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Abstract
Whether wind pollination in trees can offset the negative genetic consequences of anthropogenic forest fragmentation is not
clearly established. To answer this question, we examined the demographic genetics of Quercus bambusifolia over a 70-year
recovery period in highly fragmented forests in Hong Kong. We sampled 1138 individuals from 37 locations, and
genetically analysed the chronosequence through the classification of tree diameters from the same populations using 13
microsatellite markers. Our study reveals that severe fragmentation caused a significant genetic bottleneck with very few
remaining but genetically diverse individuals. We observed an enhanced genetic diversity during demographic recovery. We
found full-sibs within populations and half-sibs across the study range. This reflects a limited seed dispersal and extensive
pollen flow. Despite reduced genetic structure both among and within populations, overall a strong persisting genetic
differentiation (F′ST= 0.240, P < 0.01) and significant small-scale spatial genetic structure (F(1)= 0.13, Sp= 0.024, P <
0.01) were observed. Existing bottlenecks and low effective population sizes within the temporal chronosequence suggest
that the long-term effect of severe fragmentation cannot be entirely eliminated by wind pollination with demographic
recovery in the absence of effective seed dispersal. Our results lead to recommendations for forest management.

Introduction

Tree species have higher levels of genetic diversity and
gene flow compared to other life forms in the plant kingdom
(Petit and Hampe 2006), which makes them especially
resistant to genetic erosion resulting from fragmentation
(Hamrick 2004). This is mainly attributed to life history
traits such as their longevity, that allows trees to persist in
remnant populations by coexistence of multiple generations,
and their large body size with abundant pollen and seed
production, which guarantees efficient reproduction and
rejuvenation. Especially wind-pollinated trees have no need

to rely on biotic dispersal vectors by having small, light-
weight pollen (Mulcahy 1979), which potentially can travel
great distances. It has been hypothesised that these traits
offer the greatest advantage in offsetting negative genetic
effects of forest fragmentation (Hamrick 2004; Shohami
and Nathan 2014).

Nonetheless, there are contrasting reports regarding the
genetic recovery of fragmented populations for wind-
pollinated trees. On one hand, there is increasing evidence
that wind pollination is an efficient mechanism that sus-
tained long-distance gene flow between isolated populations
from both primary and fragmented forests (Schuster and
Mitton 2000; Wang et al. 2011). On the other hand, it was
reported that small populations and disrupted gene flow led
to a high risk of genetic drift in severely fragmented forests
(Robledo‐Arnuncio et al. 2004; Sebbenn et al. 2011). The
efficiency of wind pollination drops sharply for small
populations (Jump and Peñuelas 2006; Knapp et al. 2001)
or for large distances between fragmented populations
(Austerlitz et al. 2004; Bacles and Ennos 2008). In addition,
fragmentation affects the seed flow of wind-pollinated
species (Parejo-Farnés et al. 2017). Localised seed shadow,
i.e. clumped seed distribution close to the mother tree,
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caused by reduced numbers of dispersal agents after frag-
mentation can lead to elevated inbreeding and bottleneck
effects (Sebbenn et al. 2011). These effects are particularly
important for tree species with a prodigious fecundity,
where a few maternal individuals are able to produce large
numbers of seeds and will contribute the majority of off-
spring. Thus, the ability of wind pollination to counteract
genetic erosion or inbreeding caused by fragmentation is
largely influenced by seed dispersal, severe level of isola-
tion, and reduced size of fragmented populations.

The cumulated population demographic changes over
time can modulate the genetic effects of habitat fragmen-
tation, as different tree generations do not respond to frag-
mentation in the same way. Old generations often precede
habitat fragmentation, and thus decreased genetic variation
is more easily detected in the progeny because of reduced
population size, limited pollen dispersal, localised seed
shadow or increased inbreeding after fragmentation
(Vranckx et al. 2012). New recruits after fragmentation
represent a smaller subsample of maternal sources, which
can create genetic bottlenecks (Grivet et al. 2009).

The genetic loss in future generations could be avoided if
reductions of population sizes do not cause a loss of genetic
variation over time (Ezard and Travis 2006). The continuous
decline of effective population size causes genetic drift (Nei
et al. 1975). Thus, demographic recovery after short-time
fragmentation events can contribute to overcoming genetic
erosion. Once the driving forces of fragmentation are alle-
viated, fragmented populations may recover by demographic
expansion through increased population size and reduced
isolation, leading to increased genetic connectivity and
diversity (Born et al. 2008; Oostermeijer et al. 2003).

According to traditional expectations, demographic
expansion is accompanied by a range expansion as the result
of migration or recolonisation (Jones and Hubbell 2006;
Pannell and Dorken 2006). Most tree species are dispersed
by animals, both in tropical and temperate forests (Howe and
Smallwood 1982). Consequently, without seed-dispersing
animals in the highly fragmented landscapes of these
regions, demographic expansion is expected to be very local,
consisting in an increase of population size without sig-
nificant expansion in distribution range where new popula-
tions are established. Particularly in forests disturbed on a
landscape scale, without old-growth remnants acting as
refuge for wildlife, young cohorts can remain clustered
around mother trees for centuries (Voigt et al. 2009).

In population genetics, the effect of demographic
expansion based on range expansion has been studied in
theory and simulation models (Excoffier et al. 2009; Pannell
and Dorken 2006), mostly with animals and herbs (Helsen
et al. 2015; Zenger et al. 2003), and in few tree species (but
see Echt et al. 1998; Jones and Hubbell 2006). Moreover,
only one simulation study explored the genetic

consequences of simultaneous habitat fragmentation and
range expansion (Mona et al. 2014). In contrast, the sce-
nario of recovery with no range expansion has received no
consideration by previous studies.

