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their behaviour in the context of habitat fragmentation and 
how gene flow could be impacted in severely fragmented 
regions. Gene flow (pollen and seed dispersal) is a funda-
mental factor influencing the genetic diversity and struc-
ture of tree species (Ennos 1994). Gene flow by pollen in 
plant species has been extensively studied using molecular 

Introduction

In the face of changing climatic conditions, it is essential to 
anticipate how different species might cope with associated 
stresses. Since trees are unable to relocate quickly to more 
suitable regions, it is crucial to examine and comprehend 
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Abstract
Gene flow affects the genetic diversity and structure of tree species and can be influenced by stress related to changing 
climatic conditions. The study of tree species planted in locations outside their natural range, such as arboreta or botanical 
gardens, allows us to analyse the effect of severe fragmentation on patterns and distances of gene flow. Paternity analysis 
based on microsatellite marker genotyping was used to analyse how fragmentation affects gene flow among individu-
als of Quercus rubra L. distributed in a small isolated group of trees (15 trees) planted in the arboretum on the North 
Campus of the University of Göttingen. For paternity analysis, 365 seedlings from four seed parents were selected and 
genotyped using 16 microsatellites. The analysis revealed the majority of pollen (84.89%) originated from trees within 
the site and  identified three large full-sib families consisting of 145, 63 and 51 full-sibs. The average pollen dispersal 
distance for the four seed parents ranged from 17.3 to 103.6 meters. We observed substantial genetic differentiation among 
effective pollen clouds of the four seed parents (G’’ST = 0.407) as a result of cross pollination between neighboring trees. 
No self-fertilization was observed. Gene dispersal via pollen followed the expected distance-dependent pattern, and we 
observed a significant influx of external pollen (15.11%, ranging from 8.64 to 26.26% for individual seed parents) from a 
diverse set of donors (30). Long-distance pollen dispersal could explain the presence of significant genetic variation even 
in isolated natural Q. rubra populations.
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markers such as microsatellites and parentage analysis in 
open-pollinated seeds (Robledo-Arnuncio and Gil 2005; 
Bacles and Ennos 2008; Buschbom et al. 2011; Owusu et 
al. 2016). However, both pollen and seed dispersal mecha-
nisms can be affected by fragmentation and land use. Popu-
lations under conditions of rapid change or stress can show 
reduced fitness causing a decrease in population size and 
density which directly affects gene flow patterns (Hoffmann 
and Hercus 2000). Isolation of populations or individuals as 
a result of land use and climate change can lead to a loss of 
genetic diversity and even to inbreeding depression (Young 
et al. 1996; Cole 2003). Although the severe impact of frag-
mentation on genetic connectivity is evident for some spe-
cies and aligns with classical population genetic theory, it is 
not so evident for many other species (Kramer et al. 2008; 
Lowe et al. 2015). A large number of forest tree species are 
able to reduce the impact of habitat fragmentation through 
gene flow via pollen and/or seeds that travel long distances 
(Robledo-Arnuncio and Gil 2005; Bacles et al. 2006; García 
et al. 2007; Bacles and Ennos 2008; Piotti et al. 2012), which 
can maintain connectivity even in severely fragmented and 
degraded landscapes. The most severely fragmented habi-
tats are often those generated by human activities, where 
population sizes can be greatly reduced and isolation is 
drastically increased (Young and Clarke 2000; McKinney 
2006; Dubois and Cheptou 2017). The effect of fragmenta-
tion also strongly depends on specific life history traits, in 
particular on pollen and seed dispersal mechanisms. Pollen 
distribution patterns of insect pollinated woody species tend 
to be more restricted than those of wind pollinated species 
in habitats isolated by natural or artificial barriers (Su et al. 
2003; Dick et al. 2008).

Molecular markers are a fundamental tool for seed and 
pollen dispersal studies as they enable the identification 
of parent trees within a group of mature trees. In numer-
ous studies, molecular markers have enabled the estima-
tion of pollen flow in fragmented habitats, where in several 
Quercus species a high rate of pollen influx from outside 
the stand and a considerable pollen dispersal distance have 
been observed (Dow et al. 1995; Nakanishi et al. 2004; 
Valbuena-Carabaña et al. 2005; Pluess et al. 2009; Curtu et 
al. 2009; Gerber et al. 2014; Zeng and Fischer 2020). Stud-
ies on pollen (and seed) movement are conducted using e.g. 
nuclear microsatellite DNA markers, which allow for the 
identification of parent trees of seeds or seedlings. When the 
seed parent is unknown, the use of uniparentally inherited 
markers, such as chloroplast microsatellites, in combination 
with biparentally inherited markers can enable the identifi-
cation of both pollen donor and seed parent in the natural 
regeneration (Ashley 2010). Genotyped seeds assigned to 
a candidate pollen donor allow the identification of pollen 
dispersal patterns and distances (Robledo-Arnuncio and Gil 

2005; Bacles and Ennos 2008; Moran and Clark 2012; Ger-
ber et al. 2014; Khodwekar and Gailing 2017; Alexander 
and Woeste 2017; Oyama et al. 2017).

