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Abstract

Background: Dioecious plant species having both male and female plants have been investigated regarding sex-
related characteristics such as sex ratio, sex-differential resource requirements, and spatial segregation of the sexes.
Habitat loss and fragmentation are major threats to the survival of plant populations, but dioecious species are
particularly more prone to such habitat degradation than non-dioecious species because of their dimorphic sexual
system. We examined the sex-related demographics of two flex cornuta populations being different regarding land
use history.

Methods: During 2016-2017, we examined /. cornuta trees with a basal diameter 2 1.5 cm in the Yongsu-ri
population (YS population) and the Gotjawal Provincial Park population (GP population). Plant sex (male, female, or
unsexed) was identified. The tree size (basal diameter and height of the main stem), clonal production (the ramet
numbers per genet), and vitality for each clone were measured. The associations between population, sex, tree size,
clonal production, and vitality were examined using ANOVAs and contingency table analyses. Finally, point pattern
analyses using O-ring statistics were conducted to assess spatial patterns.

Results: Upon excluding unsexed trees, the YS population with 74 trees was significantly male-biased (0.66), while
the GP population with only 26 trees had a 1:1 sex ratio. In both populations, males and females did not differ in
tree size. Although the mean number of ramets differed significantly between populations, females tended to
produce more ramets than males. The proportion of weak trees was significantly higher in the YS than in the GP
population. Neither population showed evidence of spatial segregation of the sexes.

Conclusions: The two populations of dioecious /. cornuta are characterized by the small number of trees and
relatively high frequencies of non-reproductive trees. Both indicate that these populations are quite susceptible to
environmental and genetic stochasticity. On the other hand, the differences between populations in sex ratio,
clonal production, and vitality suggest that conservation efforts for . cornuta need to be population-specific. In
order to help recover and enable this vulnerable species to persist, it is necessary to find ways to enhance their
sexual reproduction and simultaneously reduce habitat disturbances due to anthropogenic activities.
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Background

Flowering plants have extremely diverse sexual systems,
breeding systems, flower morphology, and phenology.
These are believed to reflect their adaptability to variable
environments. In particular, dioecious plant species hav-
ing both male and female plants have been investigated
regarding sex-related characteristics such as sex ratio
variation, sex-differential resource requirements, and
spatial segregation of the sexes (SSS) (Obeso 2002; Bar-
rett and Hough 2013; Garbarino et al. 2015). In the di-
verse dioecious populations and species examined, sex
ratios were often female- or male-biased, with the latter
being far more common than the former. This was con-
trary to the theoretical expectation of the 1:1 ratio
(Queenborough et al. 2007; Garbarino et al. 2015). Males
and females of many dioecious species also differ in
growth rate, reproductive age, and mortality, being re-
sponsible for skewed sex ratios (Obeso 2002; Cepeda-Cor-
nejo and Dirzo 2010; Kang and Shin 2012). Another issue
regarding sex-related characteristics in many dioecious
species is clone formation through vegetative means such
as suckers and tillers, which form clones of ramets. If
clonality negatively affects sexual reproduction, clonality
difference between sexes and its genetic consequences
may exert significant influence overpopulation or species
persistence (Barrrett 2015).

Habitat loss and fragmentation is a major threat to the
survival of plant populations (Alofs et al. 2014; Fahrig
2017). Dioecious plants have the reproductive handicap
of reduced mate assurance and seed shadows because
they have separate male and female plants (Heilbuth et
al. 2001; Yu and Lu 2011), making them more vulnerable
than non-dioecious species to environmental changes
(Vamosi and Otto 2002) and climate change (Hultine et
al. 2016). Therefore, strategies to conserve dioecious
plants must integrate knowledge about their demo-
graphic parameters, ecological attributes, and spatial
structure based on sex-specific characteristics.