In the last few decades, Asia has been among the regions
with the most extensive forest fragmentation, because of
human-induced land use change (FAO 2015). It is still
unanswered to which extent the genetic recovery of tree
species is hampered by such drastic population declines,
and how limited gene pools influence future population
expansions and survival. An extreme case is Hong Kong,
where deforestation and fragmentation started hundreds of
years ago and had a low point of almost zero forest cover
after the Second World War (WWII) as seen on historic
photos (Abbas et al. 2016; Corlett 1999). Following WWII,
increasing efforts have been invested in the conservation of
natural forests leading to expansion of forest cover over the
last 70 years. Forest cover increased mainly by natural
regeneration from remnant trees in steep valleys, ravines,
and small patches of village forests. Despite forest expan-
sion, many animal species went extinct during the frag-
mentation phase, causing late-successional trees with
limited dispersal to occur with an inconsistent and clustered
distribution (Nichol et al. 2017). Wind pollination was
reported to facilitate the recovery of gene pools after severe
fragmentation (Hamrick 2004). Our study attempts to
address the question: How does the genetic makeup of
populations respond to the demographic recovery after
severe fragmentation? Our hypotheses are that: (1) Frag-
mentation significantly reduces the population size of spe-
cies, causing genetic drift of wind-pollinated tree species,
and (2) limited seed dispersal reduces range expansions and
counteracts the positive effects of wind pollination during
the demographic recovery after fragmentation.

Quercus bambusifolia, a wind-pollinated tree species
with large acorns, is commonly found in primary forests in
South China (Xu et al. 2015). It has a restricted and scat-
tered distribution in Hong Kong’s forests. Using this species
as a model, we checked the demographic genetics by
comparing the genetic diversity, genetic structure, and
effective population size of different age classes in the
populations after fragmentation. With the comparison of
genetic properties of different age classes, we analysed the
effects of fragmentation and demographic recovery on the
genetic makeup of populations.

Materials and methods

Study species

Q. bambusifolia Hance also known in the literature as
Quercus neglecta (Schott.) Koidz. or Cyclobalanopsis
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neglecta Schottky (Fagaceae) is an evergreen oak tree
species native to South China and Vietnam. It can grow to
more than 20 m in height and 80 cm in diameter at breast
height (DBH). It is found mainly on ridge tops, upper or dry
slopes in mature or primary forests (Kuznetsov and Guigue
2000; Xu et al. 2015). Although no specific study about the
mating system of the species exists, we expect it to be a
monoecious, wind-pollinated, and self-incompatible spe-
cies, as most oaks (Ducousso et al. 1993). The acorns are
the food source for scatter-hoarding rodents, like squirrels
and forest-dwelling rats (Corlett 2017). In our study region,
their habitat has been severely disturbed. Although there are
few potential seed dispersal rodents, like introduced squirrel
(Callosciurus erythraeus) and some hillside rats (Rattus
andamanensis, Niviventer fulvescens), they are observed to
directly eat the seeds without hoarding behaviour (Shek
2006). Some crows are known as scatter-hoarding birds for
oaks. Only one scatter-hoarding crow (Garrulus glandar-
ius) is resident to the north Asian tropics where Hong Kong
is located, but it was not found to act as a seed dispersal
agent in the region (Corlett 2017). Some omnivorous car-
nivores in Hong Kong, such as the civet (Paguma larvata),
could be potential seed dispersal agents as they can ingest
large seeds and disperse them in their droppings (Shek
2006). In general, we expect that Q. bambusifolia has
limited secondary seed dispersal and that most acorns are
dispersed by gravity alone.

Study area and populations

Hong Kong is located at the southern coast of China. The
landscape of Hong Kong is fairly hilly to mountainous with
steep slopes (Fig. 1). Lowland forests are dominated by
tropical vegetation gradually shifting into subtropical
vegetation with increasing altitude (Nichol et al. 2017).
Most of the landscape is now covered in a rather species-
poor secondary vegetation dominated by a mixture of
woodland, scrubland, and grassland (Nichol et al. 2017).

Q. bambusifolia is one of the canopy species in Hong
Kong with a clustered distribution pattern in forests. We
sampled a total of 1138 individuals from 37 locations in
six protected areas (country parks), three in the New
Territories, and three on Hong Kong Island in 2014 and
2015. We grouped all the sampling locations into 12
populations based on the proximity of locations (Fig. 1).
The habitat and environmental conditions within popula-
tions were uniform. The individuals in different sampling
locations were not continuously distributed. The distance
between the locations was usually >100 m, and we only
included a few distances shorter than 100 m. We sampled
randomly around 30 individuals in each location, except
when fewer individuals were available, and for one
population (Bowen Road) where we sampled along the

entire distribution. We kept the distance between sampled
individuals >4 m.

Since trees can live for centuries, it is difficult in practice
to monitor population demographic changes over time.
Alternatively, past demographic changes of populations can
be assessed by a chronosequence of extant tree diameters
although mortality caused by environmental filtering and
inter-/intraspecific competition may inflict a bias in age
class distributions (Lusk and Smith 1998). However, as the
numbers of old Q. bambusifolia trees remaining after
fragmentation in general have been low and sparsely dis-
tributed, it is very unlikely that inter/intraspecific competi-
tion and environmental filtering during the early stage of
forest recovery caused a high rate of mortality of old and
well-established individuals. Such factors mainly dictate the

Fig. 1 Location of the sampling sites in Hong Kong. Red dots indicate
the 12 pooled populations of Quercus bambusifolia. The relief of the
terrain is shown in different shades of green, major roads are in
magenta, while reservoirs, lakes, and wetlands are in deep blue. The
bottom panel presents an enlarged representation of Hong Kong
Island, which contains eight populations. Map tiles were rendered by
Stamen Design (http://maps.stamen.com, under CC BY 3.0.) using
data from OpenStreetMap (http://openstreetmap.org, under ODbL)
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spatial distribution patterns of young trees by stem exclu-
sion during secondary succession (Ashton et al. 2001),
whereas old and much larger individuals remain largely
unaffected. The long life expectancy of oaks of several
hundreds of years, very hard wood, comparatively slow
growth rate, the capability of coppicing and improved legal
protection of old trees by Hong Kong Government further
reduces the possibility of high mortality rates.

Nonetheless, some random mortality has to be expected
over the last 70 years, even if the likelihood is not very high.
Therefore, we sampled all individuals larger than the aver-
age diameter to include as many large individuals as possi-
ble. This allows tracking back the gene pool of founding
generations with a greater accuracy, and also counteracts
bias effects from the lower sampling rate of old individuals.