Trees planted outside their natural species range, e.g. in 
arboreta or botanical gardens, provide an ideal setting to 
study the effect of severe fragmentation on gene flow pat-
terns and distances, when conspecific trees are absent or 
very rare (Ihara et al. 1986; Savolainen et al. 2007; Kremer 
et al. 2010; Sebbenn et al. 2011). Understanding these pat-
terns in fragmented habitats allows us to predict the likely 
impacts and responses of populations in future situations 
(Wilson et al. 2016). Non-indigenous species often come 
from restricted geographical regions and may even origi-
nate from seed orchards. In addition, unlike many native 
species, introduced trees tend to have small populations in 
their new range (Pettenkofer et al. 2019; Pötzelsberger et al. 
2020). Northern red oak (Quercus rubra L.) is a tree species 
native to the eastern United States and Canada with a very 
extensive natural range throughout eastern North America 
where it is often the dominant tree species (Sander 1990). It 
was introduced to Europe in the 17th century for ornamental 
purposes and has since become widely distributed through-
out the continent. It is often planted as a roadside tree or 
in parks and gardens (Hickel 1932; Bauer 1953; Nicolescu 
et al. 2020), and has also been introduced in managed for-
ests as a timber species due to its ability to thrive in a wide 
range of environments, rapid growth and high quality wood 
(Sander 1990; Nicolescu et al. 2020). It grows at an aver-
age temperature range of 4 to 16 °C and with an average 
annual rainfall of 760 to 2030 mm; however, it can survive 
in areas with only 550 –500 mm of average annual rainfall. 
This gives it a higher potential to adapt to projected climate 
change, in particular to drought, compared to native Euro-
pean oaks (Bauer 1953; Sander 1990; Major et al. 2013; Vor 
et al. 2015; Nicolescu et al. 2020).

To analyse the effect of fragmentation on gene flow pat-
terns and distances in Northern red oak, parentage, pollen 
dispersal and differentiation among effective pollen clouds 
of seeds from single trees were estimated among isolated 
individuals of Q. rubra distributed in a small group of 
planted trees in an arboretum on the North campus of the 
University of Göttingen. For this purpose, acorns were col-
lected and germinated and seedlings from four known seed 
parents were selected and genotyped using microsatellites. 
Once the parental relationships were identified, it was possi-
ble to calculate the pollen dispersal distances, directions and 
reproductive success of each pollen donor. In addition, full-
sib families could be identified among the open-pollinated 
seedlings. In isolated populations, large full-sib families and 
spatial clustering could lead to increased biparental inbreed-
ing. Such results would highlight potential early negative 
consequences associated with population fragmentation. We 
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hypothesize, that (1) mating success is distance-dependent 
resulting in preferential matings between neighboring trees 
resulting in large full-sib families in this isolated planting 
and (2) that rare long-distance pollen influx can be observed 
despite its geographic isolation from conspecific plantings.

Materials and methods

Study area

The study area was located in the arboretum at the 
North Campus of the University of Göttingen, Germany 
(51°33’26.9"N 9°57’26.1) and also included Q. rubra 
planted for ornamental purposes outside of the arboretum. 
A total of 14 Q. rubra (Qr) trees and one individual of the 
closely related species Quercus coccinea (Qc) were present 
in the study area. Both species are interfertile and hybridize 
in natural populations (Sullivan et al. 2016). The trees were 
planted between 1973 and 1975 and their origin is unknown, 
with the exception of one individual (Qr_04) which origi-
nated from the Morton Arboretum Illinois, USA. Nearby 
stands and provenance trials of the same species are located 
at a distance of least 20 km in the Bramwald (Krahl-Urban 
1956, 1965). In addition, distributed throughout the city (at 
> 1 km distance) in gardens and parks we observed a few 
red oaks that could be potential pollen donors. Thus, a het-
erogeneous external pollen cloud would indicate significant 
long-distance pollen influx.

Plant material

Mature acorns of Q. rubra were collected from the ground 
directly underneath four putative seed parents in 2019, des-
ignated as Qr_N, Qr_S, Qr_W and Qr_P (Supplementary 
material Fig. S1). We performed an exhaustive sampling of 
the adult trees and collected seeds from four seed parents. 
We selected seed trees to represent a wide range of distances 
between seed and pollen parent (ca. 5 to 350  m). Acorns 
were tested for viability by floating them in water and those 
that were not viable were removed. The acorns were then 
kept at 6  °C in humid conditions until the root emerged. 
Once the radicle appeared, the acorns were transplanted into 
24-cell seed trays with a capacity of 295–330  cc. All the 
acorns were planted and grown in mineral substrate (Klee-
schulte Topfsubstrat mineralisch) in the greenhouse of the 
Department of Forest Genetics and Forest Tree Breeding at 
the University of Göttingen. The number of acorns sprouted 
from each mother, Qr_N, Qr_S, Qr_W and Qr_P, was 879, 
491, 277 and 351, respectively. Leaf tissue from the 15 
adult trees, including the mother trees, and from 1637 ger-
minated seedlings (Supplementary material Table S1) was 

sampled and stored at -20°C. Male and female flowering 
was assessed on the lower branches for all trees from April 
21 to the end of the flowering period on 28 June  2023. Male 
flowering was scored on a scale from 0 to 3 (0: no catkins 
visible, 1: catkins visible, 2: anthers fully developed and 
opening, 3: catkins withered microsporangia empty), female 
flowering was scored from 0 to 2 (0: no female flowers vis-
ible, 1: receptive female flowers, 2: female flowers no lon-
ger receptive).