Ilex cornuta (Aquifoliaceae) is a broad-leaved ever-
green shrub that belongs to the largest genus (~405-600
species) of woody dioecious plants (Stevens 2001 on-
ward; Tsang 2005). It is an endemic species of East Asia
(Galle 1997), inhabiting South Korea and eastern China.
In Korea, I. cornuta occurs in the southern region below
35° 37" N, including Jeolla-do Province on the mainland
and Jeju Island in the southern sea of Korea. This spe-
cies is designated as “vulnerable” by the Korea National
Arboretum (2008). Several studies have highlighted the
extinction risk of I cornuta in South Korea (Ko 2004;
Kwon et al. 2011). For example, among the nine natural
habitats of this species reported on the mainland in pre-
vious field surveys (Yim 1979; Lee 1983), only two sites
remain two decades later (Ko 2004). One of them is lo-
cated at Buan (Jeollabuk-do province) and represents the
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largest mainland population due to legal protection as a
Natural Monument since 1962 (No. 122). However, the
Buan population contains only male trees (Park et al
2000). Hong et al. (2015) confirms that all-male trees ex-
amined are genetically monomorphic, most likely as a
result of asexual reproduction through cuttings or
suckers from a single male. These results emphasize that
variations of sex ratio and spatial distribution pattern of
L cornuta need to be incorporated with the pattern of
clonality.

A couple of or at most several natural populations of
cornuta are present on Jeju Island, South Korea. Because
both anthropogenic pressure and climatic change effects
are quite severe in a fairly large area of the island (Kang
et al. 2008; Lee et al. 2013), similar or greater risks may
exist for those populations. Mainland populations are
believed to be derived from Jeju populations based on
higher genetic variations of internal transcribed spacers
(Son et al. 2007). However, ecological information on
the distribution and demography of male and female I
cornuta trees on Jeju Island is scant. Previous studies on
congeneric species (e.g., Obeso et al. 1998; Tsang 2005)
showed ecological and physiological dimorphism of male
and female trees (genets) even after considering ramet
production. We also expect sex-related effects on ecol-
ogy and vitality in L cornuta trees of Jeju Island. In this
study, we address the following questions: (1) Do the sex
ratios deviate significantly from 1:1 at the level of genet?;
(2) Do males and females differ for tree sizes such as
basal diameter and height; (3) Do clonal production and
vitality differ between populations, sexes, and tree size
groups? and (4) Are male and female trees spatially seg-
regated? These questions will provide essential informa-
tion to evaluate the current status and to develop
appropriate conservation strategies for vulnerable dioe-
cious species.

Materials and methods

Study species and sites

Ilex cornuta Lindl. & Paxton (Aquifoliaceae) is a densely
foliaged evergreen shrub that can grow up to 3 m in
height (Lee 2003; Son 2008). Leaves are thick and lea-
thery and are usually six-spined on the oblong shape;
however, the number of spines varies with a high level of
mutations. Flowering occurs between April and May.
Male and female flowers clumped in the axils of the sec-
ond-year branches are 4-merous, about 7 mm in diam-
eter, and yellow-greenish in color. Male flowers have
four long stamens each terminating with an oblong an-
ther and a rudimentary ovary, while female flowers have
a large ovary with four carpels and four short stami-
nodes. The nectar and fragrance of flowers indicate that
they are insect-pollinated. The red drupes ripen between
September and October that are typically dispersed by
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birds. Like many other congeneric species (e.g., I aquifo-
lium [Obeso et al. 1998]), I cornuta combines sexual
reproduction with a form of vegetative propagation by
suckers arising from shallow lateral roots (Lee 1983).
This study was conducted in two L cornuta popula-
tions having different land use histories, although both
of them are located on “Gotjawal” terrain that is a vol-
canic area with scattered larva blocks and thin soils
(Fig. 1). First, the Yongsu-ri population (YS population,
hereafter) is located near Yongsu Reservoir in Hangyeong-
myeon, Jeju-si (33° 19" N, 126° 10" E), which is an artificial
reservoir built in 1957. I cornuta population is on the
lower part of lava terraces and coexists with a total of 66
plant taxa, including Pinus thunbergii and Sageretia thea
(Kwon et al. 2011). The area is close to villages and sur-
rounded by agricultural land. I cornuta trees remain in
open spaces between farmlands (Fig. 2). Data (2008—-2017)
from Gosan Regional Meteorological Office, which is close
to the YS population, showed that the mean monthly
temperature ranged from 5.8 °C in January to 26.5 °C in
August (mean annual temperature: 15.7 °C). The mean
annual precipitation was 1151.6 mm, peaking in August
(324.1 mm), and a mean annual wind speed of 6.6 m/s
(Korea Meteorological Administration 2018). Second, the
Jeju Gotjawal Provincial Park population (GP population
hereafter) is located in Daejeong-eup, Seogwipo-si (33°
12" N, 126° 10" E). Jeju Gotjawal Provincial Park (area =
154.7 ha) was designated as a protected area in 2011 by
the Natural Parks Act for the systematic preservation and
management of Gotjawal (Jeju Gotjawal Provincial Park
2018). I cornuta trees form a population around the ob-
servatory in the Provincial Park (Fig. 2). This site
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apparently has been less disturbed by human activities
than the YS population because of its relative remoteness
from villages and rocky geology, thereby maintaining a
vegetation typical of Gotjawal terrain and supporting high
species diversity including various endangered species
such as Quercus gilva, Copris tripartitus, and Accipiter
gularis (Jeju Gotjawal Provincial Park 2018). According to
Daejeong Regional Meteorological Office, the mean
monthly temperature (2008-2017) ranged from 5.9 °C in
January to 27.2 °C in August (mean annual temperature:
16.2 °C). The mean annual precipitation was 1456.9 mm,
peaking in August (466.5 mm), and a mean annual wind
speed of 3.7 m/s (Korea Meteorological Administration
2018). Figure 2 presents the characteristic features of the
two I cornuta populations in Jeju Island, South Korea.

