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Natural regeneration is being increasingly encouraged as the preferred regeneration method for sustain-
able forestry. However, the benefits of natural regeneration may be jeopardized in small and low-density
forest stands, as genetic drift and inbreeding may reduce genetic diversity of the standing population.
Particularly in light-demanding tree species, which are characterized by a narrow recruitment window,
conservation of genetic diversity during natural regeneration can be challenging in small forest stands. In
this study, we investigated intergenerational transmission of genetic diversity in stands of the light-
demanding tree species pedunculate oak (Quercus robur L.) by comparing genetic diversity between
adults and recently established seedling cohorts (1–3 years old) in four small stands of Q. robur
(<4.5 ha) that varied in tree density. We also quantified mating patterns and gene flow to investigate their
role in shaping the genetic diversity and spatial genetic structure of the studied populations. Because of
the closed canopy cover of these stands, only recently established seedlings could be studied. When all
stands were pooled, the adult cohort showed a slightly but significantly higher allelic richness (Ar) than
the established seedling cohort (Ar = 11.5 and 10.7, respectively). However, at the stand level, no signif-
icant negative effects on the genetic diversity of the offspring generation were found in the small and
low-density forest stands. As expected, acorn dispersal resulting in seedling recruitment was restricted
to a few meters from mother trees, resulting in significant small-scale spatial genetic structure in the off-
spring. Pollen inflow from outside the study plots varied strongly among stands, but all plots showed a
significant correlated paternity (rp), with higher estimates of rp found in forest stands with lower effective
population sizes (Ne) and lower tree densities. Given that high rp-levels may increase the probability of
biparental inbreeding and may incur fitness costs in subsequent offspring generations, we recommend
that in small scale forestry of Q. robur, Ne and tree densities should be sufficiently large to maintain
genetic diversity over the long term. Allowing gene flow between tree populations through reducing
the spatial isolation among forest stands, can help to increase Ne in small-scale silvicultural systems of
pedunculate oak, but also in other species characterized by narrow recruitment windows.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

One of the major challenges in sustainable forestry is the con-
servation of biological diversity, including forest genetic resources
(Lindenmayer et al., 1999). By providing the raw material for evo-
lution, genetic diversity is generally considered important for
adaptation of forest trees to changing environmental conditions,
and thus for the maintenance of vital and productive forests (Jump
et al., 2009). In the face of ongoing climate change, maintaining
high genetic diversity within forest stands will increase the likeli-
hood that well adapted genotypes are present and increase the
long-term viability of tree populations (Hamrick, 2004).

The sessile nature, longevity and high fecundity of tree species
imply that the most important changes in the amount and distri-
bution of genetic diversity within forest tree populations can be
expected during the regeneration phase. This is because in natu-
rally regenerated forest stands mortality rates of seedlings can be
very high (Kaufmann et al., 1998; Vranckx et al., 2012), particularly
in light-demanding tree species (Götmark, 2007). Although light-
demanding seedlings can tolerate low amounts of daylight during
the first years of regeneration through surviving on the nutrients in
orts in
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their seeds and storage organs, insufficient canopy opening may
rapidly result in massive dying off of seedlings within 3–5 years
after germination (Lemée, 1987; Vera et al., 2006). As a result of
this typically small window of recruitment opportunity, selection
against less adapted genotypes can be expected and therefore nat-
ural regeneration is generally considered as an effective way to
maintain genetic diversity and the evolutionary potential of trees
(Finkeldey and Ziehe, 2004). Compared to artificial regeneration,
natural regeneration also has considerable economic and
ecological advantages (Bürgi and Schuler, 2003; Shono et al.,
2007; Chazdon, 2008), and the risk for outbreeding depression,
which may occur through the transfer of seeds or seedlings from
different provenance regions, will be avoided in natural regener-
ated forest stands (Kramer and Havens, 2009).

Natural regeneration is, however, not necessarily a safeguard
against losses of genetic diversity between generations because
the exact way alleles are transferred from the parental generation
to progeny also depends on silvicultural practices (Robledo-
Arnuncio et al., 2004; Piotti et al., 2011), and stand characteristics
such as stand size and tree density (Young et al., 1996; Eckert et al.,
2010). For example, under classic shelterwood systems, trees are
progressively removed to increase light availability and to promote
natural regeneration. However, at the same time the effective pop-
ulation size of the parental population is reduced, which may
decrease the genetic diversity of recruits on the short term through
random genetic drift (Finkeldey and Ziehe, 2004). Moreover, re-
moval of adult trees and decreasing tree density may directly affect
pollen and seed dispersal patterns. This can, in turn, increase the
relatedness in the next generations and result in mating among
closely related individuals and increased inbreeding in later gener-
ations (El-Kassaby et al., 2003; Sork et al., 2002). The negative ef-
fects of reduced stand density on mating patterns were recently
supported by a meta-analysis conducted by Breed et al. (2013b).
In this study, animal-pollinated woody plants showed less diverse
pollen pools and increased selfing rates in forest stands with low
tree density. These interactions between tree density and mating
patterns are not only found in animal pollinated woody plants,
even in wind-pollinated tree species, which are generally charac-
terized by extensive gene flow, positive relationships were found
between the density of a forest stand and the estimated number
of pollen donors contributing to the offspring (Sork et al., 2002;
Fernández-Manjarrés and Sork, 2005). Besides changes in within-
stand genetic variation and mating system, altered patterns of seed
and pollen dispersal associated with changes in stand characteris-
tics can also be expected to affect the spatial genetic structure of
tree populations (Vekemans and Hardy, 2004). While it has been
suggested that distant pollen movement can be facilitated by
opening up the landscape (Bacles et al., 2005), small and low-den-
sity forest stands, which are generally characterized by large inter-
tree distances, are likely to be particularly susceptible to generate a
significant spatial genetic structure as a result of limited gene dis-
persal over greater distances (Hamrick et al., 1993; Sagnard et al.,
2011).