DNA isolation

Leaf tissue from the 15 adult trees as well as from 365 ran-
domly selected seedlings within each single tree progeny, 92 
from Qr_N and 91 of each of the other three mothers (Qr_S, 
Qr_W and Qr_P) was selected for DNA isolation. DNA 
extraction was performed with the commercial DNeasy® 
96 Plant Kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s instructions.

Microsatellite genotyping

To identify chloroplast haplotypes of the 15 adult trees, 
seven chloroplast simple sequence repeats (cpSSR) were 
selected from Götz and Gailing (2022) who used both newly 
developed markers and markers previously adapted for Q. 
rubra (Zhang et al. 2015; Pettenkofer et al. 2020; Götz et 
al. 2020). Two of the cpSSRs were universal markers devel-
oped for angiosperms (ccmp2 and ccmp4) (Weising and 
Gardner 1999), three were developed for Quercus species 
(ucd4, udt1 and udt4) (Deguilloux et al. 2003) and two were 
developed specifically for Q. rubra (QRcp01 and QRcp28) 
(Götz and Gailing 2022) (Supplementary material Table 
S2). From these seven markers, four (ucd4, udt4, QRcp01 
and QRcp28) were sufficient to distinguish between haplo-
types and were selected to assign seedlings to putative seed 
parents. Qr_S and Qr_W could not be differentiated as they 
shared the same chloroplast haplotype.

A total of 25 nuclear microsatellite markers was used to 
genotype adult trees and seedlings. Ten out of the 25 mic-
rosatellite markers were neutral nuclear simple sequence 
repeats (nSSRs) developed specifically for Q. rubra. Six 
of the microsatellite markers (quru-GA-0E09, quru-GA-
1C06, quru-GA-1F07, quru-GA-0C11, quru-GA-2F05 and 
quru-GA-2M04) were developed by Aldrich et al. (2002) 
and the other four (1P10, 2P24, 3A05 and 3D15) by Sul-
livan et al. (2013). The remaining 15 microsatellite mark-
ers (FIR004, FIR013, FIR024, FIR028, FIR031, FIR035, 
FIR043, FIR104, GOT021, GOT037, GOT040, PIE040, 
PIE1125, VIT023 and VIT107) were expressed sequence 
tag-simple sequence repeats (EST-SSRs) developed for Q. 
robur (Durand et al. 2010) and successfully transferred to 
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parent-offspring pair over all given loci and calculates the 
critical delta value which is the difference between the LOD 
scores of the two most likely candidate parents and which 
produces a desired level of confidence in the assignments. 
COLONY uses the individual genotypes to assess sibship 
and parentage relationships jointly over the set of individu-
als rather than for pairs of individuals.

Null allele frequencies were estimated in CERVUS based 
on the iteration of the observed and expected frequencies 
of the different genotypes. Loci quru-GA-1C06, quru-
GA-2M04, GA-2F05 with null allele frequencies equal to 
or greater than 0.05 were excluded from further analysis 
resulting in a final set of 16 markers. All the adult trees 
were considered as candidate pollen parents. A confidence 
level of 95% was used for the analyses and the critical delta 
value (> 0.00) was estimated by simulating 10,000 offspring 
individuals. The input parameters for CERVUS analysis 
included the proportion of candidate fathers sampled (90%), 
proportion of genotyped loci of 0.9904 for 16 loci and a 
basic error rate of 0.01. The maximum number of accepted 
mismatches was set to three.

COLONY was employed to identify full-sib fami-
lies. Input parameters for identifying the full-sib families 
included a confidence level of 95%, female and male polyg-
amy, with inbreeding, without clone, monoecious, diploid, 
length of run medium, full-likelihood method, high likeli-
hood precision, run specification by default, sibship no 
prior. The error rate for each locus used in COLONY was 
estimated by CERVUS.

Pollen dispersal analysis

Allelic diversities (v = (Σi pi)−1) (Crow and Kimura 1970) 
for each pollen cloud were calculated based on the paternal 
(haploid) contribution from pollinator trees to all seedlings 
from each of the four seed parents. The genetic differen-
tiation between the effective pollen contributions to each 
mother tree was calculated as G’’ST, Hedrick’s standard-
ized GST (2005), further corrected for bias when the number 
of populations is small (Peakall and Smouse 2012) and as 
delta, the estimation of differentiation among effective pol-
len clouds based on the differentiation of each pollen cloud 
to its complement (Dj) (Gregorius and Roberds 1986).