Data collection

All individuals of I cornuta with a basal diameter >
1.5 cm in the two populations were tagged, and their
ecological characteristics (sex, tree size [basal diameter
and height of the main stem], clonal production, vitality,
and geographic coordinates) were recorded during
2016-2017. Sex was separated into three classes, includ-
ing male (M), female (F), and unsexed (U; i.e., trees with
no sex expression), based on flower morphology and
fruiting. Despite the clonal structure, it was relatively
easy to identify the trees (genets) and the largest or wid-
est stem (ramet) of each genet (see Fig. 2c). Therefore,
tree size was measured by basal diameter and height for
the largest stem of each genet, which was treated to be
the main stem. Basal diameter was measured to 0.1 cm
accuracy with a vernier caliper at 5 cm above ground,
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Fig. 1 Location of the two llex cornuta populations examined on Jeju Island, South Korea
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YS population

Fig. 2 Wild /. cornuta trees in the two populations on Jeju Island. a Full view of the YS population. b Full view of the GP population. ¢ /. cornuta
genets usually formed a clone with several ramets, and the largest ramet in the center was treated as the main stem. d and e /. cornuta is
experiencing diseases such as powdery mildew and tar spots in the YS population. f The /. cornuta tree was cut in the YS population. g The /.
cornuta tree was standing dead in the GP population during the survey period (2016-2017)

and tree height was measured to 0.1 m accuracy with a
measuring tape. Clonal production was defined as the
number of stems (ramets) per genet, and we counted the
number of stems for each tree. Vitality was evaluated
based on symptoms of disease, including leaf spot, tar
spot, and powdery mildew, and was recorded as the pro-
portion of damaged area on each tree.

Data analyses

Sex ratio and genet size distribution in the two populations
The sex ratio was estimated as the proportion of males di-
vided by all reproductive individuals: males/(males + fe-
males). Values higher than 0.5 indicate male bias. The
significance of deviations from an equal sex ratio was
tested using a chi-square test. One-way ANOVAs were
used to determine differences in tree size such as basal
diameter and height between males and females at each
population. Basal diameter of the main stem was used as

an indicator of tree size because basal diameter and height
were significantly correlated in the preliminary analyses
(YS population, r =0.59, N = 94; GP population, r = 0.70,
N =33; P <0.001 for both). I. cornuta trees were separated
into three size classes according to basal diameter: small,
< 3.0 cm; middle, 3.0-6.0 cm; large, > 6.0 cm. A two-way
ANOVA with tree size as a dependent variable and both
population and sex as independent variables was con-
ducted to examine tree size differences between popula-
tions and sexes (male, female, and unsexed). Other
analyses dealt with sex included only two classes (male
and female), if not specifically mentioned.

