) among
three populations (henceforth referred to as the regional level), and 2) within one stand (hence-
forth referred to as the landscape level). In doing so, we ask: 1) Are Finnish oak populations more
strongly differentiated than central European populations, as expected under the central-marginal
hypothesis? 2) Do spatial and temporal patterns at the landscape level reflect landscape history,
including past or present habitat fragmentation? To probe for such landscape-level effects, we
specifically ask: 2A) Does the relatedness among individual trees decrease with increasing dis-
tance? 2B) Do spatially isolated individuals show increased levels of inbreeding? 2C) Are adult
and juvenile cohorts among the population differentiated?

2 Materials and methods
2.1 Study populations

Three oak populations were chosen within south-western Finland: two on the mainland, in Inkoo
and Salo, respectively, and one on Wattkast, an island in Korppoo (Fig. 1). The population in
Inkoo is a scattered stand of some one hundred trees, covering an area of approximately 1000 m
x 200 m. The Salo population is a stand of nearly 300 trees growing in an area of approximately
600 m x 50 m. The population on Wattkast consists of about 1900 trees, as widely scattered across
the entire island of approximately 5 km?. In Wattkast and Salo, a random set of 194 and 35 trees,
respectively, were sampled for genotyping. In Inkoo, all trees with a diameter at breast height
(DBH) >5 cm (n=96) were sampled. In Inkoo and Salo, samples were collected in the autumn of
2004 and in Wattkast in September 2011.

0 500m o°

Fig. 1. A map of the populations of Quercus robur investigated at (A) the regional and (B) the landscape level. Within
the island of Wattkast (B), each individual oak tree is indicated with a small black dot (N=1900) and the trees sampled
for the genetic analysis (n=194) with large white dots.
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2.2 Genotyping

Genotyping was performed as described in Pohjanmies et al. (2015). In brief, sampled individuals
were genotyped using 15 nuclear microsatellite loci (Dow et al. 1995; Steinkellner et al. 1997;
Kampfer et al. 1998), amplified from DNA extracted from leaf samples using the E.Z.N.A. ™
extraction protocol (E.Z.N.A.™ SP Plant Mini Kit D5511-02; Omega Bio-Tek Inc., Norcross, GA,
USA). Fifteen pairs of primers were used to amplify the 15 microsatellite loci. The PCR amplifica-
tion reactions were performed in a volume of 13 pL. Four different multiplex reaction mixtures
were made using QIAGEN Multiplex PCR Kit. Forward primers were fluorescently labeled with
Beckman’s Wel IRED (Beckman Coulter Inc., Brea, CA, USA). Genotyping was carried out using
a CEQ 8000 genetic analyzer (Beckman Coulter Inc.); 1 pl of amplified DNA and 24 pl of DNA
Size Standard were loaded into 96-well plates. Allele visualization and scoring were performed
using the fragment analysis module CEQ 8000 software (Beckman Coulter Inc.).

2.3 Analysis of genetic differentiation among populations

We recorded the levels of genetic diversity within the focal populations as the number of alleles
detected (A), expected heterozygosity (H), and observed heterozygosity (H,), which were cal-
culated for each locus and each population using Arlequin v3.5.1.3 (Excoffier and Lischer 2010).
Measures of allelic richness can be highly dependent of sample size, especially when using
microsatellites (Leberg 2008). When the loci studied are highly polymorphic, fewer rare alleles
are detected in small samples, and the estimated allelic richness is biased downward. For this
reason, the estimates of allelic richness were corrected for unequal sample sizes by the rarefaction
method of Hurlbert (1971). Because the sample size was smallest in the Salo population (n=35),
the method was used to calculate estimates of the expected number of alleles at each locus in a
random sample of 35 individuals from the Wattkast and Inkoo populations.

We note that a partial analysis of genetic diversity using some of the current data (unrarefied
values for 5 loci) was presented by Pohjanmies et al. (2015), who examined whether low genetic
diversity within peripheral populations may reduce the impact of host genotype on associated
herbivore communities. For further details, we refer the reader to the respective study.

Genetic differentiation between the three populations was quantified with a standard analysis
of molecular variance (AMOVA; Excoffier et al. 1992) using Arlequin with default settings. The
significance of the fixation index (Fgr) was tested by a comparison of the observed value to those
generated by 10000 permutations of individual genotypes among the populations. Ten percent
missing data per locus was allowed.

