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Abstract In most plants, the contributions of pollen and seed
flow to their genetic structures are generally difficult to disen-
tangle. For typical wind-pollinated and wind-dispersed spe-
cies Engelhardia roxburghiana in a 20-ha natural forest plot
in lower subtropic China, because the prevailing wind direc-
tions change during its pollen release and seed dispersal sea-
sons, we could compare its genetic structures in different di-
rections, which could result primarily from pollen or seed
flow. Furthermore, because the plot has undergone from an
open to a closed canopy stage historically, we also examined
forest canopy effects on gene flow in different generations and
different directions. Using 522 E. roxburghiana individuals
mapped in the plot, our results revealed that greater pollen
flow led to biased gene flow in the pollen dispersal-
predominant direction (pollen direction), while greater seed
flow generated less spatial genetic structure in the seed
dispersal-predominant direction (seed direction). The results
predicted from generalized additive models indicated that can-
opy closure enhanced resistance to gene flow from the old
generation to the new generation. Analyses by landscape ge-
netic models for the new generation revealed that gene flow
associated with pollen direction was more strongly affected by

canopy than with seed direction. Our study is new by propos-
ing an alternative way to separate effects of the pollen and
seed flow on spatial variation patterns in E. roxburghiana.
To our knowledge, our study is also the first attempt to use
landscape genetic models to represent canopy effects for dif-
ferent dispersal vectors in spatial scales only up to a few hun-
dred meters.
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Introduction

For plant species that are wind-pollinated and/or that have
wind-dispersed seeds, wind is the main effect on their local-
and broad-scale genetic structures (Latta and Mitton 1999;
Heuertz et al. 2003; Born et al. 2012; Millerón et al. 2012).
On a local scale, it is related to the mating success of individ-
uals (Burczyk et al. 2004; Bacles et al. 2005; Robledo-
Arnuncio and Gil 2005; Albaladejo et al. 2012; Torimaru
et al. 2012), population recruitment patterns (Grivet et al.
2009; Steinitz et al. 2011), and metapopulation dynamics
(Bohrer et al. 2005). On a broad scale, it is related to connec-
tivity of individuals in fragmented habitats (Sork and Smouse
2006), speciation (Devey et al. 2009), species conservation
(Fatemi and Gross 2009; Saro et al. 2014), and safety of trans-
genic species (Chandler and Dunwell 2008). In general, for
these species, their pollen or seed flow will reflect dominant
wind conditions during their pollen or seed dispersal seasons
(Latta and Mitton 1999; Steinitz et al. 2011; Born et al. 2012).
However, such patterns may be undetectable due to particular
features, such as complex landscapes, dense forests, and man-
made buildings (Bacles et al. 2005; Sork and Smouse 2006;
Austerlitz et al. 2007; Millerón et al. 2012; Torimaru et al.
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2012; Viner and Arritt 2012; Sant’Anna et al. 2013; Saro et al.
2014) protruding along the trajectories of the predominant
wind, acting as physical barriers to gene flow. In addition,
other factors may also cause unclear wind directionality pat-
terns, such as daily or seasonal variations in wind directions,
lack of flowering individuals along wind directions, random
dispersal of pollen or seeds that are not wind dispersed, and
environmental selection (Burczyk and Prat 1997; Dutech et al.
2005; Robledo-Arnuncio and Gil 2005; Albaladejo et al.
2012; Wang et al. 2014). Thus, the spatial genetic structure
(SGS) of the wind dispersal species might differ among sites
and environmental conditions.

However, the SGS studies at the local scale for many plants
including wind dispersal ones have not included local condi-
tion elements. They mainly address the local SGSs by spatial
autocorrelation methods (Vekemans and Hardy 2004), and the
patterns of gene flow within a population are predicted by the
shape of the correlogram. Nevertheless, the autocorrelation
analyses can detect the isolation by distance processes, but
they cannot identify local environmental variation effects dur-
ing dispersal events on SGS. If local conditions are not uni-
form and disrupt pollen or seed movements, they cannot pro-
vide detailed information about specific factors shaping the
effective dispersal, resulting in incomplete interpretations of
dispersal patterns.

To overcome this shortcoming, landscape genetic ap-
proaches have been used frequently and confirmed to be effi-
cient for identifying the specific environmental elements caus-
ing genetic discontinuity (Holderegger et al. 2010; Storfer
et al. 2010). However, the majority of landscape genetic stud-
ies have dealt with animals and have been conducted on a
large spatial scale, and landscape genetic analyses are not fully
integrated into local gene flow pattern analyses in plants (but
see Rhodes et al. 2014). One of the possible reasons for lack of
such integration is that at a small spatial scale, the study site is
often assumed to be environmentally homogenous for studied
plant species. Landscape genetic approaches require that the
study site be systematically divided into numbers of equally
sized subareas (cells) where each is then assigned a value for
the environmental feature it represents; if the environment is
assumed to be homogenous, all cells in the study site will be
given the same cost values, and no effective spatial cost map
could be generated.

Indeed, heterogeneous environments, even at a small spa-
tial scale, are common in plant populations (Fowler 1988),
resulting in some areas that are uninhabitable or unreachable
and subsequently leading to discontinuity in gene flow. Even
for a generally assumed homogenous environment, plants per
se, such as their canopies, are not always uniform in their
community. By dividing a 1-ha study plot into 400 5×5-m
cells, Ueno et al. (2006) defined three types of canopy condi-
tions (with gap, closed canopy, and mixed gap and canopy) in
the plot. They then investigated the genetic structures of

Camellia japonica saplings and found that gene flow was
more extensive in gap areas than in the other areas. This study
indicates that the grid-based landscape distance/resistance
framework should be valid for local SGS analysis at a small
spatial scale if site-specific characteristics are identified prop-
erly. Rhodes et al. (2014) used such landscape genetic ap-
proach directly to study fine-scale SGS of Oenothera
harringtonii, a herb endemic to grasslands of Colorado,
USA, in an ∼1100×600-m plot and found that local topo-
graphic heterogeneity was an important determinant of SGS
in the species.

Therefore, we initiated this work to combine local specific
environmental conditions and landscape genetic tools to study
the influence of wind on the genetic structures of Engelhardia
roxburghiana (Juglandaceae), a wind-pollinated and wind-
dispersed pioneer plant species. The study took place in a
large 20-ha forest plot in Dinghushan (DHS, Dinghu
Mountain), a part of lower subtropical China. Two site-
specific features in this plot make our study interesting.