The analyses were performed using the programs GSED 
(delta; Dj) (Gillet 2010) v3.0 and GenAlex v6.503 (G’’ST) 
(Peakall and Smouse 2012). The program input file requires 
knowledge about alleles coming from the seed and from the 
pollen parent. In most cases, as the seed parent was known 
from the chloroplast analysis and the potential pollen par-
ents from the paternity analysis, it was possible to determine 
which allele came from which parent if the seed parent and 
pollen donor were not heterozygous for the same alleles. In 

Q. rubra (Sullivan et al. 2013) (Supplementary material 
Table S3).

Polymerase chain reactions (PCR) were performed by 
combining the microsatellite markers in different multiplex 
reactions. For cpSSRs, five reactions were carried out. One 
of the reactions was carried out using a cost-effective tailed 
primer approach (Schuelke 2000; Kubisiak et al. 2013) 
(Supplementary file S2).

All PCR reactions were conducted in a Biometra Ana-
lytik T professional thermocycler (Jena, Germany) using a 
touchdown PCR program with the following conditions: ini-
tial denaturation at 95 °C for 15 min, followed by 10 cycles 
of denaturation at 94 °C for 1 min, annealing at 60 °C for 
1 min (-1 °C per cycle to 50 °C) and elongation at 72 °C for 
1 min. Subsequently, 25 cycles of denaturation at 94 °C for 
1 min, annealing at 50 °C for 1 min and elongation at 72 °C 
for 1 min followed by a final extension at 72 °C for 20 min.

PCR products were separated on an ABI PRISM® 3130 
Genetic Analyser and visualized using GeneMapper™ Soft-
ware v4.1 (Applied Biosystems™). Of the 25 microsatel-
lites, six SSRs (FIR004, FIR024, FIR043, GOT037, PIE040 
and VIT107) were excluded from the analysis due to diffi-
culties in amplification and/or scoring. Of the remaining 19, 
three markers (quru-GA-1C06, quru-GA-2M04 and quru-
GA-2F05) showed high null allele frequencies of 0.2593, 
0.1307 and 0.2783 and a high number of mismatches of 112, 
93 and 79, respectively, based on the preliminary results of 
the parentage analysis in CERVUS (Supplementary mate-
rial Tables S4 and S5), and were thus also excluded from 
further analyses.

Parentage analysis

To differentiate between seed parents with cpSSRs and to 
validate the maternal origin of seeds collected underneath 
the seed trees, cpDNA haplotypes were characterized. Seed-
lings for which it was possible to validate the seed parent 
based on their haplotype were subsequently included in the 
paternity analyses using nSSR markers. The two neighbor-
ing seed parents, Qr_W and Qr_S shared the same cpDNA 
haplotype (see below). Thus, it was not possible to unam-
biguously assign seedlings to either Qr_W or Qr_S. For 
these seedlings, a parentage analysis with nSSRs was car-
ried out. Seedlings whose seed parent could be identified 
following the parentage analysis were also included in the 
paternity analysis.

Parentage and paternity analyses were performed for 
nSSRs using the maximum likelihood approach imple-
mented in CERVUS v3.0.7 (Marshall et al. 1998), and COL-
ONY v2.0.6.8 (Jones and Wang 2010) was used to identify 
full-sib families. CERVUS software calculates the LOD 
scores (logarithm of the likelihood ratio) for each candidate 
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eliminated from subsequent analysis. The remaining 364 
seedlings assigned to a single seed parent (226 by cpSSR 
analysis, 115 by nSSRs parentage analysis and 23 by prox-
imity to the seed tree) were subjected to paternity analysis 
in order to determine the pollen donor.

Of the 364 seedlings, 309 (84.89%) (Qr_N (111), Qr_P 
(73) Qr_S (51) and Qr_W (74)) were assigned to a pollen 
parent and 55 (15.11%) (Qr_N (16), Qr_P (26) Qr_S (6) and 
Qr_W (7)) were not genetically compatible with any of the 
genotyped adult trees. Focusing on each of the individual 
seed parents, 87.40% of the seedlings from Qr_N (111 seed-
lings) were fathered by the three neighbouring trees Qr_W, 
Qr_S and Qr_12, and 12.60% were not assigned represent-
ing pollen immigration (see Fig. 1).

For Qr_S seedlings, 59.65% (34 out of 57) received pol-
len from neighbouring Qr_N and 29.82% (17 seedlings) 
from Qr_W which is also located in the immediate vicinity 
(Fig. 2). The pollen influx from outside the study area was 
10.53%. The offspring of Qr_W were sired by three of the 
15 adult trees (Qr_N, Qr_S and Qr_12) with Qr_N being 
the main pollen donor for 82.72% of the seedlings (67 seed-
lings). The overall pollen influx from outside the study area 
was 8.64% (Figs. 1 and 2).