Population differentiation was further examined with a population assignment analysis
implemented in STRUCTURE 2.3.4 (Pritchard et al. 2000). This method detects genetic clusters in
the data and determines the likely ancestry of each individual in these clusters as based on allele
frequencies. To improve the detection of distinct clusters within potentially closely-related popula-
tions, we applied two methods: the correlated allele frequency model (Falush et al. 2007), which
assumes that allele frequencies in different populations are correlated, and an admixture model,
allowing for mixed ancestry among individuals. A LOCPRIOR model (Hubisz et al. 2009), which
integrates informative data about sampling location (in this case the population of origin in the data
set) into the clustering process, was also applied. The analysis was repeated for values of K (i.e.
assumed number of clusters) ranging from 1 to 10 with a burn-in length of 10 000 and for 100 000
steps after the burn-in. The number of clusters (K) best fitting the data was determined based on
the AK method as described by Evanno et al. (2005).
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2.4 Analysis of the genetic structure of the Wattkast population

The location and size of all oak trees on the island of Wattkast have been mapped (for details,
see Gripenberg and Roslin 2005). Using these data, we examined the spatial and temporal distri-
bution of genetic variation within the population. The analyses targeted the three main questions
using the following approaches:

To resolve whether the relatedness among individual trees decreases with increasing distance,
or whether the population is admixed, we applied linear regressions of pairwise relatedness coef-
ficients among trees on geographic distances computed with SPAGeDi v.1.4 (Hardy and Vekemans
2002). As the measure of genetic relatedness, we used the kinship coefficient specified by J. Nason
(Loiselle et al. 1995). The significance of the regression was tested by comparing observed values
to those expected based on 10000 permutations of individual locations among all individuals. As a
complementary approach, we also computed average pairwise kinship coefficients for 10 distance
classes, with the maximal distance of each class defined so that the number of pairwise comparisons
within each distance class was approximately constant. The upper limits of the distance classes
ranged from 162 m to 2863 m, increasing by approximately 100—150 m for classes 1-8 and more
steeply for the last two classes. For comparison, acorns from Q. robur have been observed to be
commonly dispersed over distances of more than 500 m (Olrik et al. 2012). Observed averages
were again compared to permuted values.

To examine whether spatial isolation within the landscape causes observable differences in
the levels of inbreeding of individuals, we calculated correlation estimates between measures of
individual inbreeding and connectivity. Individual connectivity was described by a simple sum of
distances to all other oaks on the island, as well as with a connectivity metric adopted from Tack
etal. (2010). Here, tree-level connectivity increases with decreasing distance to neighboring trees
and with increasing neighbor size (for details, see Tack et al. 2010). Individual inbreeding was
described by uncorrected homozygosity and internal relatedness (IR). Uncorrected homozygosity
is simply the proportion of homozygous loci, whereas IR incorporates allele frequencies into
the measure. IR was calculated as described by Aparicio et al. (2006), and the allele frequencies
required for the calculation were calculated using GeEnepor 4.2 (Rousset 2008).

To test whether cohorts of juvenile and adult trees differ with respect to genetic diversity and
identity — potentially indicating temporal changes in dispersal conditions or selection between age
classes — we compared the levels of genetic variation (A, He, and H,) in juvenile and adult cohorts,
calculated correlations between tree size and the two measures of individual inbreeding (described
above), and estimated the differentiation between juvenile and adult trees with an AMOVA. The
partitioning of the trees into juveniles and adults was based on the size distribution of the trees to
create two sets of approximately equal size, with the limit set at a circumference of 15 cm at the
base of the trunk. This resulted in sample sizes of n=103 for the juvenile trees and n=91 for the
adult trees. The analysis was implemented in Arlequin, and the significance of the fixation index
was tested with 10000 permutations of individual genotypes among populations. All correlations
were calculated in R v.2.15.3 (R Core Team 2013).

3 Results
3.1 Genetic variation and differentiation among the three populations

The 15 microsatellite loci examined showed varying levels of polymorphism. The number of
different alleles detected ranged from 3 (at locus ssrQpZAG15 in Salo) to 20.88 (at locus ssrQr-
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Table 1. Genetic variation (number of alleles (Ass or A), expected heterozygosity (H,), and observed heterozygosity
(Ho)) at 15 microsatellite loci in the populations of Wattkast, Inkoo and Salo. For the Salo population, data is missing
for locus ssrQrZAG 108. For the Wattkast and Inkoo populations, Ass refers to the expected number of alleles after
rarefaction to a random sample of 35 individuals.