The DBH was measured for each sampled individual and
their geographic coordinates were recorded (Table 1). Q.
bambusifolia can grow <1 cm in diameter annually for
young individuals depending on habitat conditions, with
reduced growth rate <0.5 cm in diameter for mature indivi-
duals (personal observation in Kadoorie Farm and Botanic
Garden). Thus, we assume that individuals with >40 cm of
diameter already existed or coppiced during the last severe
fragmentation during and after WWII around 70 years ago.

Nuclear microsatellite genotyping and genetic
diversity

Genomic DNA of leaf samples was extracted using the
DNeasy Plant mini-kit (Qiagen). In total, 35 microsatellite
loci from three related species were tested and modified for
Q. bambusifolia (Isagi and Suhandono 1997; Lee et al.
2010; Tong et al. 2012). We finally selected 13 highly
polymorphic microsatellite loci for genotyping (Supple-
mentary Table S1). Polymerase chain reactions (PCR) were
performed using the Multiplex PCR Kit (Qiagen) in a
reaction volume of 25 μl, including 12.5 μl Multiplex Mix,
10 μl water, 0.5 μl of 10 μM dye-labelled front primer, 1 μl
of 10 μM rear primer, and 1 μl (>10 ng) DNA. The PCR
conditions included 2min at 95 °C, 40 cycles of 15 s at 95 °C,
15 s at annealing temperature (Supplementary Table S1), 30 s
at 72 °C, 5 min at 72 °C, and cool-down at 16 °C. Fragment
analysis was performed on 3730xl DNA Analyzer (Applied
Biosystems) with GeneScan500 LIZ dye size standard
(Applied Biosystems). Genotypes were analysed with the
software GeneMarker v.2.4.0 (SoftGenetics, LLC, PA,
USA). PCRs with primers were repeated until a high quality
of microsatellite sequences was achieved.

We calculated the population genetic characters with
Fstat v.2.9.3.2 (Goudet 2001). Genetic diversity within
locations was characterised by observed heterozygosity
(Ho), expected heterozygosity (He), number of alleles,
allelic richness (Ar, i.e. estimated number of alleles based on

the minimum sample size of 13 individuals), number of rare
alleles (total abundance < 5%, Ar5%), and private alleles.
Genetic differentiation among all locations was estimated as
FST (Weir and Cockerham 1984), and F′ST, the standardised
measure of genetic differentiation for highly polymorphic
markers (Hedrick 2005). The presence of null alleles by
locus in each location was checked with the Van Oosterhout
null allele estimator using Micro-Checker 2.2.3 (Van
Oosterhout et al. 2004). The inbreeding coefficients (Fi)
corrected for null alleles were estimated with the pro-
gramme INEst 2.2 (Chybicki and Burczyk 2009). We per-
formed all analyses twice to evaluate the influence of null
alleles, either including all loci or including only loci pre-
senting no null alleles.

Genetic structure among and within population

The isolation-by-distance (IBD) patterns among locations
were checked by correlating the pairwise log geographical
and genetic distances (F′ST/(1− F′ST)). The significance of
the relationships was tested by a Mantel test with 1000
randomisations. Spatial genetic structure within populations
was assessed by pairwise kinship coefficients (Fij) (Loiselle
et al. 1995) within defined geographic distance classes with
the programme SPAGeDi 1.2 (Hardy and Vekemans 2002).
We set up the distance classes of 5, 10, 50, 100, 200, 500,
800, and 1000 m to ensure a sufficient number of individual
pairs in each distance class. The significance of mean Fij per
class and 95% confidence intervals (CI) were assessed with
1000 permutations of multi-locus genotypes.

We pooled all individuals and performed population
structuring with clustering analysis to assign individual
plants to distinct genetic clusters with the discriminant
analysis of principal components (DAPC) approach
(Jombart et al. 2010). The DAPC analysis provides a visual
assignment of individuals based on allelic information,
which can present the quantity and the identity of genetic
diversity of populations. It was conducted using the R
package ADEGENET (Jombart 2008) in R v.3.2.5 (R
Development Core Team 2016) (Method S1 in Supporting
Information).

Demographic genetics with tree diameters

Analysing genetic diversity and genetic structure of multi-
ple age classes with different diameters from the same
populations can express the genetic dynamics from different
demographic stages at a temporal scale. The demographic
genetics was checked with the genetic compositions in
different diameter classes of the species. We assigned all the
individuals into seven classes with diameter intervals of
0–10, 10–15, 15–20, 20–25, 25–30, 30–40, and >40 cm.
Demographic genetic diversity was represented by the
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cluster assignment based on the above DAPC analysis of all
samples, He and allele numbers along the diameter classes.
To avoid any change in genetic diversity because of dif-
ferent habitat conditions, we presented the cluster assign-
ment, He and allele numbers mentioned above by each
population, which have consistent environment conditions.

The demographic genetic structure within populations
was described through the spatial genetic structure at dif-
ferent tree diameters with spatial autocorrelation method in
SPAGeDi (Hardy and Vekemans 2002). We assigned all the
individuals into three diameter groups (0–10, 10–20 and
>20 cm). We monitored the distance classes used in kinship
analysis from 10 to 1000 m, and the mean Fij per class from
different diameters was compared.

Stronger gene flow in young generations could reduce
the genetic differentiation among locations, which would
lead to different isolation-by-distance patterns in young
generations compared to old generations. Demographic
genetic structure among locations was analysed using FST

among locations with individuals having different DBH.
We assigned the individuals from each location into two
groups with an equal individual number, one group of
young generation with smaller diameters and another group
of old generation with bigger diameters. Genetic distances
F′ST/(1− F′ST) between locations were calculated sepa-
rately for the old and young generations. We identified the
difference between the old and young generations with the
pairwise Wilcoxon test. The isolation-by-distance patterns
among locations, i.e. the slope of the relationship between
geographic distance and genetic differentiation, were cal-
culated and the Mantel tests were performed for both old
and young generations. We tested for a difference in the
slope of the pairwise genetic differentiation–geographic
distance relationship between old and young individuals by
using a linear regression approach.