Of the seedlings originating from Qr_P, 73.74% (73 
seedlings) were assigned to nine pollen parents (Qr_N, 
Qr_S, Qr_W, Qr_06, Qr_10, Qr_11, Qr_12, Qr_13 and 
Qr_14), and for 26.26% (26 seedlings) no pollen parent was 
identified among the genotyped adult trees. The main pol-
len donor was Qr_11 (51 seedlings) which is located at a 
distance of 79.3 m, siring about half of the offspring of Qr_P 
(51.52%) (Figs. 1 and 2). In 2023, receptiveness of female 
flowers in the four seed parents was overlapping with male 
flowering of putative pollen parents. The large pollen con-
tribution of Qr_ 11 to Qr_P (51.2%) at a larger distance of 
ca. 79 m (Fig. 3) coincides with an overlap of female and 
male flowering of 20 days in 2023 (Supplementary material 
Fig. S2).

Relatedness of adult trees (Supplementary material Fig. 
S3) was not associated with mating patterns (i.e., preferen-
tial mating between related trees, for example due to similar 
phenology) (data not shown).

Family structure

Based on kinship analyses in COLONY and paternity analy-
ses in CERVUS, four larger full-sib families were identi-
fied as visualized by the clustering of groups according to 
genetic distance, which clearly separated three of the four 
families (Fig.  4). One full-sib family of 145 individuals 
from the parent pair Qr_N and Qr_W, was identified with 
a probability of inclusion of 0.9999, consisting of 78 seed-
lings with Qr_N as the seed parent and for 67 seedlings with 

cases where both parents were known but it was not possi-
ble to determine which tree was seed and pollen parent, the 
tree under which the seed had been collected was assigned 
as seed parent.

Relatedness of adult trees and seedlings was visualized in 
a PCoA based on individual-by-individual pairwise genetic 
distance matrix for codominant data in GenAlex (Peakall et 
al. 1995, Smouse and Peakall 1999).

Results

Haplotype diversity and seed parent assignment

Analysis with cpSSR markers revealed 5 different haplo-
types A.1_2, A.2, A.17, B.4 and A.1_1/ A.5 (Supplementary 
material Table S6) for the 15 adult trees. A total of 226 out of 
the 365 seedlings could be assigned to their respective seed 
parents, 127 to Qr_N and 99 to Qr_P. For the remaining 139 
seedlings, it could not be conclusively determined whether 
the seed tree was Qr_S or Qr_W, based on haplotype results.

nSSR frequency and statistics

The number of alleles per locus ranged from 2 to 19 with 
an average of 8.625 for the 16 loci. The polymorphic infor-
mation content (PIC) was 0.528. The combined paternity 
exclusion probability, the probability of excluding a ran-
domly selected unrelated parent, was 0.9970 for the remain-
ing 16 nSSR loci (Supplementary material Tables S7 and 
S8).

Parentage analysis

To determine the possible seed parents of the 139 seedlings 
for which it was not possible to distinguish between putative 
seed parents Qr_S and Qr_W according to cpSSR markers, 
a parentage analysis for unknown parents was performed 
with nSSR markers using CERVUS. In this way, a total of 
75 seedlings were assigned to Qr_W and 40 seedlings to 
Qr_S as seed parents. However, for a group of 24 seedlings 
it was not possible to distinguish between Qr_S and Qr_W 
as seed parent because both were seed tree and/or pollen 
donor of these siblings based on parentage analyses.

Paternity assignment

The 24 seedlings which could not unambiguously be 
assigned to a single seed parent based on parentage analy-
sis, were assigned to a seed tree based on the location of 
the seeds when collected. One of these (N_1009) could not 
be assigned by its seed position under a seed tree, so it was 
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and on average (Supplementary material Table S10). Qr_P 
received pollen from 23 donors, Qr_N from 16, Qr_W from 
10 and Qr_S only from six donors. According to the results 
of allelic diversity in each effective pollen cloud, Qr_P and 
Qr_N showed the highest diversity (2.864, 2.733), followed 
by Qr_S (2.370) and Qr_W (1.911).

G’’ST and delta values were calculated to determine the 
genetic differentiation among pollen contributions to each 
seed tree. For G’’ST a value of 0.407 was obtained, while a 
delta value of 0.382 was found (Table 1). The genetic dif-
ferentiation of the four effective pollen clouds (Dj) to their 
complement ranged from 0.272 to 0.428. Qr_P received pol-
len from nine different known pollen donors and its genetic 
differentiation (Dj = 0.369) was slightly lower than that of 
Qr_N (Dj = 0.411) and Qr_W (Dj = 0.428). The effective 
pollen cloud of the seed tree Qr_S showed the least genetic 
differentiation (Dj = 0.272).