Clonal production and vitality variation between
populations

The effects of population, sex, and tree size on clonal
production were examined simultaneously in a three-
way ANOVA, where due to limited sample size only
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two-way interactions were included in the model. In
addition, a two-way ANOVA was employed to test the
effect of sex and tree size on clonal production in each
population. The vitality of trees was separated into three
categories: healthy, <10% damaged area; medium, 10—
60%; weak, >60%. Two-way contingency table analyses
were conducted to assess the association between vitality
and each ecological characteristic (population, sex, and
tree size). It was necessary to conduct a four-way contin-
gency table analysis to separate effects of ecological
characteristics. However, due to small frequencies in the
GP population, we decided to perform a three-way con-
tingency table analysis (vitality x sex x tree size) only in
the YS population. All statistical analyses were con-
ducted with SPSS v.16.0 software package (SPSS Inc.,
Chicago, IL).

Spatial pattern analysis

The point pattern analyses using O-ring statistics
(Wiegand and Moloney 2004) were used to assess spatial
patterns in the distribution of reproductive I cornuta in
both populations. The O-ring statistic was calculated as
the average density of points in a ring with radius r and
a ring width around an individual. Univariate and bivari-
ate point pattern analyses were conducted along the dis-
tance scale r (0-50 m in YS population; 0-40 m in GP
population). In the univariate spatial pattern of individ-
uals, the null hypothesis was complete spatial random-
ness. For bivariate spatial interactions between males
and females, the null hypothesis was random labeling.
Significance of both functions was determined with
Monte Carlo simulations. In the univariate pattern using
O1:(r) values, if the observed Oq;(r) values were greater
than, similar to, and less than 95% confidence intervals
obtained 999 Monte Carlo simulations, the distribution
patterns were assumed to be clumped, random, and
regular, respectively. In the bivariate analyses, if the ob-
served Oj,(r) values were greater than or less than 95%
confidence intervals, these indicated significant spatial
association or segregation between sexes, respectively.
Overlapping confidence intervals indicate spatial inde-
pendency in the distribution pattern of the sexes. All
spatial analyses were performed using PROGRAMITA
software (Wiegand and Moloney 2004).

Results

Sex ratios and tree size distribution of I. cornuta trees
The YS population contained a total of 94 L cornuta in-
dividuals (> 1.5 cm in basal diameter), of which 49, 25,
and 20 were males, females, and unsexed trees, respect-
ively (Table 1). In both populations, 21% of trees did not
flower or fruit during 2016—2017. Including only repro-
ductive trees, the sex ratio was 0.66, revealing a signifi-
cant bias towards males (P = 0.008). On the other hand,
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the sex ratio of the GP population did not differ signifi-
cantly from the expected 1:1 (P = 1.000) with 13, 13, and
7 trees of each sex, ie., males, females, and unsexed
trees, respectively (Table 1).

In the YS population, the mean basal diameter of all
trees was 4.6 +3.3cm, and the mean height was 1.5+
0.6 m (Table 1). Females were slightly larger in basal
diameter (5.1 cm vs. 4.7 cm) and taller in height (1.6 m vs.
1.5 m) than males, but these differences were not signifi-
cant (P = 0.681 and 0.365, respectively). In the GP popula-
tion, the mean basal diameter was 4.3 +2.0 cm, and the
mean height was 1.9 + 0.6 m. Similar to the YS population,
basal diameter and height differences between sexes were
not significant (P =0.418 and 0.390, respectively). Most
(57.6%) trees fell in the middle basal diameter group (3.0—
6.0 cm) (Fig. 3). In a two-way ANOVA using population
and sex (male, female, and unsexed) as independent vari-
ables, tree size did not differ between populations and
sexes (F =0.227, df =1 and 121, P = 0.635 for population;
F =1.785, df =2 and 121, P =0.172 for sex). However,
when pooling over males and females as a group of repro-
ductive trees, it had a significantly larger basal diameter
than unsexed trees (4.8 cm vs. 3.4 cm).