Bottleneck test and effective population size

The extent of recent demographic history can be characterised
by genetic bottleneck methods (Garza and Williamson 2001;
Piry et al. 1999). To infer the effects of old bottlenecks of
extant populations of Q. bambusifolia, the M-ratio test was
chosen and conducted in six protected areas using the soft-
ware M_P_VAL (Garza and Williamson 2001). The value of
the test (M) is the mean ratio of the number of alleles to the
range in allele size. A lower M-ratio indicates a more severe
bottleneck (Garza and Williamson 2001). We ran the test with
all pooled individuals from the same protected area using the
two-phase model with 10,000 replications with the con-
servative assumption for the M-ratio test (pg= 0.1, Δg= 3.5,
θ= 10) (Garza and Williamson 2001).

The population development can be present by the
population stages, where founding individuals are now

present with a large diameter, and population expansion
proceeded with continuous add-in of smaller individuals.
We divided population stages with individuals DBH > 30,
>25, >20, >15, >10, and >0 cm, respectively. To check
whether the add-in individuals mitigate the bottleneck of
populations, we estimated effective population size (Ne) of
the aforementioned population stages in each of the six
protected areas using the linkage disequilibrium method by
the programme NeEstimator 2.1 (Do et al. 2014). Alleles
with frequencies < 0.05 were excluded to avoid the influ-
ence of rare alleles, and 95% CIs for each estimate were
assessed using the Jackknife procedure (Waples and Do
2008).

Sibship structure

Analysing the genealogical relationships between indivi-
duals can further reveal the efficiency of gene flow. We
expected the neighbouring sibling and parent–offspring
relationships because of clustered seed shadows. The sib-
ship structure was analysed using the full-pedigree like-
lihood method of the software COLONY 2.0 (Jones and
Wang 2010). We regarded individuals with a DBH < 20 cm
as offspring (886 individuals) and those with a DBH ≥
20 cm as parents (252 individuals). We performed a total of
five runs using 13 loci, with the locus-specific allelic
dropout rate specified by the Micro-Checker programme
and a value of 0.5% for other types of error. The best
estimates of sib relationship with the maximum likelihood
were obtained in COLONY. We regarded the relationships
with associated probabilities ≥80% as conservative esti-
mates. In addition, we grouped the best estimates of full-
sibs, half-sibs, and parents based on the distance between
the paired individuals. The mean distance between indivi-
duals was calculated for each group.

Results

Population demography

The diameter at breast height (DBH) ranged between 5 and
20 cm for the majority of individuals, whereas individual
numbers in smaller or larger diameter classes were rather
scarce (Supplementary Fig. S1a). The largest DBH was
57 cm, which is much smaller than the maximum DBH
(80 cm) detected from undisturbed natural populations in
other parts of the species distribution range (Kuznetsov and
Guigue 2000; Xu et al. 2015). Only 11 out of 1138 indi-
viduals had a DBH above 40 cm. This distribution confirms
that only a few remnant individuals survived extensive
disturbances during and after WWII in Hong Kong. The
remnant old individuals, having similar sizes as the 11
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individuals of our samples, assumed as seed sources, led to
a gradual increase in each population over time.

We compared our population structure with the popula-
tion structure of Q. bambusifolia in a 50 ha forest dynamics
plot in an undisturbed primary forest in a nature reserve in
Hainan province of China (Supplementary Fig. S1) (Xu
et al. 2015). Our populations have a high proportion of
comparatively young individuals (10–20 cm of DBH) and
reduced numbers of individuals with >20 cm DBH. In
contrast, the undisturbed populations have mostly equalised
cohorts of middle- and old-aged individuals (20–60 cm of
DBH). In addition our populations lack mature generations
with >60 cm DBH, which are an important component in
undisturbed populations (Supplementary Fig. S1). On the
basis of this comparison, we can conclude that our popu-
lations are expanding as a consequence of past
fragmentation.

We found similar diameter distributions for most loca-
tions, supporting a synchronal starting point for the demo-
graphic expansion. The recruitment of the species around
remnant patches of putative mother trees formed clustered
cohorts of young generations and led to an increase in
population densities. However, no newly established
population or any indication of range expansions could be
detected.

An exception is the population in Sai Wan, with smaller
diameter classes from some locations, suggesting the pos-
sibility of a later demographic expansion (Table 1, Fig. 2).
On the basis of our observation, however, the smaller dia-
meter classes in Sai Wan could be largely attributed to the
harsh habitat condition rather than a later expansion. This
population is located on rocky and very windy slopes with
thin soil layer, limiting the possible diameter growth.

Genetic diversity

Out of 1138 samples and 13 microsatellite markers, we
detected 220 alleles in total with 5 to 32 alleles per markers
(Supplementary Table S1). The populations had a high gene
diversity (He) ranging from 0.57 to 0.70 with a mean of 0.63
(SD= 0.03) (Table 1). Allelic richness (Ar) ranged from
4.39 to 6.77 with a mean of 5.42 (SD= 0.58). The numbers
of private alleles within populations were rather low. Six
loci showed significant positive fixation indices (FIS)
(Supplementary Table S1). Null alleles were detected at
these loci, with significant null allele frequencies ranging
from 0.06 to 0.37 within populations. After the correction
for null alleles, the presence of inbreeding is observed in 14
out of 37 locations, but with rather small mean inbreeding
coefficients (Fi) (≤0.064, Table 1). All analyses show
similar pattern when including or excluding the loci with
null alleles. Consequently, we use results including all loci
for the whole study.

Genetic structure among and within populations

Overall, we found that all populations were significantly
differentiated from each other (FST= 0.088, F′ST= 0.240,
P < 0.01). Up to 8 km the isolation-by-distance pattern
indicates a gene flow-drift equilibrium (Fig. 3). Genetic
differentiation between locations was randomly changed at
scales larger than 8 km, for example across the gap between
Hong Kong Island and New Territories or between the
country parks in the New Territories (inset in Fig. 3).