One is that in the plot during the E. roxburghiana flowering
seasons (May–July), the prevailing winds are southwest, with
some high speeds, while during seed dispersal seasons (main-
ly September and October, and on), the main wind directions
are northwest, with lower speeds than those during the
flowering seasons (Fig. 1). Therefore, these provide the
chance to isolate the effects of wind-assisted dispersal patterns
in pollen and seed flow on the genetic variations of
E. roxburghiana in the plot. The other is that throughout his-
tory, with the exception of the southeast corner, the whole
DHS plot was clear-cut and then planted with Pinus
massoniana about 60 years ago (Wang et al. 2014). As a
consequence, during the early stage of the E. roxburghiana
population recovery, the forest canopy was open, but then, it
gradually closed. Therefore, if there were differential effects
of canopy density over gene flow, we would find different
genetic spatial patterns among the various generations of
E. roxburghiana in the plot.

Therefore, in this study, we aimed to link the spatial distri-
bution of genetic diversity of E. roxburghiana with existing
site-specific conditions to understand the biological processes
that governed the dynamics of the population. Specifically, by
dividing the gene flow of E. roxburghiana into pollen and
seed flow according to their predominant flow directions
(Supplementary S1 Fig. S1), we compared pollen and seed
flow effects on SGS and assessed the effects of canopy resis-
tance on pollen and seed dispersals. In this study, we used
landscape distance/resistance approaches to assess canopy re-
sistance on gene flow in different directions through canopy
simulations. To do so, we particularly chose individuals of the
new generation with diameter at breast height (DBH)<30 cm,
whose regenerations were most likely influenced by canopies,
and built different canopy friction maps for the plot. Then, we
used three different kinds of distances (straight line, least cost,
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and resistance) to test the landscape genetic models. Here, we
expected that as dispersal distances of both wind-assisted pol-
len and seeds were positively related to wind speed (Nathan
et al. 2011; Steinitz et al. 2011), the genetic relatedness among
individuals would be best explained by the straight line dis-
tance for them. However, as other factors, such as turbulent
and vertical winds, morphological adaptations for dispersal
and landscape features influence the final distance and direc-
tion of pollen and seed travel (Nathan and Katul 2005; Wright
et al. 2008; Millerón et al. 2012; Viner and Arritt 2012;
Maurer et al. 2013; Damschen et al. 2014); the best associated
distance may not be straight and may also differ for pollen and
seed. Using landscape genetic models, we are able to provide
the first comparative test about the effects of local site-specific
canopy conditions on pollen and seed flow.

Materials and methods

Study species

E. roxburghiana is an evergreen tree that is widely distributed
in Southeast Asia, from eastern Pakistan to southern China

and Indonesia (Lu et al. 1999). It is a pioneer canopy tree
and grows in various soil types, up to 30 m tall. It is an im-
portant medicinal plant in China. Compounds isolated from its
leaves, stems, and roots are useful for treating many ailments
(Wu et al. 2012; Xin et al. 2012). According to the first stem
census data obtained in 2005, it was the third most important
tree species with an importance value of 4.8 %; Castanopsis
chinensis and Schima superba were first and second with
importance values 12.3 and 6.6 %, respectively, in the DHS
plot (Ye et al. 2008). Here, the importance value is the sum of
relative density, frequency, and dominance of a species in its
community.

E. roxburghiana has unisexual flowers and wind-dispersed
pollen. Its fruit consists of a single-seeded nut with a relatively
large trilobate wing formed by three bracts that facilitate the
wind dispersal of seeds. The middle bract is 3–5 cm long, and
the other two lateral ones are 0.7–2.7 cm long (Lu et al. 1999;
Supplementary S1 Fig. S2).

Although E. roxburghiana is a common species, its repro-
ductive biology is relatively unknown. A phenological study
of our group fromDecember 2012 to December 2014 using 11
E. roxburghiana individuals with DBH 8.8–49.0 cm in our
plot showed that the one with the smallest DBH flowered,

Fig. 1 Mean wind directions and speeds from May to November for
8 years (2003–2012; 2005 and 2008 were excluded due to incomplete
records), based on daily records taken at 30-min intervals. Calm periods
(no wind) were removed. May–July corresponds to the flowering

seasons, and September–November corresponds to seed dispersal seasons
for Engelhardia roxburghiana. For each month, mean and max wind
speeds were shown on lower right corner, media wind direction were
represented by an arrow
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but some individuals with larger DBH did not. During our
sample collection, we observed no vegetative reproduction
from sprouting and creeping stems in E. roxburghiana, sug-
gesting that this species reproduces sexually. As a light-
demanding species, its regeneration in late-successional for-
ests depends on light gap formations.

To compare wind-assisted dispersal patterns among gener-
ations, E. roxburghiana trees were divided into three DBH
classes (Fig. 2): DBH≥40 cm (old generation, 168 individ-
uals), 30 cm≤DBH<40 cm (young generation, 190 individ-
uals), and DBH<30 cm (new generation, 164 individuals).
The generations were defined mainly to make each contain
similar numbers of individuals.

Study site

This study was conducted in the 20-ha (400×500 m) DHS
plot in the 1155-ha DHS National Nature Reserve on the
southern verge of the Tropic of Cancer in the subtropical part
of South China (Wang et al. 2009). In this plot, the forest at the
southeast corner has been well protected, and it is estimated to
be more than 400 years old, whereas the rest has frequently
been managed (Zhang et al. 1955; Fig. 2b). In the early 1950s,
the managed parts were clear cut and reforested with native
pines. However, after the whole area of the DHS was chosen
as a reserve in 1956, no cutting and forest management activ-
ities, such as weeding and fertilization, have been allowed.
Therefore, instead of developing into pure, dense pine forest
in the managed part, the vegetation in the managed part actu-
ally gradually developed into regional evergreen broadleaved
forest. At the time of our plot setting, the vegetation of the

study area was dominated by Lauraceae, Euphorbiaceae,
Rubiaceae, Moraceae, Theaceae, Myrtaceae, and
Aquifoliaceae (Ye et al. 2008).

The topography of the plot is complex, including, among
other features, elevations ranging from 230.0–476.1 m, high
and low ridges, shallow and deep valleys, and hillsides (Wang
et al. 2014). On the east side of the plot, there is an eddy flux
tower (Supplementary S1 Fig. S3). The tower was established
in 2002; it has recorded weather information automatically,
including wind, every 30 min each day.

Sample collection and microsatellite analysis

Leaf or cambium tissues of 522 E. roxburghiana individuals
in the DHS plot with DBH≥1 cm were collected in 2012 and
2013. The leaves were stored in sealed plastic bags containing
sil ica gel, while cambium tissues were stored in
cetyltrimethylammonium bromide (CTAB) solution until
DNA extraction. After DNA extraction, nine microsatellites
were analyzed, according to procedures of Zhang et al. (2014)
(Table 1).