Wattkast Inkoo Salo

Locus Ass He H, Ass He H, A H. H,
sstQpZAG110! 8.53 0.71 0.50 13.18 0.66 0.66 11 0.70 0.79
ssrQpZAG15! 6.08 0.68 0.60 8.38 0.52 0.53 3 0.25 0.09
ssrQpZAG1/5! 7.38 0.72 0.57 10.44 0.88 0.95 11 0.88 0.85
sstQpZAG16! 11.64 0.78 0.72 15.56 0.91 0.89 13 0.86 1.00
ssTQpZAG36! 9.66 0.81 0.64 10.30 0.85 0.82 9 0.83 0.97
sstQpZAG9! 9.39 0.81 0.75 9.95 0.87 0.77 11 0.73 0.74
sstQpZAG104! 11.43 0.83 0.80 18.92 0.90 0.88 14 0.90 0.90
MSQ132 5.45 0.27 0.25 9.03 0.70 0.67 5 0.70 0.58
MSQ42 8.07 0.74 0.31 7.76 0.83 0.62 5 0.75 0.72
ssrQrZAG 1013 7.60 0.71 0.60 15.71 0.88 0.85 11 0.81 0.78
ssrQrZAG 1083 8.51 0.70 0.65 13.34 0.74 0.60 - - -

ssrQrZAG 113 13.34 0.88 0.75 20.88 0.91 0.88 15 0.90 0.91
ssrQrZAG 1123 8.29 0.70 0.68 16.09 0.91 0.97 11 0.84 0.91
sstQrZAG 73 11.16 0.85 0.80 15.73 0.90 0.90 10 0.86 0.91
ssrQrZAG 873 13.89 0.86 0.87 16.32 0.90 0.89 13 0.86 1.00
Mean 9.37 0.74 0.63 13.44 0.82 0.79 10.14 0.72 0.80
s.d. 2.50 0.15 0.17 4.00 0.12 0.14 3.55 0.26 0.24

I Reference: Steinkellner et al. 1997.
2 Reference: Dow et al. 1995.
3 Reference: Kampfer et al. 1998.

ZAG 11 in Inkoo after rarefaction; Table 1). Average allelic richness was highest within the Inkoo
population, while the Wattkast and Salo populations showed comparable levels of genetic diversity.
The average allelic richness varied between 9.37 in Wattkast and 13.44 in Inkoo, and the average
expected heterozygosity over all loci between 0.72 in Salo and 0.82 in Inkoo (Table 1).

Standard AMOVA showed that the majority of the variation occurred within popula-
tions (88.3%). Yet, significant genetic differentiation was found between populations (11.7%, or
Fsr=0.12, P<0.001).

The STRUCTURE analysis showed a clear distinction between the Wattkast population and the
other two populations when the number of clusters (K) was set at 2 (Fig. 2). This value of K=2 was
also identified as the optimal number of clusters by the AK method (Fig. 2). At K=3, two clusters
were identified within Wattkast, while Inkoo and Salo still appeared undifferentiated (Fig. 2). At
K =4, the analysis assigned most of the individual trees correctly into their original populations
but still identified two distinct groups within the Wattkast population (Fig. 2).

3.2 Genetic structure of the Wattkast population

Within the Wattkast population, the correlation between the genetic relatedness and geographic
distance among pairs of individuals was statistically significant (slope = —1.8E—05 £+ 9.3E—07,
P<0.001), indicating that trees that grow close to each other are genetically more similar. The same
pattern was suggested by the analysis performed over ten distance classes: as the upper limit of
the distance class increased, the average pairwise relatedness within the class decreased (Fig. 3).



Silva Fennica vol. 50 no. 2 article id 1510 -

Pohjanmies et al. - Fragmentation-related patterns of genetic...