On the basis of our DAPC of the entire dataset, the
optimal cluster number was determined to be K= 14. Old
generations had different clusters in different populations,
representing the diverse gene pools of founding remnants.
Individuals from the same population were assigned to
multiple clusters with one or two dominant clusters (Fig. 2).

The spatial autocorrelation analysis in SPAGeDi indi-
cated the presence of significant spatial genetic structure
within sampled populations (Sp= 0.024, P < 0.01) with a
high kinship coefficient from the first distance class (F(1)=
0.13) (Fig. 4a). The genetic similarity was much higher
among neighbouring individuals, especially in the first four
geographic distance classes (≤100 m), than among more
distant individuals.

Demographic genetics among diameter classes

Regarding genetic diversity, we found that the amount of
diversity—defined by the cluster number and the allele
number—increased in younger generations (smaller DBH)
for all sampled populations (Figs. 2, 5a, details by locus
and by population, see in Supplementary Fig. S2). High
correlations were detected between genetic diversity and
number of individuals from each diameter class of sampled
populations (R= 0.97, P < 0.001 for allele number and
number of individuals—log transformed; R= 0.94, P <
0.001 for cluster number and number of individuals). He

increased at first, and became stable later on with reduced
diameter classes from old to young generations (Fig. 5b).
With all individuals pooled, new genetic clusters were
formed during the development of young generations until
the maximum value was achieved in the fifth diameter class
(Fig. 5c). It was consistent with the pattern observed with
allele numbers, which increased during demographic
expansion and stabilised in the fourth diameter class (Fig.
5c).

Regarding the genetic structure of Q. bambusifolia, the
analysis of kinship coefficients (Fij) reveals that small-scale
spatial genetic structure reduced following demographic
expansion. Kinship coefficients increase significantly for
larger tree diameters in the first two distance classes (10 m,
50 m) when individuals are separated into different diameter
groups (Fig. 4b). In most populations, we also detected
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Table 1 Population sampling information and genetic variation of Quercus bambusifolia

Country park Population Location ID Ind. no. Ho He No. of
alleles

Ar Fi Ar5% Private
alleles

DBH_max (cm) DBH_ave (cm)