Effect of population, sex, and tree size on clonal
production and vitality

L cornuta trees (genets) produced 1-12 basal sprouting
stems called ramets, forming clones (Table 1; Fig. 2c). In
one-way ANOVAs with population, sex, or tree size as an
independent variable, a clonal production (ie., ramet num-
ber) difference was detected only between populations
(Table 2): the GP population trees had as many as 2.3 times
more ramets than those in the YS population (X =3.9 +2.9
vs. 1.7 £ 1.7, respectively). However, the significant effect of
population x tree size interaction in a three-way ANOVA
using population, sex, and tree size as independent variables
indicated that mean ramet numbers across size classes were
variable between populations (Table 2). Indeed, in the YS
population, ramet numbers tended to be independent of
tree size (X = 1.8+ 2.0, 1.7 + 1.5, 1.7 + 1.6 for small, medium,
and large trees, respectively), while in the GP population,
small and middle-sized trees possessed a lower number of
ramets than large trees (X =3.2 £ 0.8, 3.3 + 2.2, 6.0 + 4.6, re-
spectively). Subsequent one-way ANOVAs showed that tree
size had no significant effects on ramet numbers in both
populations (F =0.178, df =2 and 71, P =0.838, F =2.181,
df =2 and 23, P =0.139 in the YS and GP population, re-
spectively). In the GP population, small sample size ap-
peared to limit the statistical significance.

Many I cornuta trees had evidence of disease, including
leaf spot, tar spot, and powdery mildew (Fig. 2d and e). In
two-way contingency table analyses, vitality was significantly
associated only with population (Table 3). In the YS
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Table 1 Size distributions of llex cornuta male, female, and unsexed trees in the two populations on Jeju Island. X+ 1 SD is provided

for each variable. Ranges are within parentheses

Population No. of trees Basal diameter (cm) Tree height (m) No. of ramets/genet
YS Male 49 47+32(1.5-16.2) 1.5+0.7 (0.5-3.8) 16+14(1-8)
Female 25 5.1+40 (15-20.0) 1.6+0.7 (06-35) 20+20 (1-10)
Unsexed 20 35+25(1.5-13.0) 12+05(05-19) 15+09 (1-4)
Mean 94 46+33 1.5+£06 1.7£15
GP Male 13 4.1+£18(20-7.8) 1.9+04 (1.3-24) 32£20(1-9
Female 13 49+24 (28-103) 22+07(14-32) 46+30(1-12)
Unsexed 7 34+12(19-50) 1.3+04 (0.8-12.0) 33+36(1-9)
Mean 33 43+20 19+06 38£30

population, 35.1% of all reproductive trees belonged
to a weak group, whereas in the GP population,
11.5% of trees belonged to the weak group. In a
three-way contingency table analysis (vitality x tree
size x sex) for the YS population, vitality was signifi-
cantly associated with tree size (G =16.97, P =0.002)
but not with sex (G=0.44, P =0.802). In the YS
population, slightly higher or far higher proportion of
small trees belonged to the weak group than middle-
sized and large trees (23%, 19%, and 5%, respectively).

Sex-related spatial distribution patterns of . cornuta trees
Figure 4 shows the spatial distribution of males, females,
and unsexed trees in the two populations. Univariate
analyses showed that all reproductive trees in the YS
population were clumped (0-18 m, 20-25 m, and 28-
32 m) or regularly (41-50 m) distributed at most scales
(Fig. 5). When sex was considered, the spatial pattern
changed slightly. Male trees were clumped (0-17 m and
31-32 m) or regularly (42-50 m) distributed, while fe-
males were randomly distributed at all scales, except for

0-8 m in which they were clumped. Reproductive trees
in the GP population were randomly distributed at most
scales, except at 0—5 m and 39-40 m (Fig. 5). Male and
female trees were also randomly distributed, except at
2—4 m and 31-34 m (clumped), respectively.

Bivariate analyses on the spatial association between
sexes showed no spatial segregation in the YS population
(Fig. 6). Rather, males and females were weakly grouped
at 4-16 m, 25-27 m, and 30-36 m distances. Spatial as-
sociation between sexes in the GP population was con-
sistently random at all scales (Fig. 6).