Data analysis

Genetic diversity

We calculated genetic diversity parameters, including allelic
richness (A), observed and unbiased expected heterozygosity
(HO, HE), and the fixation index ( f ) using GENETIX 4.05
(Belkhir et al. 1996–2004). Then, we tested deviations from
the Hardy–Weinberg equilibrium (HWE) at each locus and

Individuals with DBH 40 cm

Individuals with 30 cm DBH < 40 cm

Individuals with DBH < 30 cm 

a) b)

Fig. 2 Distribution of Engelhardia roxburghiana individuals in the DHS plot. Thin contour lines in b represent elevations at 10-m intervals in the DHS
plot. The sizes of the circles correspond to DBH values of individuals
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genotypic linkage disequilibrium (LD) between all pairs of
loci using GENEPOP 4.0.7 (Rousset 2008), adjusting their
significance levels by the Bonferroni correction.

Visualization of spatial genetic patterns

We used two methods, genetic landscape shapes (GLS) in
Alleles In Space (AIS 1.0; Miller 2005) and spatial principal
component analysis (SPCA) in R package ADEGENET
(Jombart et al. 2008), to study the general genetic patterns of
E. roxburghiana in our plot. In GLS, we calculated genetic
distances among neighbors and then interpolated them over
the studied area to obtain a graphical representation of the
genetic distance pattern of E. roxburghiana. After trying dif-
ferent parameters and values, we chose to use the same ones as
previously reported for the same plot (Wang et al. 2014) to
display the present results. They included the distance
weighting parameter α=1, a grid size of 100×80 m, and
raw genetic distances between individuals.

SPCA optimizes genetic variation to find spatial patterns
by taking spatial autocorrelation (Moran’s I) into account.
Depending on positive or negative spatial autocorrelation,
SPCA can identify two types of patterns: global (such as
patches and clines) and local (differentiation among neigh-
bors) structuring. We used a Delaunay triangulation network
to define the connection of individuals to help estimate spatial
autocorrelation. We also used a Monte Carlo approach with
999 permutations to test the significance of the global and
local structuring. A bar plot of eigenvalues was used to deter-
mine the SPCA eigenvalues.

Anisotropic gene flow

For anisotropic gene flow analysis, we first used Mantel bear-
ing correlograms implemented in PASSAGE 2.0.11.6
(Rosenberg and Anderson 2011) to examine the magnitudes
of gene f low in di fferen t spat ia l d i rec t ions for
E. roxburghiana. This procedure calculates a set of directional

correlograms for given distance classes and uses the Mantel
correlation coefficient (rz) to measure autocorrelation.

For all individuals and the three DBH classes, we used
PASSAGE to automatically choose 20 distance classes, with
each containing a similar number of individual pairs (among
6798–6800 for all individuals, 700–702 for individuals with
DBH≥40 cm, 897–898 for 30 cm≤DBH<40 cm, and 667–
669 for DBH<30 cm), and observed 36 bearings (every 5°
from 0° to 180°) in the correlograms. The angle was measured
counterclockwise between the positive x-axis (due east) and
the line connecting the two individuals in a pair. Here, we only
considered a 0°–180° period for each pair in its geographic
angle measurement. We did not use a 0°–360° period be-
cause to do so, we must know the order of the two
individuals in a pair: the start individual or the mother
tree as well as the end individual or the offspring, and
we could not determine this. Actually, using methods of
Frantz et al. (2010), about 99.984 % of all our 135981
individual pairs were unrelated (Supplementary S2).
Considering that the angles were symmetric around the
circle, only the bearing in 0°–180° for each individual
pair was used in this study.

To measure the genetic differentiation between individuals,
we first calculated the Queller and Goodnight (1989) related-
ness coefficients between individuals using SPAGEDI 1.2g
(Hardy and Vekemans 2002) and subsequently multiplied
them by −1. The significance of rz was assessed using 999
permutations. We then performed an anisotropic spatial auto-
correlation analysis to compare SGS for all E. roxburghiana
individuals and the three DBH classes in different directions.
To do so, individual pairs were divided into two groups ac-
cording to their geographical directions, northeast (NE, 0°–
90°) and northwest (NW, 90°–180°), as the SGS of
E. roxburghiana could be influenced by different wind speeds
in these directions in the plot. Then, in the autocorrelation
analysis, we calculated pairwise genetic relatedness coeffi-
cients (Queller and Goodnight 1989) and regressed them to
different geographic distances with 20-m intervals up to
400 m. The significance of the mean relatedness coefficient

Table 1 Locus name, EMBL
accession, annealing temperature
(Ta), allelic richness (A), observed
(HO) and expected heterozygosity
(HE), and fixation index ( f ) for
nine microsatellite loci analyzed
for 522 Engelhardia
roxburghiana individuals

Locus EMBL accession no. Ta (°C) A HO HE f

HQ-29 HG421130 56 4 0.596 0.604 0.0143

HQ-49 HG421132 56 6 0.722 0.746 0.0320

HQ-23 HG421129 56 15 0.883 0.886 0.0034

HQ-36 HG421131 56 5 0.358 0.370 0.0317

HQ-89 HG421135 56 7 0.542 0.528 −0.0276
HQ-149 HG421136 52 8 0.517 0.487 −0.0622
HQ-156 HG421137 52 12 0.785 0.784 −0.0022
HQ-51 (AG) HG421140 52 9 0.797 0.773 −0.0306
HQ-23 (AG) HG421139 52 11 0.395 0.425 0.0712

Total 0.622 0.623 0.0013
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in a particular distance class was obtained from 1000 permu-
tations of individual spatial locations.

Generalized additive model and spatial resistance simulation
of canopy

To further study the relationship between pairwise genetic
relatedness and wind speed/direction, we adapted methods
of Carslaw et al. (2006) and Carslaw and Beevers (2013) for
modeling varying air pollution with wind speed and direction.
To do so, we used geographic distance and direction between
individuals to substitute for wind speed and direction as well
as genetic relatedness for pollution concentration. To follow
Carslaw and Beevers’ (2013) procedures, we applied a gener-
alized additive model (GAM) (Wood 2006) to model r
(pairwise genetic relationship) as a smooth function of the
pairwise geographic direction and pairwise geographic dis-
tance. That was

ri jeβ0þs diri j;disi j
� � þεi j

where rij is the pairwise genetic relationship between individ-
uals i and j, β0 is the overall mean of the response, s(dirij, disij)
is the smooth function of covariates dir (pairwise geographic
direction, 0°–180° period) and dis (pairwise geographic dis-
tance or landscape distance, see below), and εij is the residual.