-17200 1
-17600 - b o
-18000 - L

-18400 RO R

-400

MV

-200

B 1.00
0.80
0.60
0.40
0.20

0.00
Wattkast

1.00
0.80
0.60
0.40
0.20

0.00
Wattkast

1.00
0.80
0.60
0.40
0.20

0.00
Wattkast

Inkoo

Inkoo

Salo

Salo

T

Inkoo

T

Salo
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sampled are separated by black vertical lines.
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Average values of the pairwise kinship coefficients were significantly greater than expected in a
random population (P(obs > exp) < 0.05) in the first three distance classes (pairwise distances up
to 371 m) and significantly smaller (P(obs < exp) <0.05) in the last five classes (pairwise distances
625-2863 m).

Spatial connectivity had no detectable effect on either measure of individual inbreeding
(Fig. 4A-B and 4D-E), suggesting that the spatial arrangement of the landscape has not resulted
in increased levels of inbreeding among individuals.

Bigger trees were characterized by higher heterozygosity than smaller trees (Fig. 4C and 4F).
A comparison of the average allelic richness and heterozygosity between the juvenile and adult trees
also suggested some loss of genetic variation in the younger generation, although these patterns
were not statistically significant (Fig. 5). However, an analysis of molecular variance confirmed a
slight but statistically significant differentiation between the two age groups (Fst=0.004, P=0.02).

4 Discussion

In this study, we detected genetic differentiation within Finnish oaks at both regional and land-
scape scales. At the regional scale, we observed high variation within populations but also high
differentiation among populations, compatible with the expectations for a long-lived tree species
at its range margin. We also detected spatial and temporal differentiation within one population
analyzed at the landscape scale, indicative of landscape-scale drivers of population genetic structure.

4.1 Regional differentiation among oak populations

Among Finnish oak populations, the majority of genetic variation (88.3%) occurred within popu-
lations, agreeing with patterns found among other Quercus species (Kremer and Petit 1993; Lind
and Gailing 2013). However, the level of population differentiation we detected was statistically
significant, and the three populations appeared distinct in the STRUCTURE analysis. In particular,
Wattkast differed from the two mainland populations. Moreover, the level of genetic differentiation
detected (Fs7=0.12) is markedly high as compared to that observed in oak populations closer to
the core of their distribution. For comparison, using 14 microsatellite loci, Neophytou et al. (2010)
observed a notably lower Fst of 0.04 among three Q. robur populations located in Germany, Greece
and Bulgaria, respectively, i.e. across a geographic range much larger than the one covered by
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the present study. Fgr-values lower or only slightly higher than the one observed here have in fact
been recorded at the level of different species, e.g. Fsrof 0.10, 0.11, and 0.17 between Q. robur
and Q. petraea (Matt) Liebl., Q. pubescens Willd., and Q. frainetto Ten., respectively, in Romania
as based on six microsatellite loci (Curtu et al. 2007).

The patterns observed here for nuclear microsatellite loci seem largely consistent with those
previously reported for chloroplast DNA: differentiation among Q. robur populations in northern
Europe is on average higher than in central Europe (Petit et al. 2002b; Vakkari et al. 2006). Together
with these earlier findings, our results support the theory of higher genetic differentiation among
populations at species’ geographic range margins (Eckert et al. 2008). Consistent with this theory,
the amount of genetic variation within Finnish oak populations has also been found to be lower than
that of central populations (Vakkari et al. 2006; Pohjanmies et al. 2015). Congruous patterns have
also been reported for other tree species in Finland, e.g. European white elm (Vakkari et al. 2009).

Beyond geographic marginality, the comparatively high differentiation among Q. robur
populations in northern Europe may to some extent be attributable to the absence of Q. petraea
and consequent interspecific gene flow as well as to the extensive fragmentation of oak forests
in the region (Petit et al. 2002b; Vakkari et al. 2006; Gugerli et al. 2007). Due to their biology,
phylogeography, and large range, Quercus species may be relatively resistant to fragmentation.
For example, (Petit et al. 2002a) detected no significant effect of fragmentation on the chloroplast
DNA diversity of four different Quercus species in France. Similarly, Gerber et al. (2014) found
outside gene flow to be high even in geographically isolated stands of Q. robur and Q. petraea
in Europe. However, Ortego et al. (2015) found high differentiation (pairwise Fgr values of up
to 0.27) among populations of Q. segoviensis Liebm. at its southern range margin in Nicaragua,
and identified geographic isolation of the populations as the main factor explaining the observed
genetic structure. As suggested by Ortego et al. (2015), it is possible that the effects of habitat
fragmentation are accentuated in oak populations at the range margin of the species. In Scandina-
via, Quercus species have declined in abundance considerably over the last 4000 years and, with
the expansion of forestry and agriculture, the decline has been particularly rapid since the 18th
century (Lindbladh and Foster 2010). The location of the remaining populations at the margin of
the species’ range may magnify the effects of habitat fragmentation and loss of gene flow, resulting
in the erosion of genetic diversity in Finnish oak populations (Vakkari et al. 2006).