Although natural regeneration is likely the best strategy to
maintain genetic diversity and evolutionary potential in most for-
est tree species with large effective population sizes, it is, question-
able whether this is also the best strategy for low-density, small
and isolated stands of light-demanding tree species. These forest
stands are, however, common in many parts of Western Europe
mainly as a consequence of past deforestation and fragmented for-
est ownership (Hyttinen, 2001; Wiersum et al., 2005). Moreover,
the transformation of monocultures into mixed and uneven-aged
forest stands has reduced the number and size of monospecific for-
est patches (Maes et al., 2011). Studies that have extensively doc-
umented intergenerational transmission of tree genetic diversity in
small-scale forest management systems (<5 ha) are relatively rare,
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and most of them focused on conifers (Rajora et al., 2000; Kettle
et al., 2007; Parker et al., 2001) or tropical tree species
(Dayanandan et al., 1999; Farwig et al. 2008). Furthermore, the
few studies that have been conducted on broadleaved temperate
tree species focused on elucidating patterns of pollen flow through
genotyping seed material that was directly obtained from mother
trees (Piotti et al., 2011; Butcher et al., 2005; Hoebee et al.,
2007). Whereas such studies can identify pollen flow patterns that
result in fruit set, they do not provide any information regarding
the genetic composition of the progeny that effectively recruited
into the population.

To better understand the processes that shape genetic diversity
across generations in small and low-density forest stands, we ana-
lyzed mating system and gene flow patterns in the common tem-
perate broadleaved tree species pedunculate oak (Quercus robur L.)
and compared genetic diversity between adult trees and a natu-
rally established seedling cohort. Analyses were conducted in four
closed canopy forest stands that were located in a matrix of agri-
cultural land or stands of other tree species such as Pinus sylvestris
L., P. nigra Arnold and Fagus sylvatica L. Since Q. robur is a light-
demanding tree species characterized by a narrow recruitment
window, only a recently established seedling cohort (1–3-year
old) was found in the studied forest stands. This is not uncommon
in European oak forests (Vera et al., 2006), and may influence the
intergenerational transfer of genetic diversity. More specifically,
we aimed (1) to assess to what extent genetic diversity is main-
tained between adults and recent naturally established seedling
cohorts in small and low-density oak stands; (2) to quantify mat-
ing patterns and within-stand gene flow; and (3) to compare
fine-scale spatial genetic structure (SGS) between the two studied
life-history stages.
2. Materials and methods

2.1. Study species

Pedunculate oak (Quercus robur L.) is an indigenous tree species
belonging to the white oak section (subgenus Lepidobalanus). Its
natural range extends from southern Scandinavia to the south of
Europe, and eastwards to the Ural Mountains (Bary-Lenger and
Nebout, 1993). Q. robur occurs on a wide range of soils and is a key-
stone species of many European forest ecosystems. It is a monoe-
cious and wind-pollinated species that has a highly outcrossing
breeding system (selfing rate: 2–5%; Steinhoff, 1993). The distinct
male and female flowers are borne on staminate and pistillate
inflorescences, respectively, which are carried on the same
branches (Ducousso et al., 1993). Fertilization occurs 8–10 weeks
after pollination, followed by rapid development of the acorns.
These are dispersed during autumn by gravity, small rodents or
birds, most notably the European Jay (Garrulus glandarius L.). A
large number of acorns is produced during mast years, which
may lead to a strongly increased propagule pressure and induce
regeneration waves (Bary-Lenger and Nebout, 1993). Acorns can
germinate and establish under closed canopy cover. Seedlings,
however, require high irradiance and thus strong forest canopy
opening (30–40% crown projection area) for further growth and
development (Vera et al., 2006; Bary-Lenger and Nebout, 1993).
2.2. Study populations and sampling

In the summer of 2010 and the spring of 2012 we sampled four
monospecific pedunculate oak stands in the central and eastern
part of Flanders (northern Belgium), with population sizes ranging
from 32 to 682 adult individuals, and densities ranging from 65
trees/ha to 195 trees/ha (Table 1). The investigated forest stands
ation from the adult generation to naturally established seedling cohorts in
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Table 1
Characteristics of the 4 studied pedunculated oak stands.