Here, if we consider the pollen and seed ofE. roxburghiana
released into atmosphere as particles in Carslaw’s model

(Carslaw et al. 2006; Carslaw and Beevers 2013), we would
expect that if the wind speed was low, they would not be
dispersed effectively and thus would be concentrated near
their sources. Therefore, a high genetic relatedness between
source and sink could only be observed at short distances.
Conversely, high wind speed would cause high genetic relat-
edness even at long distances. In these circumstances,
distance-related genetic relatedness patterns match the wind
speed patterns well. In fact, the model above is actually a
common isolation-by-distance (IBD)model used in SGS anal-
ysis except for using direction as a covariate. However, un-
like linear regression models, the GAM model used here
is a semi- or non-parametric regression model that can
fit complex and non-linear relationships between re-
sponse and predictor variables, and it is more appropri-
ate in spatial genetic pattern analyses (Snäll et al. 2004;
Benson et al. 2012) than linear regression models. GAM
analysis was performed using the R package MGCV
1.8-3 (Wood 2006, 2011), and model selection was
based on generalized cross-validation (GCV) scores,
percentage of deviance explained, adjusted R2, and
Akaike information criterion (AIC).

For comparison, we also used surface distance (SD; He
et al. 2013) and hypotenuse distance (HD; Supplementary
S1 Fig. S4) to replace straight geographic distance (projection
distance, PD) to fit the GAM model. If topography was an
important factor for influencing the SGS of E. roxburghiana
in the DHS plot, we would expect the models with surface or

a) b) 

The summit 

Fig. 3 a The genetic landscape shape of Engelhardia roxburghiana in
the DHS plot. Circles represent E. roxburghiana individuals with
different DBH sizes in the plot. b Plot for the first global principal
component of the spatial principal coordinate analysis (SPCA). Circle

sizes represent individual scores on the first component. Bold contour
line(s) in both panels delineate the main genetic differentiation and are
derived by the interpolation of results for each method
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hypotenuse distance to be better compared to the models with
traditional geographic distance.

We then simulated forest canopy as an obstacle to gene
flow. To do this, we used crown sizes of individuals in the
plot to substitute for the forest canopy. Crowns are three-di-
mensional. Because crown heights were not available, we on-
ly considered crown horizontal dimensions. By assuming that
a crown was a circular cylinder and its base area represented
the linear transform of the actual crown projection area, we
used the base area to represent the crown size. The radius of
each crown cylinder was estimated from the DBH of individ-
ual using log(C(crown radius)) =a+b× log(DBH) reasonable for
describing crown radius and the DBH relationship for tree
species (O’Brien et al. 1995; Troxela et al. 2013). Then, we
calculated the crown sizes (π×C2

(crown radius)) of all individ-
uals with DBH≥5 cm for all species in the plot recorded with
the 2005 stem census. To calculate parameters a and b, we
artificially set 10 m as the upper limit for the crown radius of
the individuals with the largest DBH of 175 cm and 1.5 m as
the lower limit for those with the smallest DBH of 5 cm.
According to these, the model became log(C(crown radi-

us)) =−0.1969+0.5336× log(DBH). Then, we assumed that
the crowns of the individuals with DBH≥30 cm resulted in
resistance to both E. roxburghiana pollen and seed flow dur-
ing their crown growth. Based on these crowns, the DHS plot
was divided into canopy-covered and non-canopy-covered
areas. Using these canopy cover models, we subsequently
tested the possible canopy influences on gene flow predomi-
nated by different wind directions in the new generation (in-
dividuals with DBH<30 cm) of E. roxburghiana.

Following Lander et al. (2013), we used three types of
distances to model canopy effects on gene flow: (1) weighted
linear distances (WLD), (2) least-cost distances (LCD), and
(3) resistance distances (RD). Unlike geographic distance,
these three distances take into account the landscape types of
which the gene flow encounters so that different cost values
can be used for different landscape types, which are canopy
types in our case. WLD is based on a straight line path be-
tween two individuals, and the lengths of the line segments
were weighted by multiplying them with different cost values.
LCD and RD are based on the surface cost that we define.
LCD is the distance with the lowest cost between two individ-
uals, while RD is the average travel cost during random walk
between two individuals by circuit theory (McRae 2006). The
models using these distances were also performed in two geo-
graphical directions (NE and NW) corresponding to pollen
flow or seed flow, respectively.

For WLD, the straight line between two points was
subdivided into different sections where canopy or non-
canopy areas crossed, and the lines falling in sections of the
former were multiplied by 1.5 (low), 2 (medium), or 10 (high)
as the additional cost for gene flow. For LCD and RD, we
converted the DHS plot to a raster with 0.5×0.5-m grid cells.

For non-canopy cell types, we assigned a value of 1, meaning
no friction. For canopy cell types, we assigned 2, 10, 100, and
1000 to simulate low, medium, high, and very high resistance
levels to gene flow, respectively, and tested each level in LCD
and RD analyses denoted by LCD2–LCD1000 and RD2–
RD1000. In addition, we also made a null model of IBD by
assigning 1 to all the cells for comparison. This is equivalent
to testing for isolation by linear distance (PD, in our case), but
it accounts for the finite size of the study area and, therefore, is
more appropriate for comparison with our other models (Lee-
Yaw et al. 2009). To examine the influence of grid size, we
used a grid size of 1×1 m for the analysis and found that the
results were not substantially different from those using the
0.5 × 0.5-m grid (Supplementary S1 Tables S1 and S2).
Therefore, we only reported results for 0.5×0.5-m grid cells.

Fig. 4 Mantel bearing correlograms of Engelhardia roxburghiana in the
DHS plot for a all individuals, b individuals with DBH≥ 40 cm, c with
30 cm≤DBH<40 cm, and dwith DBH<30 cm. For each panel, the dots
in the lower circular part are absolute Mantel’s rz values (size of the each
dot corresponds to its value), and their significance or non-significance is
indicated by the colored dots in the diagonal position on the upper circular
part of each panel. The red, sky blue, and deep yellow circles represent
significant (P< 0.05) positive, negative, and non-significant Mantel’s rz
values, respectively. The annuli in a represent distance classes with the
upper limits of 38.0, 57.0, 72.5, 86.7, 100.3, 114.3, 128.2, 142.1, 160.0,
169.6, 183.5, 198.3, 214.2, 232.0, 252.2, 275.9, 302.6, 334.1, and
372.0 m; in b with 38.4, 57.2, 72.3, 85.2, 97.3, 109.9, 123.0, 136.5,
150.3, 163.7, 178.6, 195.3, 212.5, 231.1, 251.4, 275.6, 299.3, 327.2,
and 364.1 m; in c with 34.6, 52.2, 67.1, 79.3, 91.8, 104.4, 117.2, 130.0,
143.8, 157.4, 171.0, 184.5, 198.5, 214.2, 232.9, 256.0, 282.3, 317.3, and
358.8 m; and in d with 34.7, 56.3, 73.8, 92.0, 109.0, 124.7, 140.0, 156.6,
172.0, 185.1, 199.1, 214.6, 232.7, 250.5, 270.8, 295.0, 319.0, 349.3, and
387.2 m. For each panel, their 20th annulus is not shown in order to make
the first inner annuli observable
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The partial Mantel test was further used to test the effects of
canopy on gene flow while controlling for IBD. If canopy
does present a barrier to gene flow, the association between
pairwise genetic relatedness and cost distance quantified by
the LCD that outperformed in all GAM models (see Results
section) should persist when the IBD influence is removed.
Because the Mantel test does not support interactive effects,
we did not include a pairwise direction matrix in the test. For
the controlling distance matrix, we used the results from the
null model LCD1. The partial Mantel test was also performed
using the PASSAGE software, and the significance of the
correlation was evaluated using 999 permutations.