Distance dependent pollen dispersal

The percentage of seedlings fathered by each potential pol-
len parent plotted against the distance of the pollen donors 
to the seed parents (Fig. 3) decreased rapidly with distance. 
Most pollen was effective over small distances up to 40.8 m. 
Pollen migration distances ranged from 14.9 to 356.0  m 
within the study area (Supplementary material Table S11). 
Average pollen dispersal distance was different for each seed 

Qr_W as the seed parent. Another full-sib family consisted 
of 63 seedlings with a probability of inclusion of 0.9989 
(Qr_N x Qr_S: 29 seedlings; Qr_S x Qr_N: 35 seedlings). 
A third family of 51 seedlings had Qr_P as seed and Qr_11 
as pollen parent with a probability of inclusion of 0.9996. 
Finally, a fourth full-sib family consisted of 24 seedlings 
with an inclusion probability of 1, but it was not possible to 
determine which of the two parents (Qr_W, Qr_S) was seed 
or pollen parent. In addition, four smaller full-sib families 
were identified (Supplementary material Table S9).

COLONY can derive the genotype of the potential pollen 
parent even if it is not among the sampled potential candi-
dates. Thirty unsampled parents were inferred by COLONY 
as potential external pollen parents, 17 of which sired more 
than one seedling, while 13 contributed pollen to one seed-
ling (Supplementary material Fig. S4). Six of the external 
pollen donors fertilised more than one tree, but always with 
the pollen receptors Qr_N, Qr_W or Qr_S (Supplementary 
material Fig. S5). The unknown pollen donors for the neigh-
boring trees Qr_N, Qr_W and Qr_S were different from the 
Qr_P donors. No donors were found to be common to all 
four seed trees (Supplementary material Fig. S5).

Variation within and among effective pollen clouds

Allelic diversities were calculated for effective pollen 
clouds of each seed tree, the pooled pollen clouds for all loci 

Fig. 1  Assigned parentage of 364 Quercus rubra seedlings based on 16 nSSRs. The graph shows the contribution of each of the 15 genotyped adult 
trees to the offspring of each mother, Qr_N, Qr_W, Qr_S and Qr_P. Adults that did not contribute are not represented in the graph
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Discussion

Gene flow and mating system

Knowledge of gene flow in severely fragmented landscapes 
is particularly important to estimate the level of “toler-
able” fragmentation in the face of anthropogenic land use 
and the dramatic climate change that will be experienced 
in the coming years. However, only a few studies have esti-
mated gene flow in Q. rubra in isolated habitats (Moran and 
Clark 2012; Alexander and Woeste 2017). In our study, we 
estimated patterns of gene flow outside the species’ native 
range within an arboretum with 15 interfertile trees isolated 
from conspecific plantations and calculated the frequency 
of pollen influx. Nearby stands and provenance trials of the 
same species were separated from the arboretum by at least 
20 km, mostly located in the Bramwald (Krahl-Urban 1956, 
1965). In addition, distributed throughout the city in gar-
dens and parks we observed a few red oaks that could be 
potential pollen donors.

tree, with an average distance of 23.7 m for Qr_N, 20.5 m for 
Qr_W, 17.3 m for Qr_S and 103.6 m for Qr_P. However, the 
amount of pollen contributed by each pollen parent to seed 
parents was different in each case. Most of the pollen donors 
of Qr_N (84.25%) were located in an area within a radius 
of 14.9–50.0 m around the seed parent, 3.15% of the pollen 
came from a pollen donor located between 200 and 250 m 
and 12.60% of the pollen came from outside the study area 
(Supplementary material Table S11). Most of the pollen 
parents that contributed to the offspring of Qr_P (58.59%) 
were located within a radius between 50.0 and 100.0  m. 
However, trees that were nearer to Qr_P, like Qr 6, fathered 
only 6.06% of the seedlings. In the case of the seed parent 
Qr_S, pollen donors within the area were the nearest trees 
Qr_N (59.65%) and Qr_W (29.82%) at distances of 14.9 
and 22.2 m. With respect of the seed parent Qr_W, the most 
successful pollen parent (Qr_N with 82.72%) was located in 
the direct vicinity of Qr_W (17.8 m). It also received pollen 
from Qr_S (7.41%) situated 22.2 m and even 1.23% of pol-
len from one tree located 187.1 m away (Qr_12).

Fig. 2  Distribution map of Quercus rubra (Qr) and Q. coccinea (Qc) in 
the study area on the North Campus of Göttingen University showing 
the seed parents and the potential pollen donors. Pollen flow between 

pollen donors and seed parents is indicated by arrows, the arrow size is 
proportional to the quantity of pollen flow estimated based on paternity 
analysis using 16 loci
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91.36% of pollen to each of the four seed parents. Prefer-
ential mating between neighboring trees and even lower 
pollen immigration of 7% was observed by Alexander and 
Woeste (2017) within a Q. rubra seed orchard within the 
natural distribution range of the species. Most of the pollen 
contribution observed in our study occurred within a radius 
ranging from 17.3 m to 103.6 m, with a mean distance of 
40.8 m. This result is consistent with the mean distance of 
pollination in Q. rubra observed in other studies, where 
the mean distance ranged, for example, from 40 to 60 m in 
a study conducted in a Q. rubra seed orchard (Alexander 
and Woeste 2017). Mean pollen flow distances of 57 m and 
89 m were observed in two mixed red oak forests with a 
low tree density due to anthropogenic interventions (Moran 
and Clark 2012). Studies on other Quercus species showed 
similar results in terms of pollination distances regardless of 
whether the trees were distributed in isolated forest patches 