Site Latitude (N) Longitude (E) Area (ha) Population size Density (trees/ha) Plot size (ha) Isolation (m)

Keffers 50�5002600 4�4200000 3.04 328 118 0.49 400
Vos 50�4902700 4�3903300 3.97 682 195 0.24 175
Hornebos 50�4300200 5�1503400 4.5 242 65 0.78 1000
Chartreuse 50�5404500 4�4602500 0.43 32 74 0.43 135
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were part of old forests, which occur on the historical De Ferraris
topographical maps (1772–1779) and which all have a past history
of forest fragmentation and tree planting (Tack et al., 1993).
Research permits for all forests were provided by the Agency for
Nature and Forests of the Flemish government. Stands were either
located in a matrix of agricultural land or other tree species. They
also differed in their degree of isolation from the nearest Q. robur
stand (Table 1). Because the study sites were characterized by a
closed canopy cover, only recently established seedling cohorts
(1–3-year old) were present in these closed canopy forests. The
seedlings sampled most likely originated from acorns produced
during the years 2009 and 2011, which were mast years for oak
in Flanders (Sioen and Roskams, 2012).

In the center of each stand, one large circular plot containing 35
adult trees was established, ranging in size from 0.24–0.78 ha. All
35 trees in this plot were sampled in the summer of 2010. In the
smallest population (Chartreuse) all adult trees (32) present were
sampled. At the same time, a subplot of 20 � 20 m was established
in the center of each large circular plot. We followed this subplot
approach in order to (i) increase the probability of assigning off-
spring to parents in the parentage analysis, and (ii) conduct analy-
ses of fine-scale spatial genetic structure and mating system. 100
arbitrarily selected seedlings were sampled in these subplots
(Fig. 1). Since these 100 seedlings might be half- or even full-sibs
and thus pseudo-replicates, they were not used in further analyses
comparing genetic diversity between the adult generation and
progeny. To allow for comparisons of genetic diversity (Ar, Ho, He,
Fis, rare alleles) between generations, an additional 35 recently
established Q. robur seedlings were arbitrarily selected and sam-
pled in spring 2012, across the large circular plots where also the
adult generation was sampled. To avoid that this seedling cohort
contained various offspring from the same mother tree (half-sibs),
a parentage analysis (CERVUS 3.0.3; Marshall et al., 1998) was con-
ducted to assign these 35 seedlings to their mother trees. Seedlings
that shared the same mother tree were not used in further analyses
Fig. 1. Sampling design of the study, with A: Adults and S: Seedlings.
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comparing genetic diversity between generations. Per stand we
could obtain 25 seedlings, which all originated from different
mother trees. All individuals were positioned up to the nearest
cm using a FieldMap digital forest mapping system (IFER Ltd.,
Czech Republic), connected with the Laser Rangefinder ForestPro
and electronic compass MapStar Module II (both Laser Technology
Inc., Colorado, USA). The sampled leaf tissue from adult trees and
seedlings was dried on silica gel for DNA extraction.
2.3. Genetic markers

Dried leaf samples were ground up for DNA extraction using the
Nucleospin Plant II kit (Macherey–Nagel). Ten nuclear microsatel-
lite markers were selected for genetic analysis, six isolated from
Quercus petraea: QpZAG9, QpZAG108, QpZAG46, QpZAG15,
QpZAG110, QpZAG104 (Steinkellner et al., 1997), three from Quer-
cus macrocarpa: MSQ4, MSQ13, MSQ16 (Dow et al., 1995; Dow and
Ashley, 1996) and one from Q. robur: QrZAG112 (Kampfer et al.,
1998). Polymerase chain reaction amplifications were performed
using the Multiplex PCR Master Mix kit (QIAGEN) and amplifica-
tions were carried out in a thermocycler programmed for the fol-
lowing PCR profiles: 15 min 94 �C, followed by 30 cycles of 45 s
94 �C, 45 s 50 �C and 45 s 72 �C and a final elongation step of
10 min at 72 �C. Analysis of the amplified fragments was done with
an SCE9610 genetic analyzer and GenoSpectrum™ software
(version 3.0.0 beta) for the samples collected in 2010 and an ABI
3500 and GeneMapper sotware (version 4.1.) for the 2012 samples.
Reference samples with known genotypes were used to align the
genotypic data of 2012 to the dataset of 2010. The software
Micro-Checker (Van Oosterhout et al., 2004) was used to detect
genotyping errors resulting from the presence of null alleles,
stutter peaks and large allele drop-out. A high null allele frequency
(0.12–0.18) was consistently observed in one locus (MSQ16),
which was removed from further analyses. The other microsatel-
lites showed low null allele frequencies (<0.05) in most
populations. One microsatellite QpZAG108 showed stutter bands
in a number of samples, leading to higher null allele frequencies
[Supplementary Table 1].
2.4. Data analysis