Results

Genetic diversity

The number of alleles per locus ranged from 4 to 15, and the
HE ranged from 0.370to 0.886 among the loci (Table 1). No
locus deviated from HWE after the Bonferroni correction. A
significant deviation from LD was found for all locus pairs at
the 5 % level when all 522 individuals were analyzed.
However, no such deviation was found when only individuals
with a DBH≥50 cm were analyzed (n=45).

Visualization of spatial genetic patterns

Generally, the GLS results indicated that the northern portions
of the individuals were more genetically similar to each other
compared to those in the southern part of the DHS plot, with
the highest and lowest similarities near the southern and north-
ern borders (Fig. 3a), respectively.

In the SPCA analysis, the global structure was significant
(P=0.001), but the local structure was not (P=0.661). Based

on the eigenvalues (Supplementary S1 Fig. S5), we chose the
first positive SPCA component (SPC1) that accounted for
11.6 % of the total variance to present the results graphically,
and it revealed a clear separation of the individuals in the plot
into two parts: northwest and southeast (Fig. 3b).

Anisotropic gene flow

The Mantel bearing correlogram indicated clear direction-
dependent spatial autocorrelation patterns with positive spatial
autocorrelation extending to the tenth ring (169.6 m) of dis-
tance classes in the NE direction for all individuals analyzed.
Furthermore, although significant negative spatial autocorre-
lation generally occurred in all directions (0–180°) from the
distance class of 198.3 m (the 12th ring) to farther distance
classes, the magnitude was greater in the NW direction than in
the NE direction, as indicated by the absolute Mantel’s rz
values. For different DBH classes, the individuals with
DBH≥ 40 cm showed a similar pattern to all individuals,
with the positive spatial autocorrelation extending to the
ninth ring (150.3 m) in the NE direction. Those with
30 cm≤DBH<40 cm had a similar trend, while the rest
with DBH<30 cm showed no such directional patterns
(Fig. 4).

Significant SGS with positive relatedness coefficients ex-
tended up to 140 and 120 m for all of the individual pairs in
the NE and NW directions, respectively (Fig. 5a). However,
the individual pairs in the NE direction showed higher mean
genetic relatedness coefficients in all distance classes than did
those in the NW direction. For different DBH classes, individ-
uals in the NE direction also showed higher SGS than did
individuals in the NW direction in most distance classes
(Fig. 5b–d), especially for individuals with DBH<30 cm
within the distance class of 120 m (Fig. 5d).

Fig. 5 Spatial autocorrelation
analysis for Engelhardia
roxburghiana. Filled symbols
indicate significance at the 0.05
level. a All individuals, b
individuals with DBH≥ 40 cm, c
with 30 cm ≤DBH<40 cm, and d
with DBH<30 cm
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Generalized additive model and spatial resistance
simulation of the canopy

In the GAM analysis, for all individuals and in the
three DBH classes, three geographic distances (PD,
HD, and SD) and the IBD null model using LCD1
had comparable results (Table 2). Consistent with the
Mantel bearing correlogram, the predicted GAM values
(Fig. 6) demonstrated direction-dependent spatial genetic
patterns that were clearer for individuals with
DBH ≥ 40 cm (extending to about 200 m around 90°

and to 100 m around 150°) than for those in the other
two DBH classes.

For individuals with DBH<30 cm, LCD10–LCD1000 im-
proved models used for predicting the association between
pairwise genetic relatedness and spatial resistance, such as
with high adjusted R2 values of 0.071, 0.074, and 0.074. On
the other hand, RD with low friction values performed the
worst in all models, with adjusted R2 values of 0.035 and
0.031 for RD2 and RD10 (Table 2). Models using RD2 and
RD10 were even inferior to the IBD null model that used RD1
with adjusted R2 value of 0.041.

Table 2 Generalized additive model results testing pairwise genetic relatedness related to pairwise geographic direction and different geographic and
cost distances

Smooth terms† GCV R2 Deviance explained AIC

All individuals s(Direction, LCD1) 0.056 0.035 3.53 % −5027.058
s(Direction, RD1) 0.057 0.028 2.83 % −4236.030
s(Direction, PD) 0.056 0.035 3.54 % −5073.037
s(Direction, HD) 0.056 0.035 3.55 % −5068.221
s(Direction, SD) 0.056 0.035 3.57 % −5097.032

Individuals with DBH ≥ 40 cm s(Direction, LCD1) 0.056 0.037 4.10 % −509.982
s(Direction, RD1) 0.057 0.022 2.21 % −333.554
s(Direction, PD) 0.056 0.037 4.08 % −519.443
s(Direction, HD) 0.056 0.037 4.05 % −511.984
s(Direction, SD) 0.056 0.036 3.97 % −504.732

Individuals with 30 cm≤DBH<40 cm s(Direction, LCD1) 0.058 0.031 3.50 % −102.977
s(Direction, RD1) 0.058 0.024 2.45 % −34.570
s(Direction, PD) 0.058 0.033 3.65 % −125.906
s(Direction, HD) 0.058 0.033 3.74 % −136.391
s(Direction, SD) 0.058 0.033 3.65 % −127.067

Individuals with DBH<30 cm s(Direction, LCD1) 0.055 0.052 5.63 % −726.974
s(Direction, RD1) 0.056 0.041 4.11 % −612.691
s(Direction, PD) 0.055 0.055 6.09 % −745.706
s(Direction, HD) 0.055 0.056 6.10 % −766.577
s(Direction, SD) 0.055 0.055 5.97 % −763.468
s(Direction, WLD1.5) 0.056 0.051 5.54 % −710.820
s(Direction, WLD2) 0.056 0.046 4.76 % −681.300
s(Direction, WLD10) 0.056 0.038 3.90 % −579.831
s(Direction, LCD2) 0.055 0.056 6.05 % −780.691
s(Direction, LCD10) 0.055 0.071 7.69 % −956.969
s(Direction, LCD100) 0.054 0.074 7.92 % −1010.347
s(Direction, LCD1000) 0.054 0.074 7.98 % −1002.262
s(Direction, RD2) 0.056 0.035 3.62 % −532.503
s(Direction, RD10) 0.057 0.031 3.26 % −467.940
s(Direction, RD100) 0.056 0.041 4.24 % −597.411
s(Direction, RD1000) 0.055 0.054 5.98 % −741.004

Generalized cross-validation score (GCV), adjusted R2 , percentage of deviance explained, and Akaike’s information criterion (AIC) are given. LCD1
and RD1 are null models of isolation by distance (IBD), with all grid cells given a friction value of 1
†All smooth term(s) in each model were highly significant with P< 0.0001

PD projection distance, HD hypotenuse distance, SD surface distance,WLD weighted linear distances, LCD least-cost distance, RD resistance distance
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When considering two gene dispersal directions, NE and
NW, three geographic distances (PD, HD, and SD) showed
similar association values among each other for all individuals
and for the three DBH classes (Table 3).