Aberdeen Black’s link 1 18 0.56 0.68 6.54 5.94 0.064a 24 2 41.70 16.32

Black’s link 2 30 0.59 0.60 7.08 5.30 0.007 47 2 30.88 17.35

Black’s link 3 30 0.57 0.67 8.46 6.50 0.019a 48 0 26.10 12.87

Black’s link 4 31 0.56 0.63 7.92 5.83 0.015 57 2 29.28 14.43

Black’s link 5 31 0.55 0.65 7.08 5.61 0.020a 40 0 27.69 16.74

Dutch path 6 31 0.56 0.62 6.23 5.21 0.054a 30 2 41.70 22.08

Dutch path 7 31 0.52 0.57 6.54 4.91 0.015 43 1 30.88 17.59

Bowen road 8 73 0.62 0.69 10.31 6.77 0.013 75 3 33.10 16.60

Lady
Clementi’s ride

11 27 0.50 0.62 6.15 5.12 0.027a 30 0 57.61 13.46

Lady
Clementi’s ide

12 32 0.58 0.65 6.92 5.31 0.013 43 0 34.06 11.96

Lady
Clementi’s ride

13 31 0.62 0.61 5.69 4.83 0.007 25 0 56.34 21.53

Pok Fu Lam Lugard road 14 18 0.56 0.64 4.69 4.49 0.012a 6 0 46.15 21.33

Lugard road 15 30 0.58 0.60 7.31 5.66 0.008 38 1 37.24 16.28

Lugard road 16 33 0.62 0.61 6.85 4.97 0.005 46 2 25.46 16.47

Lugard road 17 30 0.64 0.66 6.85 5.46 0.013 35 0 28.97 17.61

Tai Tam Violet path 9 31 0.51 0.63 7.69 5.93 0.102 47 2 27.69 13.24

Violet path 10 31 0.57 0.62 5.23 4.43 0.014 23 1 40.11 16.13

Tai Tam1 18 31 0.69 0.67 7.15 5.72 0.014 42 1 36.29 16.25

Tai Tam2 19 31 0.58 0.62 7.15 5.68 0.010 43 0 25.46 13.37

Tai Tam2 20 31 0.58 0.60 5.31 4.39 0.016 26 0 40.74 15.86

Tai Tam2 21 31 0.58 0.57 5.46 4.58 0.007 25 0 53.48 15.37

Ma On Shan Ma On Shan 22 32 0.59 0.62 6.62 5.25 0.013 35 0 34.06 14.94

Ma On Shan 23 31 0.56 0.60 6.38 5.24 0.030a 33 2 24.51 13.36

Ngau
Ngak Shan

25 31 0.55 0.61 5.15 4.39 0.021a 22 1 26.10 19.08

Ngau
Ngak Shan

28 32 0.52 0.60 6.15 4.92 0.010a 34 0 36.29 19.54

Ngau
Ngak Shan

29 32 0.57 0.67 7.38 5.95 0.014 40 1 35.33 17.09

Ngau
Ngak Shan

30 33 0.56 0.66 7.08 5.66 0.009a 39 0 20.37 11.03

Ngau
Ngak Shan

31 32 0.51 0.60 6.31 5.04 0.011 31 0 21.33 14.18

Ngau
Ngak Shan

32 13 0.59 0.68 5.38 5.38 0.020 18 1 25.15 13.17

Sai Kung East Sai Wan 24 32 0.52 0.64 7.77 5.93 0.063 49 1 25.46 9.52

Sai Wan 26 32 0.56 0.67 8.15 6.40 0.028a 54 0 27.06 10.97

Sai Wan 27 30 0.55 0.66 7.00 5.71 0.037a 30 0 29.28 9.01

Sai Wan 33 31 0.58 0.65 7.38 5.93 0.016a 43 0 16.87 8.43

Sai Wan 35 16 0.66 0.70 6.23 5.91 0.010a 20 1 21.96 9.89

Plover Cove Bride’s pool 34 33 0.49 0.61 6.92 5.39 0.026 40 0 47.75 16.33

Bride’s pool 36 33 0.57 0.63 6.69 5.49 0.031 33 1 30.88 15.10

Bride’s pool 37 33 0.55 0.63 6.62 5.45 0.011 27 1 28.97 17.14

Ho observed heterozygosity, He expected heterozygosity, Ar allelic richness based on 13 individuals, Ar5% number of rare alleles, Fi mean
inbreeding coefficient corrected for null alleles in INEst, DBH_max maximum DBH, DBH_ave average DBH
aSuggests the inbreeding model with lower DIC value outperforms the model without inbreeding, which indicates a presence of inbreeding
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stronger spatial genetic structure in old generations com-
pared to young generations, with higher Fij in the first or
second distance classes for old generations (8 out of 12
populations, Supplementary Fig. S3). Among populations,
old generations presented higher genetic differentiation
(F′ST/(1− F′ST)) compared to young generations (pairwise
Wilcoxon test P < 0.02). However, no significant interaction
between generation and geographic distance was detected
by the linear regression model, suggesting no significant
difference in the isolation-by-distance pattern between old
and young generations (Supplementary Fig. S4).

Bottleneck effect with demographic expansion

In Aberdeen, Ma On Shan, Tai Tam, and Sai Kung East, the
increased effective population size (Ne) was detected with
the increased young individuals, strongly indicating a
reduced bottleneck during population expansion (Table 2).
It is consistent with the results that no significant

bottlenecks were detected in these protected areas. In Pok
Fu Lam and Plover Cove, Ne did not change greatly with the
increased young generations (Table 2), which would be
explained by the significant bottlenecks (M= 0.724, P=
0.02 for Pok Fu Lam; M= 0.0.696, P= 0.004 for Plover
Cove).

Sibship reconstruction

In the full-pedigree likelihood analysis of COLONY, all the
young individuals (886) were assigned as half-sibs, and 210
individuals were assigned as full-sibs (Table 3). Among
them, 60% of half-sibs and 82% of full-sibs had prob-
abilities ≥80% for the assignment, suggesting a high corre-
lation among individuals (Table 3). Almost all the full-sib
pairs were detected within locations, with the mean distance
of 15 m between individuals (Table 3). For half-sib pairs,
the highest portion was detected within locations (44% of
the conservative estimates). Percentages obtained for the

Fig. 2 Genetic composition of the pooled populations along the dia-
meter classes. The clustering analysis was performed using the dis-
criminant analysis of principal components (DAPC) approach that
revealed an optimal number of clusters (K= 14). Each genetic cluster
is indicated by different colour. Trees of increasing diameters are

represented by diameter classes ranging from 1 to 7, with diameter at
breast height (DBH) intervals from 0 to 10 cm, 10 to 15 cm, 15 to
20 cm, 20 to 25 cm, 25 to 30 cm, 30 to 40 cm, and >40 cm,
respectively
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conservative pairs were as follows: 14% (within same
populations), 12% (<8 km), and 30% (>8 km) (Table 3).

For the parentage assignment, 29 estimated parents were
assigned to full-sibs with 95% of parent–offspring pairs
detected within locations, and 59 estimated parents were
assigned to half-sibs with 70% of pairs from the same
locations, 7% within the same populations, 9% within
8 km, and 13% outside 8 km (Table 3). The high number of
sibships within locations and the half-sibs crossing the
whole study region represents the contribution of gene
flow, originating from seed dispersal and pollen flow,
respectively.

Discussion

Q. bambusifolia has shown a strong regeneration capability
in its recovery, with a rapid population expansion after the
severe fragmentation that occurred in Hong Kong. The
recovered populations increased in density rather than in
distribution range, because of the absence of seed dis-
persers. In the following sections, we discuss and interpret
the genetic pattern that has formed for this species during
the recovery, both among and within populations.

Increased connectivity

Despite the highly localised seed pool within populations of
Q. bambusifolia, our study finds an increase in genetic
connectivity of fragments. This is concomitant with an
increased genetic diversity, i.e. increased heterozygosity,
genetic clusters and allele numbers, and a reduced genetic

differentiation (FST) in younger generations. These results
can be attributed to three main aspects of pollen flow of the
species, i.e. the range, quantity, and quality of wind
pollination.

First, wind pollination has an advantage over other
strategies of pollen flow in increasing the genetic con-
nectivity of remote populations. In our study, pollen flow is
most probably the only medium contributing to >50% of the
reconstructed half-sib pairs and 30% of the parent–offspring
(for half-sib) pairs across long distances, from >100 m
among sampling locations and up to 22 km across the whole
study region. An earlier study has shown that extensive
long-distance pollen flow of oak species can efficiently
maintain the genetic diversity of populations on small,
isolated islands within a few kilometres (Wang et al. 2011).
This is comparable to the range of isolation-by-distance
detected in our study (8 km). Other studies on oak species
found that a concentrated pollen cloud could extend up to
30 km based on simulation modelling (Schueler and
Schlünzen 2006), and efficient pollen immigration was

Fig. 3 Correlation between genetic differentiation and log geo-
graphical distance for Q. bambusifolia. The correlation is shown for
sampling locations within an 8 km radius (main figure) and across the
whole study region (22 km, right bottom inset). In the inset, solid lines
suggest the range of genetic differentiation and the geographical radius
of 8 km is shown by the shaded area

Fig. 4 Correlogram of kinship coefficient (Fij) along geographic dis-
tances. The genetic spatial autocorrelation is depicted for Q. bambu-
sifolia a with all individuals and b by grouping tree individuals
according to their DBH. The dashed lines in a represent 95% Jackknife
confidence intervals (CI)
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detected across more than 80 km (Buschbom et al. 2011).
Both cases cover the range of family relationships within
our study area (22 km).

Second, the highly positive correlation between the size
of the gene pool (cluster number and allele number) and the
number of individuals in our study indicates that the
recovery of genetic diversity largely benefits from the
increasing population size. Population expansion leads to
both a continuous accumulation of genes by the coexistence
of multiple generations, and to a higher quantity of pollen

donors, which increases the chances of successful pollina-
tion (Bacles and Jump 2011).