Low population density affects the mating system, increas-
ing reproduction between neighbours and affects gene flow, 
which may be limited due to a decrease in the number of 
pollen donors (Young et al. 1996; Finkeldey 2002; Lowe et 
al. 2005). The application of paternity analysis in this iso-
lated group of Q. rubra trees revealed gene flow patterns 
within the plot and pollen influx from outside. It showed a 
significant relationship between pollination frequency and 
the distance of the seed parent to the pollen donors, show-
ing that the closest neighbours provided the majority of the 
effective pollen, which has been frequently observed in 
wind-pollinated trees, such as oaks (Streiff et al. 1999; Lind 
and Gailing 2013; Zhang et al. 2015; Alexander and Woeste 
2017). However, pollen immigration (15.11%) was compar-
atively high in this isolated small plantation outside the spe-
cies’ native range. Only nine out of the 15 adult trees acted 
as pollen donors, but they contributed between 73.74% and 

Fig. 3  Principal Coordinates Analysis (PCoA) of Quercus rubra seed-
lings and mother trees based on genetic distance at 16 nSSRs. The 
four largest full-sib families and their chloroplast haplotypes are high-
lighted indicating reciprocal crosses for two families (Qr_N x Qr_W, 

Qr_N x Qr_S). Seed parents and seedlings have been assigned color-
coded labels corresponding to their chloroplast haplotypes. Individuals 
with haplotype A.17 are represented in yellow, those with haplotype 
B4 in green, and those with haplotype A1.1 in blue
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the seed tree (Pluess et al. 2009). Albeit pollination distance 
was different depending on the seed parent from which the 
seeds originated, the mean pollination distance observed 
in the study area was comparable to distances recorded in 
other studies, regardless of whether those studies were car-
ried out in continuous forests or in forest patches, indicating 
that, independent of habitat type, the range of distances over 
which pollination occurs tends to be consistent for Quercus 
spp.

The considerable amount of immigrant pollen (15.11%; 
from 8.64 to 26.26% for individual seed parents) from an 
estimated number of 30 external pollen donors, showed that 
there is significant long-distance gene flow with the near-
est plantation being more than 20 km apart. In contrast, the 
percentage of effective immigrant pollen was much higher 
in the species’ native range with comparatively high con-
specific tree density, e.g. in managed natural Q. rubra popu-
lations ranging from 59 to 64% (Moran and Clark 2012). 
As expected, our estimates of pollen influx were also lower 
than in other studies conducted in natural populations on 
different Quercus species. For example, external pollen con-
stituted 57% in an isolated forest patch of Q. macrocarpa, 

or in continuous forests. For example, a study on 62 adult Q. 
macrocarpa trees distributed on an old farm estimated that 
the mean distance of pollen flow ranged from 64 to 80 m 
(Dow and Ashley 1998). Other studies in Q. robur and Q. 
petraea in a continuous forest showed a similar mean pol-
len dispersal distance for both species ranging from 22 to 
65 m depending on the family (Streiff et al. 1999). Another 
example is found in Q. salicina (Nakanishi et al. 2004) 
where studies conducted in a mixed forest showed a mean 
pollination distance of 67  m and the study conducted in 
Quercus lobata in a mixed oak savannah showed a range of 
pollination distances between 69 and 151 m depending on 

Table 1  Genetic differences among pollen clouds. The delta value (δ 
= ∑cjx Dj,) measures the genetic differentiation among pollen clouds, 
where cj represent a weighting factor proportional to the size of the 
subpopulations and Dj the genetic distance between each subpopula-
tion to its complement. G’’ST_global (Hedrick’s standardized GST) rep-
resents the genetic variation among pollen clouds relative to the total 
variation
Qr_N Qr_W Qr_S Qr_P
Dj Dj Dj Dj δ G’’ST

0.411 0.428 0.272 0.369 0.382 0.407

Fig. 4  Contributions of Quercus rubra pollen parents was plotted aginst the distance between pollen and seed parent. The average pollen dispersal 
distance was 40.8 m
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the flowering time and intensity of both the pollen donor and 
the seed parent and this timing also may be modified from 
year to year depending on environmental factors (Alexander 
and Woeste 2016, 2017). However, based on our observa-
tions, bud burst as proxy for flowering time (Chesnoiu et 
al. 2009) occurred approximately at the same time in the 
year of seed collection. Male and female flowering is more 
difficult to assess, and due to the two-year seed maturation 
in Q. rubra, it would had needed to be assessed one year 
preceding the seed collection (in 2018). While phenological 
ranks in oaks are often stable from year to year (e.g., Gail-
ing et al. 2003), our assessment of the onset and duration of 
male and female flowering in 2023 did not explain potential 
mating preferences among groups of neighboring trees or 
the large amount of different external pollen parent contrib-
uting to the progeny of Qr_P (see above). Also, other factors 
such as the distribution of individual trees within the study 
area, for example, the isolation of some trees from others 
due to physical barriers, could affect gene flow patterns. In 
addition, the landscape included artificial structures, such 
as buildings, which can further hinder the pollination pro-
cess and consequently increase the observed distances over 
which pollination occurs. This, in turn, can have a signifi-
cant impact on the amount of pollen accessible to each tree 
(Su et al. 2003; Piana et al. 2019).