4.2 Landscape-level differentiation within an oak population

We observed some spatial and temporal differentiation within the oak population on Wattkast. While
the spatial isolation of individual trees had no detectable effect on individual-level inbreeding, the
genetic relatedness among pairs of individuals showed a clearly decreasing pattern with increasing
geographic distance. This isolation by distance identifies the population as not being completely
admixed, which was also suggested by the results of the population assignment analysis. Genetic
relatedness among individuals became lower than expected with distances of ca 600 m or more,
corresponding to the scale of commonly observed acorn dispersal distances of 500 m (Olrik et
al. 2012). Over short distances, genetic relatedness among individuals was actually higher than
expected, and this effect was somewhat stronger than anticipated on the basis of the dispersal and
colonization ability of Q. robur (Ducousso et al. 1993). For example, Streiff et al. (1998) found no
detectable spatial genetic structure in a natural Q. robur stand in France. However, patterns similar
to the ones uncovered by us were found by Cottrell et al. (2003) in oak woods in Britain, and these
authors suggested that they may be the result of historic human-influenced colonization dynamics
(e.g. clustered planting of related seed material), the traces of which may still be observable today
due to the slow generation turnover in oaks.
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In addition to the spatial structuring, we observed differentiation between the adult and
juvenile trees and a loss of genetic variation in the juvenile cohort. The differentiation between
the two cohorts and the higher genetic richness in adults may indicate that selection favors certain
genotypes and/or heterozygotes, the relative frequency of which is thereby increased among adult
trees. However, the loss of genetic variation in the juvenile trees as compared with adult trees may
also be explained by reduced gene flow, either from outside the population (as due to regional-level
fragmentation), or within the population (as due to uneven dispersal from adult trees). There is a
large cluster of trees on the north-western side of the small bay cutting into the island (cf. Fig. 1B),
and the activity of seed-dispersing animals may also be centered on this part of the island. Move-
ment patterns of seed-dispersing animals have been found to be an important factor structuring
the distribution of Q. robur (Frost and Rydin 2000). Indeed, Kettunen (2010) used a transplant
experiment to demonstrate that oaks are absent from several inherently suitable habitats within
the island of Wattkast, and inferred that the distribution of oaks within the landscape is limited by
the trees’ dispersal ability. The movements of seed-dispersing animals, as combined with human-
induced disturbances in both past and present time, may thus be the main factors behind the current
distribution of oaks within the island (Kettunen 2010).

Overall, it is likely that the sub-structuring of the Wattkast oak population is due to dispersal
patterns combined with influences of human activities on the island. The landscape of Wattkast
has experienced intensifying human disturbance since the 15th century up to recent decades, when
human land use on the island has again become less extensive (Zilliacus 2001). In the past, the
island has been inhabited by more than 80 people with agriculture as their main source of livelihood.
When the human population was growing, arable land on the island was scarce and even small and
scattered patches of land suitable for farming were cleared. The remaining woods and reeds were
grazed by livestock, and small-scale forestry was also practiced. Today, the population of Wattkast
is less than 30 people, and agriculture and forestry are considerably less extensive (Zilliacus 2001).
In conclusion, the observed population sub-structuring of the Wattkast oak population should not
be assumed to reflect long-term processes in equilibrium, but also disequilibrium following past
and present landscape dynamics. The current oak population may still be recovering from the
previously more extensive land use.

Taken together, the results of this study indicate that Q. robur fulfils the expectation of
the central-marginal hypothesis of high differentiation among marginal populations. Thus, even
long-lived, outcrossing tree species may be vulnerable to genetic impoverishment at their range
margins — and given their long generation time, Finnish oak populations may still be adjusting
to the drastic habitat changes of the past centuries. Preservation of genetic variation within the
remaining stands is thus an important factor in the conservation of Q. robur at its northern range
margin — and the many taxa associated with it (Pohjanmies et al. 2015).
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