Discussion

This study reveals that the two L cornuta populations
exhibit several ecological characteristics that are vulner-
able to environmental and genetic factors. In particular,
extremely small population size, skewed sex ratio, no
flowering of many trees, and low vitality in both or
either one population cause deep concerns over the via-
bility of I cornuta populations on Jeju Island.

a YS population
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Fig. 3 Relative frequencies of male, female, and unsexed /. cornuta trees across three size classes in the two populations on Jeju Island. a The YS
population. b The GP population. The sample size is indicated above each bar. Tree size: small, < 3.0 cm basal diameter; middle, 3.0-6.0 cm;
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Table 2 One-way ANOVA of the effects of population, sex, and
tree size and three-way ANOVA of the effects of population, sex,
and tree size (basal diameter) on the clonal production of
reproductive llex cornuta trees on Jeju Island

Source of variation df  F P Classes of each X+ 1 SD (N)
variable
One-way ANOVA
Population 1,99 18606 0.000 YS 1.7+1.7 (74)
GP 39+29(26)
Sex 1,99 3146 0079 Male 1.9+ 1.7 (62)
Female 29+29(38)
Tree size 2,98 0243 0.785 Small 20+19(27)
Middle 23+20 (48)
Large 25+3.0(25)
Three-way ANOVA
Population 1,99 24750 0.000
Sex 1,99 3695 0058
Tree size 2,98 2129 0125
Pop X sex 1,99 2076 0.153
Pop X tree size 2,98 4909 0010
Sex X tree size 2,98 0491 0614

Tree size: small, < 3.0 cm for basal diameter; middle, 3.0-6.0 cm;
large, > 6.0 cm

Male-biased sex ratio in the YS population

The sex ratio is used to describe population structure
because it contributes to the fitness through sexual
reproduction and shows adaptability to particular envir-
onmental conditions (Renner and Ricklefs 1995; Vessella
et al. 2015). The YS population has a significantly male-

Table 3 Two-way contingency table of vitality vs. population,
sex, and tree size of reproductive llex cornuta trees on Jeju
Island

Vitality
Healthy Medium Weak
Population
YS 33 15 26
GP 18 5 3
G =6.604, P =0.039
Sex
Male 33 17 12
Female 18 12 8
G=0333,P=0847
Tree size
Small 16 3 8
Middle 21 17 10
Large 14 9 2

G =9.354, P =0053
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biased sex ratio (Table 1). This finding is consistent with
the observations that male-biased sex ratios are twice as
frequent as female-biased sex ratios in dioecious plant
species (Barrett et al. 2010; Field et al. 2013). It is gener-
ally assumed that males compared to females tend to in-
habit stressful conditions in many species, because of
the higher energetic costs of reproduction for females
(Obeso 2002; Nuiiez et al. 2008). Alternatively, the cost
of reproduction is usually believed to result in earlier
reproduction, higher growth rates, and longer life spans
of males, all contributing to male bias in many dioecious
species (Osunkoya 1999; Queenborough et al. 2013).
However, in I cornuta, females tend to be larger (basal
diameter and tree height) and produce more ramets,
though statistically insignificant. Therefore, it is difficult to
state that the current male-biased sex ratio reflects the
males’ competence in stressful conditions. Furthermore,
we have no information for sex-differential establishment
and mortality of the YS population following habitat dis-
turbances over years. Further monitoring is needed to find
factors causing male bias of I cornuta trees in the YS
population.