We calculated the following measures of genetic diversity: alle-
lic richness (Ar), observed heterozygosity (Ho), Nei’s unbiased ex-
pected heterozygosity (He) and Wright’s inbreeding coefficient
(Fis), using GenAlEx (version 6.2; Peakall and Smouse, 2006). We
used the rarefaction approach described by El Mousadik and Petit
(1996) to account for differences in sample size when calculating
allelic richness. The percentage of rare alleles per study plot and
per generation was calculated by dividing the number of low-
frequency (<0.05) alleles by the total number of alleles present in
a stand. Differences in levels of Ar, Ho, He and Fis between adults
and progeny were analyzed using the ‘comparison among groups
of samples test’ in Fstat (version 2.9.3.2; Goudet, 1995) computing
1000 permutations. Estimates of effective population size (Ne)
based on linkage disequilibrium were calculated for each forest
stand using LDNe (Waples and Do, 2008). Only alleles with a
ation from the adult generation to naturally established seedling cohorts in
. (2013), http://dx.doi.org/10.1016/j.foreco.2013.10.027
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minimum frequency of 0.05 (Pcrit) were included in the analysis,
since lower frequencies strongly increase the upward bias of Ne

when sample size is smaller than 50 (Waples and Do, 2008). Con-
fidence intervals (95%) for Ne were obtained by jackknifing across
loci. The presence of a substantial bias of Ne as a consequence of
sample sizes much smaller than Ne was tested by sub-sampling
the available sample at a range of sizes up to the full sample size
(5–35 samples). Ne estimates were then plotted against these sam-
ple sizes [Supplementary Figure 1]. Our sample size was appropri-
ate to obtain correct estimates of Ne using LDNe, as the estimates of
Ne stabilized with increasing sample size (England et al., 2006).
Other assumptions of the linkage disequilibrium method (closed
populations, discrete generations) might not apply to many natural
populations. However, we tried to obtain closed populations by
locating stands in a matrix of agricultural land or other tree spe-
cies. Furthermore Ne was calculated solely for the seedlings col-
lected in the spring of 2012.

We performed a parentage analysis using CERVUS 3.0.3.
(Marshall et al., 1998) based on multilocus genotypes of 100 seed-
lings, sampled in each 20 � 20 m subplot, and 35 adults per study
plot (Fig. 1). This subplot was established in the center of the adult
plot to increase the probability of identifying both parent trees.
High exclusion probabilities for parental assignment (single parent
exclusion P 0.998 and parent pair exclusion P 0.999) were ob-
tained with the used set of SSR markers. The most likely parents
and parent pairs were detected using LOD (log-likelihood ratio)
scores (Marshall et al., 1998). LOD-score thresholds for parental
assignment were determined by simulating 10,000 offspring. For
all analyses, the proportion of mistyped loci and the error rate
for likelihood calculations were set to 0.01 (default settings). The
number of candidate parents used in the simulation studies ranged
between 32 and 682 (all mature trees in the studied forest stands)
with 100–5.1% of the candidate parents sampled. Parent-offspring
matches were made based on the CERVUS 80% threshold level, and
a simple exclusion analysis based on the multilocus genotypes of
seedlings and adults (Nakanishi et al., 2005). Because previous
studies on oak species indicated that acorn dispersal was more lim-
ited than pollen movement (Dow and Ashley, 1996; Chybicki and
Burczyk, 2010), the following assumptions were made. First, off-
spring were assigned to both a mother and a father tree if the
LOD-score threshold for parental pairs was exceeded by the paren-
tal pair with the highest LOD-score. In that case, the parent nearest
to the seedling was designated as the mother tree. Second, when
only the single parent LOD-score threshold was exceeded, the adult
tree with the highest LOD was assumed to be the seed parent. After
parental assignment, seed dispersal distances were calculated as
the distance between established seedlings and their mother trees
(distance from the stem), whereas pollen flow (inter-parent) dis-
tances could only be obtained if both parents were assigned to a
seedling.

We investigated the effect of gene flow on the extent of fine-
scale spatial genetic structure (SGS), since limited gene flow is con-
sidered the most important factor in the establishment of SGS
(Vekemans and Hardy, 2004; Jacquemyn et al., 2006). We assessed
the extent of SGS in each population using Nason’s kinship coeffi-
cient Fij (Loiselle et al., 1995). Kinship coefficients were calculated
both within (adult pairs and seedling pairs) and between genera-
tions (adult–seedling pairs). The multilocus genotypes of 100 seed-
lings, sampled in each 20 � 20 m subplot, and 35 adults per study
plot were used in these analyses. The extent of SGS between the
adult and seedling cohort may provide insights into the role that
gene dispersal from the parent generation plays in shaping spatial
genetic patterns within forest stands (Hamrick et al., 1993).
Distance intervals were chosen according to recommendations of
Hardy and Vekemans (2003), implying that at least 100 pairs of
individuals were included within each distance class, and that 50
Please cite this article in press as: Vranckx, G., et al. Transmission of genetic vari
small forest stands of pedunculate oak (Quercus robur L.). Forest Ecol. Manage
percent of the individuals were represented at least once in a pair-
wise comparison in each distance interval. Consequently, distance
classes differed among generations and studied stands. To visualize
SGS, kinship coefficients were plotted against distance classes to
generate spatial genetic autocorrelograms. To verify the signifi-
cance of kinship coefficients and Sp statistics, confidence intervals
(95%) were obtained by permuting individuals among locations
10,000 times. All analyses were conducted using SPAGeDi 1.3
(Hardy and Vekemans, 2002).