Third, population genetic recovery is influenced by the
quality of pollen sources, i.e. the genetic diversity of
incoming pollens from the founding generations. A high
risk of genetic variation loss has been attributed to the
homogeneous incoming genes rather than limited gene
dispersal (Sork and Smouse 2006). In our study, old indi-
viduals in scattered populations have a diverse genetic
composition, demonstrating that Q. bambusifolia was able
to maintain a diverse gene pool even after severe frag-
mentation. Owing to the leptokurtic pattern of pollen dis-
persal (Austerlitz et al. 2004), small and isolated remnant
populations could only receive the very far tails of realised
pollen dispersal kernels. However, these far-dispersed pol-
lens generally sample a very diverse gene pool (Bacles and
Ennos 2008). As suggested in another study for young oak
cohorts (Buschbom et al. 2011), genetically diverse foun-
ders served as pollen pool, facilitating the exchange of
genes through long-distance wind pollination between
fragmented populations. Q. bambusifolia populations
thereby were able to gain genetic diversity over time.
Besides, following the general pattern of oaks (Buschbom
et al. 2011), not all Q. bambusifolia individuals flower
synchronously and every year, which also increases the
probability of remote outcrossing.

Limitations in pollen flow

We detected an existing genetic structure among our
populations, with a differentiation (F′ST= 0.240) that is
rather high compared to other oak studies employing
microsatellites (mean F′ST= 0.145, range from 0.029 to
0.202, summarised in Shi et al. 2011). Moreover, we
observed a lack of whole regional equilibrium of an
isolation-by-distance pattern, which existed only within the
range of 8 km with no reduced isolation in the young
generations. Following Hutchison and Templeton (1999)
(Case IV in Fig. 1), the pattern represents strong genetic
drift at greater distances, whereas effective gene flow exists
among populations of Q. bambusifolia at shorter distances
(<8 km). The scattered distribution of Q. bambusifolia
populations observed in Hong Kong’s forests suggests a
strong historical fragmentation and the loss of many
populations.

The success of pollination largely drops after a short
distance because of the randomised wind dispersal (Bacles
and Ennos 2008). Most long-distance pollen dispersal
cannot actually contribute to the gene flow without con-
tinuous recipients. Topographic features such as mountain
ranges and valleys, composing most land of Hong Kong,
can also prevent gene flow (Ashley et al. 2015). Without
continuous populations, it is uncertain whether a regional

Fig. 5 Genetic composition depicted for different diameter classes. We
show the genetic composition a by average allele numbers per locus of
each pooled population, b by expected heterozygosity (He) of each
pooled population, and c by the sum of allele numbers (line) and
clusters (bar chart). The shade in a and b represents the 95% con-
fidence interval (CI)
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equilibrium between gene flow and genetic drift could
eventually be achieved (Browne and Karubian 2018).

Reduced genetic clustering

In Q. bambusifolia, the spatial genetic structure was reduced
within populations during recovery (Fig. 4b, Supplementary
Fig. S3). In tree species, spatial clumping patterns can be
either decayed (Jones and Hubbell 2006; Ueno et al. 2002)
or strengthened in young generations (Sebbenn et al. 2011;
Troupin et al. 2006). The reduced spatial genetic structure
of Q. bambusifolia can be attributed to the overlapping seed
shadows and pollen flow of young generations.

First, we observed wide variations in diameters among
the old generations. High spatial genetic structure in old
generations can be caused by extinction of the majority of
genotypes during the disturbance (Troupin et al. 2006). The
small-scale spatial genetic structure is increased when the
individuals that remain after disturbance are originating
from overlapping generations (Batista Leite et al. 2014;
Latouche-Halle et al. 2003), especially when old genera-
tions suffer from a bottleneck (Jones and Hubbell 2006;
Latouche-Halle et al. 2003) as is the case for Q. bambusi-
folia populations in Hong Kong.

Second, in contrast to overlapping generations, over-
lapping seed shadows were reported to reduce small-scale
spatial genetic structure (Ueno et al. 2002; Yoon Chung
et al. 2007). The key for the opposite effects could lie in the
size and relatedness of the cohorts. The overlap in genera-
tions is not possible in young cohorts composed by mostly
immature saplings (DBH < 15 cm). With an increasing sin-
gle generation, increasing overlaps of seed shadow lead to
reduced relatedness in young cohorts of Q. bambusifolia.

Finally, extensive pollen flow acts as a homogenising
factor and blurs the clusters induced by limited seed dis-
persal (Berg and Hamrick 1995; Streiff et al. 1998), espe-
cially for the species with outcrossing breeding system
(Ueno et al. 2000).

Table 3 Sibship distribution with the maximum likelihood obtained in COLONY 2.0

Groups Full-sib pairs Half-sib pairs Parent pairs

Prob. ≥ 80% Total Prob. ≥ 80% Total Full-sib Half-sib

Pairs within locations 136 183 (15 m) 200 1583 (21 m) 75 (19 m) 252 (19 m)

Pairs within populations 2 2 (125 m) 65 561 (172 m) 2 (90 m) 26 (131 m)

Pairs < 8 km 2 3 (2999 m) 53 461 (2495 m) 0 32 (2542 m)

Pairs > 8 km 1 4 (18,246 m) 133 1125 (20,633 m) 2 (12,105 m) 48 (22,540 m)

Total number of pairs 141 192 451 3730 79 358

Number of individuals 173 210 532 886 29 59

We considered individuals with DBH < 20 cm as offspring and those with DBH ≥ 20 cm as candidate parents. We report the number of pairs (or
individuals) according to the maximum likelihood obtained in COLONY 2.0, as well as assigned with ≥80% relationship probability for full-sibs
and half-sibs. The average distances between individuals for the specific pair groups are denoted in parenthesis

Table 2 Results of estimated effective population size by linkage
disequilibrium (Ne) method for different DBH ranges