Genetic differentiation among effective pollen 
clouds

Our study area represents a highly fragmented habitat with a 
small number of individuals, where we observed high genetic 
differentiation, among the four effective pollen clouds of 
Qr_N, Qr_S, Qr_W and Qr_P (G’’ST = 0.407, δ = 0.382 
and Dj ranged from 0.272 to 0.428). Genetic differentiation 
among the four effective pollen clouds was considerably 
higher than the genetic differentiation among pollen clouds 
frequently observed in oak species in natural populations, 
GST= 0.01 among Q. robur and Q. petrea, ΦFT = 0.034  in 
Q. salicina, FST= 0.035–0.054 in  Q. robur, FST= 0.149 
and ΦFT = 0.381 in isolated Q. castanea (Streiff et al. 1999; 
Nakanishi et al. 2004; Buschbom et al. 2011) as well as in 
other temperate forest tree species that are wind-pollinated 
such as Picea (GST= 0.001), Fraxinus (Φ = 0.08) or Pinus 
(FST ≤ 0.001) species (Finkeldey 1995; Bacles and Ennos 
2008; Sousa et al. 2010; Jiménez-Ramírez et al. 2021). As a 
consequence of the decrease in the effective number of pol-
len donors, the differentiation among effective pollen clouds 
of each single seed parent increases (Finkeldey and Hatte-
mer 2007). The high differentiation among pollen clouds 
observed in the present study is related to the selection of 
neighboring intermating individuals as seed trees in a small 
and isolated planting. A high genetic differentiation among 

where the nearest tree from outside the study area was at 
least 100 m away (Dow and Ashley 1998). Pollen flow from 
outside the study area in Q. petrea and Q. pyrenaica rep-
resented 38% and 34%, respectively, in a heterogeneous 
stand, where both species were scattered in low to medium 
density patches (Valbuena-Carabaña et al. 2005) or between 
18 and 24% for Q. frainetto and 31% for Q. pubescens in a 
continuous mixed oak forest (Curtu et al. 2009). Thus over-
all in oaks although the level of pollen immigration can be 
quite low (2.6% for Q. robur in Moracho et al. 2016), pol-
len immigration levels can also be surprisingly high (50% 
or more in cases reviewed by Ashley 2021). Furthermore, 
reported dispersal distances for pollen of oak species have 
also varied greatly, ranging from 16 m to app. 5400 m (Ger-
ber et al. 2014) for four European white oak species, to 
between 1000 and 8500 m for pedunculate oak (Q. robur) 
refugial populations (Moracho et al. 2016), and even over 
80 km for a small isolated Q. robur stand (Buschbom et al. 
2011).

In seed orchards or in very isolated populations where 
many of the trees shed pollen at the same time, a prefer-
ential contribution of pollen from nearby trees is likely to 
occur and the contribution of external pollen will be limited. 
However, studies conducted in different seed orchards, have 
demonstrated that the extent of external pollen contamina-
tion varies across studies. For instance, two seed orchards of 
Eucalyptus species reported external contamination levels 
of approximately 4.5% and 14.7%, respectively (Grosser et 
al. 2010; Gonzaga et al. 2016), while in a separate study 
involving pine seed orchards, the external pollen contami-
nation reached was up to 52% (Torimaru et al. 2009). The 
notable amount of external pollen flow observed in our 
study into the strongly isolated Q. rubra planting could 
account for the considerable genetic diversity observed 
even in peripheral populations of Q. rubra (Lind and Gail-
ing 2013; Götz et al. 2020). In addition, the fertilization by 
external pollen was different between trees, as was the num-
ber of pollen donors to each seed parent. Of the 30 external 
pollen donors, we observed 14 that were exclusively pollen 
donors to Qr_P. Therefore, Qr_P received a higher and more 
diverse amount of external pollen than any of the other seed 
parents. Immigrant pollen pools also varied significantly 
among seed trees in a mixed Quercus robur and Q. petraea 
stand in northern Poland (Chybicki and Burczyk 2013). The 
observed variations in pollen donor contributions may be 
attributed, among other factors, to the different flowering 
times and intensity of one particular tree compared to the 
rest of the trees in the arboretum. This difference in flower-
ing time probably resulted in a scenario in which the Qr_P 
tree was receptive precisely at the time when there was a 
greater amount of external pollen in the surrounding envi-
ronment. Thus, reproductive success will be influenced by 
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