We conducted a mating system analysis using the program
MLTR version 3.2 (Ritland, 2002). MLTR was applied to a subset
of progeny that was categorically assigned to their mother tree
in the parentage analysis. Only families composed of more than 5
seedlings per mother tree were included in the analyses. Maxi-
mum-likelihood estimates of single-locus (ts) and multilocus (tm)
outcrossing rates were based on mixed mating models, and the
difference between both parameters (tm � ts) was calculated to
determine biparental inbreeding. Correlated paternity (rp) was
estimated as the probability that two seedlings drawn at random
from the same mother tree shared the same father tree. The
effective number of pollen donors per mother tree was estimated
as 1/rp. Confidence intervals (95%) for the estimated mating system
parameters were obtained by re-sampling families within popula-
tions using 1000 bootstraps. These 95% confidence intervals were
used to evaluate whether estimates were significantly different
from each other and from zero.

In addition, the TWOGENER method was used to characterize
correlated mating (Smouse et al., 2001), as implemented in the
software package POLDISP 1.0c (Robledo-Arnuncio et al., 2007).
Contrary to the MLTR method, the TWOGENER method account
for spatial information and does not consider selfing and immigra-
tion (Gauzere et al., 2013). The molecular differentiation between
global pollen pools UFT, and a corresponding variance estimator
s2
U, was calculated for the above TWOGENER-dataset following

Smouse et al. (2001). The parameters 2UFT and 1/2UFT were used
as an alternative estimator for correlated paternity and the effec-
tive number of pollen donors. Confidence intervals (95%) around
UFT were based on the estimated standard deviation (sU).
3. Results

The number of alleles per locus ranged from 11 (QpZAG9) to 36
(QpZAG104), with an average of 21.6 (±2.7) (means are followed by
SE in parentheses). The pooled sample of naturally established
seedlings across all 4 forest stands showed a significantly higher
(exact test, 1000 permutations, p = 0.043) allelic richness (Ar) in
adult trees 11.5 (±0.2) than in the seedling cohort 10.7 (±0.2)
(Table 2). Higher levels of Ar in adults compared with seedlings
were also detected for each population separately. However, the
standard errors of Ar were large, suggesting that the observed
trends were rather weak. Contrary to the mean Ar across popula-
tions, observed heterozygosity (Ho), expected heterozygosity (He)
and inbreeding coefficient (Fis) did not differ between the adult
and progeny cohort (exact test, 1000 permutations, p > 0.05)
(Table 2). The percentage of rare alleles clearly decreased (28.4%)
across generations in the forest stand Vos, which exhibited the
highest proportion of rare alleles in the adult generation (Fig. 2).
In all stands, the effective population size (20–60 individuals)
was smaller than the census population size (32–682 individuals)
and decreased with declining census population size (Table 2).
3.1. Parentage analysis

Of the 100 seedlings sampled in each 20 � 20 m subplot, a high
percentage (81–93%) could be unambiguously assigned to a
ation from the adult generation to naturally established seedling cohorts in
. (2013), http://dx.doi.org/10.1016/j.foreco.2013.10.027
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Table 2
Estimates of effective population size (± confidence intervals) and genetic diversity measures (± standard errors) for adults and progeny from four Q. robur populations based on 9
microsatellite loci.

Ne Ar
* Ho He Fis

(Pcrit = 0.05) Adult Progeny Adult Progeny Adult Progeny Adult Progeny

Keffers 45.7 (29.3–86.1) 12.0 (1.2) 11.1 (1.1) 0.772 (.036) 0.813 (.036) 0.825 (.028) 0.824 (.023) 0.066 (.029) 0.014 (.051)
Vos 58.4 (32.3–168.2) 11.8 (1.2) 10.4 (1.1) 0.819 (.041) 0.786 (.034) 0.823 (.033) 0.822 (.027) 0.006 (.033) 0.045 (.028)
Hornebos 34.6 (23.8–55.6) 11.1 (1.2) 10.8 (1.1) 0.793 (.039) 0.813 (.047) 0.818 (.028) 0.817 (.031) 0.031 (.039) 0.005 (.034)
Chartreuse 22.6 (14.6–38.0) 11.1 (1.4) 10.4 (1.4) 0.808 (.025) 0.805 (.051) 0.818 (.033) 0.805 (.031) 0.013 (.020) -0.001 (.042)
Mean** 40.3 11.5 (0.2) a 10.7 (0.2) b 0.798 (.010) a 0.804 (.010) a 0.821 (.002) a 0.817 (.004) a 0.029 (.013) a 0.016 (.010) a

Ne, effective population size with Pcrit the minimum frequency for alleles to be included in the analysis; Ar, allelic richness; Ho, observed heterozygosity; He, expected
heterozygosity; Fis, inbreeding coefficient;
* Allelic richness based on a minimum sample size of 25 individuals.
** Means across populations followed by the same letter are not significantly different at the p < 0.05 level (1000 permutations, FSTAT).