For individuals with DBH< 30 cm, the models using
LCD10–LCD1000 were superior, with adjusted R2 values of
0.075, 0.080, and 0.076, respectively, to those using other
distance types with adjusted R2 values ranging from 0.032 to
0.070 in the NE direction, while no LCDmodels showed such
superiority in the NW direction (Table 3).

Partial Mantel tests revealed that the models using LCD for
individuals with DBH<30 cm remained significant even
when controlling for IBD in the NE direction but not in the
NW direction (Table 4).

Discussion

Although large wind or weather patterns are often predictable
and frequently used in gene flow analyses (e.g., Cox et al.
2011; Kremer et al. 2012), locally, only a few relevant studies
have incorporated meteorological data, such as wind (Nathan
and Katul 2005; Austerlitz et al. 2007; Wright et al. 2008;
Millerón et al. 2012; Viner and Arritt 2012, Maurer et al.
2013), snowmelt timing (Cortés et al. 2014), and the other
weather conditions, such as temperature, humidity, and solar
radiation intensity (Bohrerova et al. 2009). Results from these
studies indicate that the meteorological data are helpful to
estimate and simulate gene flow patterns. Generally, setting
up meteorological stations is costly and not practical.
However, if the topographies of the study area and its sur-
rounding areas are flat, meteorological data from nearby me-
teorological stations might be useful. For instance, in an area
near Montargis in France, a comparison between data from a
meteorological station 70 km from the experimental field and
the data from another station located inside the field showed

little difference (Bensadoun et al. 2014). Therefore, we should
try our best to obtain and include possible meteorological data
in the analyses of plant gene flow.

Theoretically, the utilization of maternally inherited chlo-
roplast DNA (cpDNA) data should enable us to estimate the
seed dispersal patterns for E. roxburghiana. However, using
eight cpDNA intron or intergenic spacers (Supplementary
S3), our results indicated that all 12 individuals we chose
shared the same cpDNA haplotype (total length of 7092 bp).
Therefore, we gave up using cpDNA markers to detect possi-
ble seed dispersal patterns.

Overall, we found significant relationships between site-
specific conditions and spatial genetic patterns of
E. roxburghiana in the DHS plot, suggesting that these con-
ditions may have played important roles in structuring the
genetic variations of this species. Particularly, the nature of
the wind system typically resulted in an asymmetrical genetic
pattern in E. roxburghiana, with the gene flow clearly biased
to the pollen dispersal-predominant NE direction. However,
higher SGS also occurred in this direction than that in the seed
dispersal-predominant NW direction. The results suggest that
canopy closure increased canopy resistance to gene flow, but
gene flow predominated by different wind directions
displayed different relationships with canopy resistance.

Spatial genetic structure and anisotropic dispersal

We found a clear fine-scale SGS in E. roxburghiana, and it
was higher in the NE direction than in the other directions. As
there is an apparent prevailing southwest wind during
flowering seasons and because we would expect it to homog-
enize genetic variations by pollen flow in the NE direction
within the population, if not in other directions, the observed
SGS patterns may most likely be due to restricted dispersal of
seeds. Although the seeds of E. roxburghiana are also dis-
persed by wind, the wind speed in seed dispersal seasons is

a) b) c) d)

Direction

Fig. 6 Predicted pairwise genetic
relatedness distribution varying
with geographic distance
(projection distance, PD) and
direction, according to
generalized additive models for
a all individuals, b individuals
with DBH ≥ 40 cm, c with
30 cm ≤DBH<40 cm, and dwith
DBH< 30 cm of Engelhardia
roxburghiana in the DHS plot.
Long and short arrows in a and
b indicate wind directionality
patterns that roughly represent
predominant pollen and seed
flow, respectively
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Table 3 Generalized additive model results testing pairwise genetic relatedness related to pairwise geographic direction and different geographic or
cost distances considering different directions of gene flow

Smooth terms† GCV R2 Deviance explained AIC

All individuals Northeast (0°–90°)

s(Direction, LCD1) 0.060 0.023 2.38 % 1766.783

s(Direction, RD1) 0.061 0.019 1.88 % 1954.946

s(Direction, PD) 0.060 0.023 2.41 % 1749.285

s(Direction, HD) 0.060 0.023 2.41 % 1751.517

s(Direction, SD) 0.060 0.023 2.37 % 1777.320

Northwest (90 –180°)

s(Direction, LCD1) 0.054 0.034 3.53 % −7040.518
s(Direction, RD1) 0.054 0.029 2.88 % −6631.572
s(Direction, PD) 0.054 0.035 3.56 % −7072.365
s(Direction, HD) 0.054 0.035 3.56 % −7066.260
s(Direction, SD) 0.054 0.035 3.59 % −7106.742

Individuals with DBH ≥ 40 cm Northeast (0 –90°)

s(Direction, LCD1) 0.061 0.031 3.45 % 260.623

s(Direction, RD1) 0.061 0.020 2.13 % 320.246

s(Direction, PD) 0.061 0.031 3.38 % 256.197

s(Direction, HD) 0.061 0.030 3.30 % 264.367

s(Direction, SD) 0.061 0.029 3.18 % 266.485

Northwest (90 –180°)

s(Direction, LCD1) 0.053 0.037 4.00 % −805.588
s(Direction, RD1) 0.053 0.023 2.35 % −713.496
s(Direction, PD) 0.053 0.038 4.11 % −812.948
s(Direction, HD) 0.053 0.038 4.13 % −811.933
s(Direction, SD) 0.053 0.038 4.06 % −812.027