Country park DBH range (cm) Ind. no. Ne 95% CI

Aberdeen >30 19 14.6 5.9–60.1

>25 54 41.6 24.0–89.2

>20 99 56.1 36.7–93.9

>15 193 81.9 59.2–117.5

>10 298 106.4 65.8–184.4

All 365 100.8 73.8–140.0

Pok Fu Lam >25 13 15.0 5.4–180.9

>20 36 22.6 14.6–38.3

>15 66 22.1 15.8–31.5

>10 97 18.7 14.3–24.2

All 111 20.3 15.5–26.4

Tai Tam >25 19 16.7 6.1–140.6

>20 40 27.7 15.3–61.8

>15 80 27.8 17.0–47.9

>10 137 31.9 22.8–44.7

All 186 40.5 30.2–54.4

Ma On Shan >25 14 22.4 8.3–∞

>20 49 28.7 15.6–63.3

>15 113 35.9 24.4–54.2

>10 195 46.6 36.7–59.5

All 236 53.9 37.2–78.8

Sai Kung East >15 17 16.6 4.4–∞

>10 50 117.4 40.4–∞

All 141 74.3 46.1–134.3

Plover Cove >25 11 25.3 9.9–∞

>20 22 37.7 19.6–139.6

>15 53 24.3 14.9–42.4

>10 81 34.2 23.6–51.9

All 99 33.1 21.1–54.0

95% Jackknife confidence intervals (95% CI) for the effective
population size (Ne) in NeEstimator 2.1 are presented. The lowest
allele frequency employed for the linkage disequilibrium method
was 0.05
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Long-term negative effects of overlapping seed
shadow

We obtained values for kinship coefficient from the first
distance class (F(1)= 0.13) and spatial genetic structure
(Sp= 0.024) that demonstrate a strong small-scale spatial
genetic structure for Q. bambusifolia. These values are
higher compared to studies on other oaks (0.011 ≤ F(1) ≤
0.031; 0.00298 ≤ Sp ≤ 0.0113) (Streiff et al. 1998; Wang
et al. 2011), and compared to the average level for tree
species (mean Sp= 0.0102) and wind-pollinated species
(mean Sp= 0.0064) (Vekemans and Hardy 2004).

Most oak species are regarded as outcrossing species. In
our study, inbreeding is detected for some populations, but
with a very low inbreeding coefficient. The genetic structure
within populations of Q. bambusifolia is most probably
caused by clumping seed shadows rather than inbreeding.
The high percentages of sibship within populations confirm
localised seed shadows.

Although the efficient pollen flow and outcrossing of Q.
bambusifolia are highly probable within the current popu-
lations, it needs to be emphasised that the 70-year recovery
is still a short period compared to the long life span of a
late-successional tree species, which would last centuries.
Continuously clustered populations with overlapping seed
shadows will lead to overlapping generations and a highly
clumped distribution of genetically close pollen donors.
Chances of future inbreeding increase as remote outcrossing
cannot outcompete pollination by dense and local pollen
clouds from siblings or related generations (Jump and
Peñuelas 2006).

Thus, there is still a risk in current populations of Q.
bambusifolia that restricted seed and pollen flow contribute
to increased genetic structure because of overlapping gen-
erations of cumulated seeds, elevated inbreeding, and
reduced genetic connectivity with ineffective long-distance
pollen flow (Bacilieri et al. 1994).

Demographic recovery from bottlenecks

The pattern of increased effective population sizes found in
our study populations illustrates the dynamics where
demographic expansion with gene flow continuously erases
the “genetic signature” left by historical fragmentation.
Despite a partial recovery, existing bottlenecks and low
effective population sizes in Pok Fu Lam and Plover Cove
give a striking impression of the long-term effects of a
severe historical fragmentation.

Estimating effective population sizes in multiple popu-
lations and monitoring the changes over time can provide a
convincing proof of genetic dynamics (Wang et al. 2016).
To our knowledge, the current study is the first to track the
effective population size on a temporal chronosequence of

populations. The consistent results of bottlenecks and
effective population sizes from our studies confirm the
sustained prediction of the genetic consequences of popu-
lation demographic change, rather than interrupted results
caused by occasional events or unrepresentative sampling
(Garza and Williamson 2001; Wang et al. 2016).

We tracked the population demographic change with a
chronosequence of individual groups with different dia-
meters in a one-time census. A caveat of this method is that
it may lead to a biased distribution of old individuals caused
by high mortality rates after the fragmentation. The expected
mortality depends on the degree of fragmentation and suc-
cessional pathways. As outlined previously the expected
mortality in our case was low but it is recommended before
applying the same sampling method elsewhere to do a
thorough context analysis of past disturbance factors and
successional pathways to avoid any sampling bias.

Implications for sustainable forest management

Understanding the interactions between population demo-
graphy and genetic makeup of tree species at the temporal
scale helps us to better evaluate the consequences of past
disturbances and to predict future impacts of forest frag-
mentation. It therefore facilitates decision-making for forest
restoration and species management.

We demonstrated that wind pollination combined with
demographic expansion, despite the absence of range
expansion, accelerated the process of genetic recovery of Q.
bambusifolia from diverse founders that suffered from
severe fragmentation. However, our results show that a
sustainable mitigation of strong genetic structure, within and
among populations at both local and landscape scales, can
hardly be achieved by pollen flow alone. To overcome these
limitations, we recommend planting different genotypes
within populations to reduce future inbreeding between
genetically related neighbours. Among fragmented popula-
tions, a range expansion by planting new populations in
suitable habitats would compensate for the missing dispersal
agents and enhance the connectivity of populations at the
landscape scale. As the seed-dispersing animals rely on trees
for the provision of food and habitat, it is essential to first
actively restore populations of key tree species demo-
graphically and genetically at the landscape scale. Second,
extinct seed dispersers need to be reintroduced to guarantee
seed dispersal services. This will thereby ensure the recovery
and persistence of a healthy and resilient natural forest.

Data archiving

Sampling locations, DBH data, and microsatellite genotypes
available from the Dryad Digital Repository https://doi.org/
10.5061/dryad.6g97722.
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