Fig. 2. Percentage of rare alleles ± standard errors compared between adults and
seedlings present in the four studied forest stands.
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mother tree from within the study plot [Supplementary Figure 2].
In the stands Chartreuse, Keffers and Vos, 90% of the assigned seed-
lings were growing within a 10 m radius from the stem of their
mother tree [Supplementary Figure 3]. Seed dispersal distances
were small in these stands, with average values ranging from
4.2 m (±0.03) to 4.9 m (±0.03). Higher levels of seed dispersal were
found in Hornebos, where an average distance of 15.4 m (±1.2) was
observed, with 75% of the seedlings present within 20 m of their
mother. The number of seedlings assigned to a pollen donor dif-
fered between the sampled forest stands [Supplementary Figure
2]. Pollen flow from outside the study plot was extensive in the
stands Keffers and Vos, where 67% and 79% of the seedlings re-
sulted from pollination by pollen from trees outside the study plot
respectively. In Chartreuse and Hornebos, however, most seedlings
(68% and 60%) originated from fathers within the study plot.
3.2. Fine-scale spatial genetic structure (SGS)

No significant spatial genetic structure was observed for the
parent trees (results not shown), whereas seedlings and
seedling–adult pairs showed significant spatial genetic structure
[Supplementary Figure 4]. Kinship coefficients peaked outside the
95% confidence interval at the smallest distance intervals, followed
by a steep decline at greater distance classes (Fig. 3). In Chartreuse,
Keffers and Vos, between-generation SGS was detected up to a dis-
tance of 8–10 m (Fig. 3), resulting in significant Sp-statistics (95% CI
excludes zero) that varied between 0.016 and 0.019. Hornebos,
however, showed significant positive values of Fij that occurred
at larger distances (up to 14 m, Sp = 0.008). Negative Fij-estimates
were observed at 8 and 13 m in Vos and Keffers (Fig. 3), indicating
that a smaller number of alleles was shared between individuals
than expected by chance.
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3.3. Mating system analysis

High levels of multilocus outcrossing were observed for the four
studied populations (tm = 0.984–1.000), supporting the outcrossing
nature of Q. robur (Table 3). Estimates of biparental inbreeding
were in general low across all study stands (tm � ts = 0.029–
0.063), but they were significantly higher than zero (95% CI ex-
cludes zero) in the forest stands Chartreuse and Vos. The presence
of significant biparental inbreeding in these stands was most likely
the result of single-locus outcrossing rates, which were signifi-
cantly lower than one (95% CI excludes one). The 95% confidence
intervals of all estimates of correlated paternity (rp, MLTR and
2UFT, TWOGENER) did not include zero, suggesting the presence
of full sibs within the seedling cohort. Using Ritland’s MLTR model,
we found significantly higher levels of correlated paternity in the
stand Chartreuse (rp = 0.135) compared to the other forest stands
(non-overlapping 95% CI, rp = 0.036–0.063) (Fig. 4). The values ob-
tained with the TWOGENER method showed a similar tendency,
although somewhat lower. In this case, the correlated paternity
of Chartreuse differed only significantly with the stands Keffers
and Vos (Fig. 4). For both models, the average ‘‘paternal mating
pool’’, the estimated number of pollen donors per mother tree
(1/rp, MLTR and 1/2UFT, TWOGENER) was low in Chartreuse
(respectively 7.4 and 11.2 fathers), whereas in the remaining
populations ca. 2–4 times more fathers per mother trees were
estimated (Table 3).
4. Discussion

4.1. Genetic diversity of adults and seedlings

No clear differences (large standard errors) between the genetic
diversity measures of the offspring cohort and adult generation
were found in the small and low-density forest stands that were
studied. Only the naturally established seedlings in the stand Vos
showed a strong decrease (�28.4%) of the number of rare alleles.
Such unpredictable fluctuations in allele frequencies can likely be
attributed to genetic drift, since drift may rapidly remove low fre-
quency alleles (Young et al., 1996; Ellstrand and Elam, 1993). How-
ever the overall effect of genetic drift on allelic richness (Ar) was
rather limited, and only when all stands were pooled, the adult co-
hort showed a slightly but significantly higher allelic richness than
the recently established (1–3-year old) seedling cohort. This may
indicate that effective population sizes (Ne) were large enough to
avoid strong losses of genetic diversity during reproduction (Lande,
1995; Franklin and Frankham, 1998). The non-significant changes
across generations that were obtained for observed heterozygosity
(Ho) and the inbreeding coefficient (Fis) support this finding, and
suggest that inbreeding was low or negligible. However, Fis and
Ho are less sensitive indicators of low Ne than Ar, and may require
ation from the adult generation to naturally established seedling cohorts in
. (2013), http://dx.doi.org/10.1016/j.foreco.2013.10.027
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Fig. 3. Auto-correlograms of Nason’s kinship coefficients (Fij) ± standard deviations for adult–seedling pairs in the four studied forest stands: Keffers (A), Vos (B), Hornebos
(C), Chartreuse (D). The dashed lines indicate upper and lower 95% confidence intervals (10,000 permutations).