Individuals with 30 cm≤DBH<40 cm Northeast (0°–90°)

s(Direction, LCD1) 0.063 0.019 2.37 % 528.905

s(Direction, RD1) 0.063 0.014 1.62 % 539.762

s(Direction, PD) 0.063 0.020 2.50 % 514.729

s(Direction, HD) 0.063 0.021 2.65 % 514.276

s(Direction, SD) 0.063 0.021 2.63 % 512.951

Northwest (90 –180°)

s(Direction, LCD1) 0.055 0.029 3.20 % −664.944
s(Direction, RD1) 0.055 0.024 2.46 % −638.813
s(Direction, PD) 0.055 0.030 3.47 % −673.480
s(Direction, HD) 0.055 0.031 3.44 % −678.840
s(Direction, SD) 0.055 0.030 3.34 % −674.778

Individuals with DBH<30 cm Northeast (0 –90°)

s(Direction, LCD1) 0.059 0.051 5.68 % 13.616

s(Direction, RD1) 0.059 0.034 3.49 % 77.848

s(Direction, PD) 0.059 0.050 5.50 % 9.124

s(Direction, HD) 0.058 0.053 5.68 % −2.679
s(Direction, SD) 0.058 0.054 5.96 % −7.701
s(Direction, WLD1.5) 0.059 0.046 4.91 % 29.331

s(Direction, WLD2) 0.059 0.043 4.59 % 42.421

s(Direction, WLD10) 0.060 0.032 3.45 % 90.826

s(Direction, LCD2) 0.058 0.058 6.45 % −24.898
s(Direction, LCD10) 0.057 0.075 8.17 % −109.824
s(Direction, LCD100) 0.057 0.080 8.59 % −141.566
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lower in the NE direction than in the other directions, and thus,
seed dispersal by wind might be limited in this direction,
causing localized pedigree structures.

Significant SGSwas also reported in other tree species with
wind-dispersed seeds (Heuertz et al. 2003; Gaino et al. 2010
and the references therein) due to the high frequency of short-
distance seed dispersal. In fact, compared to species with
animal-dispersed seeds, species with wind-dispersed seeds
are generally distributed in clumps, indicating dispersal re-
striction by the seeds themselves (Li et al. 2009). In diploid
plant species, seed flow introduces two alleles at each locus
and is far more likely to contribute to the SGS than is pollen
flow within the population (Dow and Ashley 1996; Grivet
et al. 2009). Therefore, if seed flow is restricted, the overall
SGS within the population can be easily established, even
under extensive pollen flow (Grivet et al. 2009; Albaladejo
et al. 2012; Wang et al. 2014).

Our data suggest that genetic variation patterns vary across
generations, as both the Mantel bearing correlograms (Fig. 4)
and the GAM analyses (Fig. 6) revealed a clear directional
pattern in the old generation (DBH≥40 cm) that gradually
diminished in the later generations. The reason for this may
be that as the forest recovered after clear-cutting in the plot, the
forest density and canopy cover increased and thus hindered
the wind-borne gene flow. Therefore, it is possible that as a
population develops from open land, conditions for gene flow

Table 3 (continued)

Smooth terms† GCV R2 Deviance explained AIC

s(Direction, LCD1000) 0.057 0.076 8.31 % −116.323
s(Direction, RD2) 0.059 0.041 4.21 % 36.654

s(Direction, RD10) 0.060 0.036 3.88 % 74.273

s(Direction, RD100) 0.058 0.054 5.68 % −21.549
s(Direction, RD1000) 0.057 0.070 7.48 % −94.497

Northwest (90 –180°)

s(Direction, LCD1) 0.053 0.042 4.38 % −747.972
s(Direction, RD1) 0.054 0.038 3.92 % −723.543
s(Direction, PD) 0.053 0.046 5.11 % −760.900
s(Direction, HD) 0.053 0.048 5.35 % −772.590
s(Direction, SD) 0.053 0.047 5.21 % −768.412
s(Direction, WLD1.5) 0.053 0.044 4.94 % −751.969
s(Direction, WLD2) 0.054 0.040 4.26 % −733.563
s(Direction, WLD10) 0.054 0.033 3.39 % −687.400
s(Direction, LCD2) 0.053 0.045 4.88 % −764.374
s(Direction, LCD10) 0.053 0.059 6.70 % −855.610
s(Direction, LCD100) 0.053 0.061 6.81 % −876.094
s(Direction, LCD1000) 0.052 0.066 7.48 % −905.739
s(Direction, RD2) 0.054 0.026 2.84 % −623.608
s(Direction, RD10) 0.054 0.024 2.56 % −598.256
s(Direction, RD100) 0.054 0.031 3.45 % −648.121
s(Direction, RD1000) 0.054 0.042 4.89 % −706.479

Refer to Table 2 for definitions of the abbreviations
†All smooth term(s) in each model were highly significant, with P< 0.0001

Table 4 Partial Mantel tests of correlation between genetic relatedness
and simulated canopy resistance models for Engelhardia roxburghiana
individuals with DBH< 30 cm

Models tested for correlation with
pairwise genetic relatedness

Correlation
coefficient (r)

Significance
(P)

Northeast (0°–90°)

LCD2|IBD (LCD1) −0.138 0.001

LCD10|IBD (LCD1) −0.131 0.001

LCD100|IBD (LCD1) −0.115 0.001

LCD1000|IBD (LCD1) −0.114 0.001

Northwest (90°–180°)

LCD2|IBD (LCD1) −0.010 0.243

LCD10|IBD (LCD1) 0.012 0.753

LCD100|IBD (LCD1) 0.045 0.997

LCD1000|IBD (LCD1) 0.046 0.994

Correlations with P< 0.05 are bolded

LCD least-cost distance
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by wind become less and less favorable. Some old individuals
die, and some young regenerate, and, over time, it may become
difficult to detect directional genetic variation patterns in the
young generations. This suggests that when studying such pat-
terns, we should take population history into consideration.

Landscape genetic models

Locally, unlike previous studies that directly investigated for-
est canopy effects on pollen or seed dispersal distances
(Bacles et al. 2005; Millerón et al. 2012; Sant’Anna et al.
2013; Shohami and Nathan 2014), we used landscape genetic
models to assess such effects. To our knowledge, this is the
first attempt to associate gene flow processes with cost dis-
tances for canopy resistance models at local scales. Our results
are discussed according to the following several aspects.

First, GAM results indicate that the association strengths of
HD, SD, and simple Euclidean distance (PD distance) with
genetic relatedness are similar, implying that topography has
little influence on the spatial patterns of E. roxburghiana ge-
netic variations, since HD and SD incorporate topography
information and PD does not.

Second, among the three distances used to test the canopy
as a barrier to gene flow, bothWLD and RD are comparable or
inferior to simple PD, indicating that WLD and RD are not
suitable for explaining the association between genetic relat-
edness and canopy resistance. Specifically, our models using
RD performed the poorest, and, most of the time, the associ-
ation results using RD2–RD1000 were even poorer than those
of the null models that used RD1. The reasons for these might
be that resistance distance using the average resistance over all
possible paths between pairwise samples may not be applica-
ble for passive wind-dispersed pollen and seeds that cannot
choose their dispersal paths.