Table 3
Mating system estimates and their standard errors (in parentheses) for the four studied Q. robur stands.

tm ts tm � ts Correlated paternity estimators # Pollen donors

rp 2UFT 1/rp 1/2UFT

Keffers 0.987 (0.009) 0.950 (0.020)* 0.037 (0.022) 0.036 (0.008)* 0.021 (0.003)* 27.8 47.3
Vos 1.000 (0.000) 0.960 (0.009)* 0.040 (0.009)* 0.039 (0.007)* 0.037 (0.004)* 25.6 27.3
Hornebos 0.984 (0.015) 0.956 (0.025) 0.029 (0.018) 0.063 (0.005)* 0.057 (0.014)* 15.9 17.4
Chartreuse 1.000 (0.000) 0.937 (0.017)* 0.063 (0.017)* 0. 135 (0.017)* 0.090 (0.015)* 7.40 11.2

tm, multilocus outcrossing rate; ts, single-locus outcrossing rate; tm � ts, biparental inbreeding; rp, correlated paternity estimated with Ritland’s mixed mating model (2002);
UFT, Paternity differentiation between families TWOGENER method; 1/rp and 1/2UFT, Effective number of pollen donors from MLTR and TWOGENER respectively.
* Significantly less than 1 for tm and ts, and significantly greater than zero for tm � ts, rp and 2UFT (p < 0.05).

Fig. 4. Estimators of correlated paternity (rp and 2UFT) and 95% bootstrap
confidence intervals for the four studied Q. robur stands.

6 G. Vranckx et al. / Forest Ecology and Management xxx (2013) xxx–xxx
extended periods of low Ne before changes in Ho or Fis become
detectable (Young et al., 1996). Furthermore, because we only sam-
pled a single seedling cohort and because adult trees may repro-
duce during many decennia, the above results need to be
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interpreted with caution as they may have underestimated the to-
tal genetic diversity that could be transferred during natural regen-
eration of the stands. Nonetheless, the recruitment window of
light-demanding tree species such as Q. robur is strongly restricted
in time (mast years) and space (light requirement), and as a conse-
quence only a limited number of reproduction events will contrib-
ute to future adult generations (Vera et al., 2006; Bary-Lenger and
Nebout, 1993).
4.2. Contemporary gene flow

The high outcrossing rates observed in all stands (Table 3) sup-
port the nearly complete self-incompatibility system in the genus
Quercus, which can be attributed to the gametophytic control of
the pollen tube growth in the style (Ducousso et al., 1993).
Artificial pollination experiments conducted by Aas (1991) and
Steinhoff (1993) revealed that most of the studied oak individuals
possess this gametophytic self-incompatibility system, through
which selfing is rarely distributed over oak populations. The selfing
rates found here (s = 0.7%) were lower than the estimates reported
by Steinhoff (s = 1.8%; 1993). However, contrary to Steinhoff
(1993), who analyzed control-pollinated seeds, we measured the
realized outcrossing rate at the seedling stage, where early
selection and random drift effects might have eliminated less fit
ation from the adult generation to naturally established seedling cohorts in
. (2013), http://dx.doi.org/10.1016/j.foreco.2013.10.027
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homozygotes (Honnay et al., 2008). Despite the predominantly
outcrossing nature of Q. robur, and the small proportion of biparen-
tal inbreeding that was observed (tm � ts = 0.029–0.063), signifi-
cant spatial genetic structure (SGS) was found within the
seedling cohort. In contrast, the adult generation did not show a
significant SGS in all forest stands, which could be explained both
by tree planting in the past and by the spatial scale of the adult
plots which was insufficiently large (only 32–35 trees) to span
the SGS of the adult generation (Dostálek et al., 2011). The SGS in
the seedling cohort was observed at the shortest distance classes
(<10 m) and can most likely be attributed to half- and full-sibs typ-
ically growing beneath the canopy of their mother trees, as an
important fraction of acorns falls beneath the canopy of the mother
tree (Streiff et al., 1998). Indeed, we found that most seedlings (81–
93%) originated from mother trees within the study plot [Supple-
mentary Figures 2 and 3]. Apart from the limited seed dispersal,
the low tree density may also have contributed to the observed
SGS. Overlapping seed shadows, which are more likely to occur
in high-density forests, may decrease levels of spatial genetic
structure (Nakanishi et al., 2005). In the low-density forest stands
(Chatreuse and Hornebos) we found significant SGS which oc-
curred at larger distances compared to the stands with higher tree
density (Vos and Keffers). Although restricted seed dispersal is a
general characteristic of oak species (Dow and Ashley, 1996;
Chybicki and Burczyk, 2010), some studies have indicated that
dispersal by birds could strongly increase the long-distance
component of the dispersal kernel (Gómez, 2003; Moran and Clark,
2011). Our estimates of the average seed dispersal distance
(4.9–15.4 m) were similar to dispersal distances found for Q. robur
and Q. petraea by Chybicki and Burczyk (2010) (8.8–15.6 m).
Furthermore, the higher levels of seed dispersal (15.4 m) that were
found in Hornebos may be partly caused by the larger mean tree
height and larger crown sizes in this stand (Cousens and
Rawlinson, 2001).

In all study plots, relatively low seed immigration rates (7–19%)
were observed, confirming that gene flow was mainly mediated by
pollen. On the other hand, the proportion of pollen originating
from outside the study plots was much higher (32–79%). High per-
centages of immigrant pollen are not necessarily due to long dis-
tance pollination events, but may also result from pollination of
adult trees from outside the study plot that were located within
the oak stand. High percentages of out-of-plot pollen immigration
rates are known for Quercus species, usually ranging between 50%
and 70% (Chybicki and Burczyk, 2010; Nakanishi et al., 2005). How-
ever, Valbuena-Carabaña et al. (2005) obtained lower pollen immi-
gration rates (<40%) for Q petraea and Q. pyrenaica. The differences
in pollen immigration rates between study plots suggest that stand
characteristics in small scale forestry systems can have a major im-
pact on pollen flow patterns. In the case of small or low-density
stands, few trees may contribute pollen (Smouse and Sork, 2004;
Breed et al., 2013b). Indeed, the smallest stand Chartreuse (32 indi-
viduals), which was also characterized by a low tree density,
showed a significantly higher correlated paternity, and thus a low-
er estimated number of pollen donors per mother tree than the
other stands (Fig. 4). Similar results were found in the wind polli-
nated tree Pinus sylvestris by Robledo-Arnuncio et al. (2004). In this
study, seed trees of the smallest stand (36 individuals) showed
100-fold higher estimates of correlated paternity than the larger
stands (>105 individuals).

Contrary to Robledo-Arnuncio et al. (2004) who did not find a
clear effect of tree density on correlated paternity, tree density
may have influenced pollen flow in our study. For example, the
medium-sized forest stands Hornebos (242 individuals) and
Keffers (328 individuals), which differed in tree densities (65
trees/ha and 118 trees/ha respectively), showed differences in cor-
related paternity (0.063 versus 0.036) and pollen immigration
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rates (40% versus 67%). These results are consistent with earlier
studies in other Quercus species (Q. humboldtii, Q. alba, Q. lobata),
which showed a positive relationship between the density of a for-
est stand and the estimated number of pollen sources contributing
to the offspring (Sork et al., 2002; Fernández-Manjarrés and Sork,
2005). However, although the forest stand Vos exhibited the larg-
est population size (682 individuals) and highest tree density (195
trees/ha), the estimates of correlated paternity were similar to the
ones found in the stand Keffers (328 trees, 118 trees/ha). This may
indicate that in dense oak populations local mating may play a ma-
jor role, together with high rates of pollen immigration (Chybicki
and Burczyk, 2010; Fernández-Manjarrés et al., 2006).

4.3. Perspectives for maintaining genetic diversity in small
pedunculate oak stands

In the literature, the 50–500 conservation ‘‘rule’’ is often cited
as a general guidance to maintain viable populations among taxa
(Franklin, 1980). According to this guideline, a minimum effective
population size (Ne) of 50 individuals is necessary to prevent pop-
ulations against the immediate effects of inbreeding depression,
whereas effective population sizes of at least 500–1000 (Franklin
and Frankham, 1998) or even 5000 individuals (Lande, 1995) have
been proposed to be necessary for the conservation of the evolu-
tionary potential plant populations in the long term. Although
we obtained low Ne estimates in all studied stands (22.6–58.4 indi-
viduals), no selfing and only very marginal estimates of biparental
inbreeding were observed. However, higher estimates of correlated
paternity were found in stands with low Ne. Consequently, stronger
effects of biparental inbreeding in subsequent generations may be
expected, as high levels of correlated paternity will increase the
probability of mating among half and full-sibs (Young and Brown,
1999). In addition, reduced pollen diversity may have fitness costs
on future offspring generations independently of inbreeding, as a
lower diversity of pollen can increase the number of recessive del-
eterious alleles within the paternal mating pool and decrease pol-
len competition (Breed et al., 2012). Although each population
separately showed the tendency of lower Ar in the offspring, no
strong differences between the genetic diversity measures of the
offspring cohort and adult generation were found. This supports
the findings that genetic drift and inbreeding were minimal in
the studied stands and indicates that other factors can influence
or mitigate the genetic consequences of small population size
(Williamson-Natesan, 2005). An important factor that may
increase the effective population size in natural regenerating oak
forests is extensive pollen flow (Dow and Ashley, 1998). The high
(>30%) pollen immigration rates that were observed in our study,
may have counteracted the negative genetic consequences associ-
ated with small forest stands. In oak species, pollen may travel up
to several kilometers, maintaining high levels of genetic diversity
within oak stands (Dow and Ashley, 1998; Buschbom et al.,
2011). However, UV light may degrade oak pollen (Schueler
et al., 2005) and local matings may limit effective pollen dispersal
distances (Ducousso et al., 1993), which can eventually lead to
population subdivision (Sork et al., 2002; Fernández-Manjarrés
and Sork, 2005). To allow gene inflow from neighboring stands,
limiting isolation between monospecific stands may be more
important than previously thought, even in highly outcrossing tree
species. To maintain and increase genetic diversity in small scale
forestry systems, natural regeneration could be supplemented by
planting and sowing using genetically diverse reproductive
material (Broadhurst et al., 2008; Vander Mijnsbrugge et al.,
2010). Furthermore, the practice of transferring seeds or seedlings
from different provenance regions may broaden the evolutionary
potential to adapt to future environmental changes (Broadhurst
et al., 2008; Breed et al., 2013a).
ation from the adult generation to naturally established seedling cohorts in
. (2013), http://dx.doi.org/10.1016/j.foreco.2013.10.027
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