Third, we found that least-cost distance with high friction
values outperformed the other distances, supporting the idea
that canopies can serve as physical barriers to gene flow, such
as by pollen (Millerón et al. 2012). However, when we looked
at the two different directions that were affected by different
wind speeds, we found that the model using LCDwas the best
for describing the association in the NE direction but not in the
NW direction (Tables 3 and 4). Because gene flow in the NE
direction was mostly influenced by pollen, the possible reason
for this might be that the pollen ofE. roxburghiana is very tiny
(Manos and Stone 2001), and with strong wind and air turbu-
lence, the pollen could be moved by wind more freely than
can seeds bypassing the canopy, increasing the chances of the
interception by canopy. In this case, the pollen dispersal route
could be partially mirrored by the least-cost path between
individuals. On the contrary, the seeds of E. roxburghiana
are large. When they are dispersed in the air, they have few
chances to be dispersed by anabatic wind. Coupled with mod-
erate wind speed in the NW direction, the pattern of seed flow

was more likely to reflect isolation by distance but not by the
cost distance used in this study.

Finally, we found that both non-linear (GAM) and linear
methods (partial Mantel test) generally gave congruent results
for the models using LCD distances with high friction values.
For the same direction, the GAM method revealed that the
higher the friction values (100 and 1000) used in the LCD, the
larger the association values, which means that the canopy only
served as a gene flow impediment when there was high spatial
resistance. This is understandable because low friction might
represent a sparse canopy, while high friction means a dense
canopy. However, the highest correlation value detected by the
partial Mantel test was using LCDwith a low friction value of 2,
which is unexplainable. As linear models only account for the
linear components of associations, the reasons for the discrepan-
cies between the two methods might be that, at our study scale,
the linearmethod could not fully capture the variationswe tested.

A significant strength of the GAM approach adopted here
was that splines could be inspected to reveal the true shape of
the relationship between genetic relatedness and geographic
distance (Fig. 6). Unfortunately, as local wind records were
only available since the year 2002, we could not infer the wind
dynamics and the relationship with historical gene flow.

Our results indicate that the different genetic patterns ob-
tained for pollen and seed of E. roxburghiana individuals by
landscape genetic models are attributable to the differences in
canopy resistances to pollen and seed dispersals. This con-
firms that the grid-based landscape distance/resistance ap-
proach used here can gain a much more refined picture of
genetic structures and the possible corresponding variables.

However, this study has several limitations in landscape
genetic models. First, for each species, we only use the living
individuals in the community to simulate previous canopy
conditions. The individuals who died in the past may also
have contributed to the SGS ofE. roxburghiana, but they were
not included because of a lack of information about them.

Second, canopy was not directly measured and its heteroge-
neity, such as canopy height, was not full incorporated in our
study. Canopy heterogeneity can modify turbulence leading to
different transfer of pollen or seed (Bohrer et al. 2008, 2009;
Damschen et al. 2014). Particularly, heterogeneous canopy can
create different hot spots for turbulence ejections which can
translate to high potential of long distance dispersal (Bohrer
et al. 2009). In this study, we used the same model to predict
crown sizes of all the species and assumed that their crowns
were perfectly round, and this assumption most likely would
not adequately reflect the true biological phenomena.
Additionally, DBH could explain only part of variation in crown
size. Tree heights which characterize the three-dimensional
canopy structure were not considered. Individuals with
different heights may intercept E. roxburghiana pollen and
seed differently. The heights of individuals were also related to
the dispersal distances of pollen and seed (Katul et al. 2005;
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Nathan and Katul 2005; Bohrer et al. 2008). Bohrer et al. (2008)
indicated that light particles (corresponding to pollen in our case)
released from high individuals would have more advantage in
benefiting from canopy hot spots of ejections.

Third, in the models, we used all the species with their
DBH larger than 30 cm including E. roxburghiana. For these
E. roxburghiana individuals, we ignored their fecundity and
pollen production. In fact, they might not be physical barriers
but rather competitive seed sources in the plot, especially for
the larger ones.

Four, although our association analysis indicates that to-
pography has little influence on the spatial patterns of
E. roxburghiana genetic variations, it has been reported that
landscape heterogeneity plays an important role on dispersal
(Damschen et al. 2014; Trakhtenbrot et al. 2014) that subse-
quently influences long-term genetic patterns in the species.
To explore the effects of topography on the seed dispersal by
wind, Trakhtenbrot et al. (2014) utilized a topography simu-
lation and showed that even gentle hill could generate large
differences in seed-mediated gene flow, such as hill top vs.
upwind or downwind slopes. Damschen et al. (2014) found
that open gaps and corridors affected the wind speed and di-
rection and thus influenced both short and long distance dis-
persals. In our study, we only consider the undulating terrain of
the plot but neglect its interactions with wind and canopy,
which may have resulted in our failure to find the relationship
of landscape and genetic patterns. In addition, wind data was
only obtained at a single point (Supplementary S1 Fig. S3) and
a single elevation for the complex landscape of our plot, and
such data cannot reflect the characteristics of the wind condi-
tions over the entire plot.

Finally, our models are limited by the fact that the related-
ness coefficient we used is symmetric, and they could not be
used to disentangle true pollen and seed flows in the 0°–180°
period we used. Consequently, the genetic structure in differ-
ent directions was mostly due to the intensity of pollen or seed
dispersal, and future parentage analysis using seeds and seed-
lings would allow for more robust insight into the impact of
anisotropic winds on genetic variation in this species.

Therefore, our landscape genetic model is simple and needs
further improvements in future studies by incorporating these
factors into analyses.

Conclusions

Seasonal changes in wind directions occur in many locations
throughout the world (Komdeur and Daan 2005; Abe et al.
2008; Nazemosadat and Ghaedamini 2010; Cheung et al.
2011). For example, regionally, they are common in India
and Southeast Asia, known as monsoon winds. Therefore,
the seasonal wind direction-dependent pollen and seed dis-
persal systems in E. roxburghiana should not be considered

unique features in our study plot but should be considered
common elsewhere.

Our results demonstrate site-specific conditions resulting in
local-scale genetic variations in E. roxburghiana, suggesting
the importance of integrating these conditions into our future
estimation and simulation of pollen and seed flow. Regarding
the analytical approach, our study shows that landscape ge-
netic approaches offer great potential in revealing factors of
local-scale gene flow patterns, although the model still needs
further improvements.

Finally, considering that rapid climate change causes wind
conditions to vary unpredictably, further long-term realistic
assessments of wind-aided gene dispersal using parentage
analysis of pollen and seeds are required in E. roxburghiana
and other similar species for better biodiversity conservation
and resource management in the future.
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