1:1 sex ratio in the small-sized GP population

Although the sex ratio did not differ significantly from 1:
1 in the GP population (13 females and 13 males), this
ratio is not likely to reflect that this population is at
equilibrium, but more likely to indicate the low statis-
tical power in small samples. Population size is the best
predictor of population viability (Schmidt and Jensen
2000) because small populations reduce reproductive
success through demographic, environmental, and gen-
etic stochasticity, as well as Allee and edge effects (Lande
1988; Brzyski et al. 2018). Also, previous studies have de-
tected a positive correlation between population size and
neutral genetic variation within populations (e.g., Frank-
ham 1996; Leimu et al. 2006). Genetic variation in the
GP population is not known, but it may not be high
considering the present population size. In such a small
population, pollinator visitation rates decrease as patch
size decreases (Ashman 2000). The presence of fewer
pollinators could be fatal to the survival of I cornuta
populations because they have a mating system of obli-
gate outcrossing involving insect pollination. Conse-
quently, despite the 1:1 sex ratio, the GP population may
be on the verge of extinction due to small size and its
resulting low sexual reproduction. However, our finding
that quite frequently, seedlings around female trees in
both populations sheds light on the possibility of recov-
ering this species. Human activities such as cutting and
logging (YS population) or trampling (GP population)
appear to interrupt the seedlings’ survival. For the
extremely small-sized GP population, conservation
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Fig. 4 The spatial distribution of male (red circle), female (blue circle), and unsexed (unsexed) /. cornuta trees (basal diameter = 1.5 cm) in the two
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strategies to increase the sexual reproduction and the
resulting seedlings’ survival may be most effective.

Factors reducing the effective population size

The increased extinction risk of dioecious species is
also linked to an insufficient number of individuals of
the opposite sex, particularly in small and isolated pop-
ulations (Pannell and Barrett 1998; Munné-Bosch
2015). In contrast to 15 Ilex species in Hong Kong that
flower every year with little yearly difference (Tsang
2005), 21% of I cornuta trees in both populations did
not flower or produce fruits for 2 years. We observed
flowering and fruiting for only 2 years. The no-flower-
ing status for years and/or an increase in the number of
no-flowering trees can accelerate the decline and ex-
tinction of I cornuta populations. This process would
be much severe for small-sized populations such as the
GP population, which has only 26 reproductive trees.
Unsexed trees of I cornuta were smaller in size than re-
productive trees (Table 1; Fig. 3). They also generally
had a bad appearance with damaged branches and little
leaves. Indeed, 80% of the unsexed trees were moderate
or weak in vitality due to pest infection (data not
shown). Reproductive status in several dioecious tree
species is a strong indicator of environmental stress
(Hultine et al. 2007). For example, over half of mature
trees remained non-reproductive in a stressed popula-
tion of Populus deltoides var. wislizenii, with many trees
switching from reproductive to non-reproductive status
in response to environmental stress (Rowland and
Johnson 2001). Such sex change or switching between
reproductive and non-reproductive status was not ob-
served during our study period for two years. Studies
on the causes and consequences of no-flowering in 1
cornuta populations seem to be first step to increase
the effective population size of the already rare I cor-
nuta trees.

Implications of clonal production and vitality

Clonality is an adaptive strategy used by plants in harsh
environments (Bond and Midgley 2001; Barrett 2015).
For example, Salix species often exhibit high clonal
growth in nutrient-poor sites (Douhovnikoff et al. 2005;
Ueno et al. 2007). In I cornuta populations, genets pro-
duced one to 12 ramets forming a clone. I cornuta trees
in the GP population formed 2.2 times more ramets
than those in the YS population (3.8 £3.0 and 1.7 + 1.5
for GP and YS populations, respectively). Since trees in
the two populations do not differ in basal diameter or
tree height, ramet number variation may not be an out-
come due to tree size allometry relating to basal diam-
eter or height. Instead, it may reflect the adaptive
response of 1. cornuta trees in each population. Although
both populations grow on stressful Gotjawal terrain,
land use history or the magnitude of habitat distur-
bances are quite different, perhaps being responsible for
the clonality difference between populations. The YS
population, being close to villages, has been heavily used
by agricultural practices, and as a result, low and scat-
tered vegetation is present, perhaps allowing sufficient
light penetration. On the other hand, the GP population
is distant from villages and maintains its almost original
vegetation, including I cornuta and woody vines, which
are intermingled with each other and usually under the
canopy of various deciduous and evergreen trees. In
such a situation, reduced sexual reproduction may result
in higher vegetative reproduction since these two modes
of reproduction show a trade-off relationship (Van Dru-
nen and Dorken 2012; Barrett 2015). In L cornuta trees,
females produce more ramets in both populations,
though it was only marginally significant. This pattern
contrasts to some previous studies. For example, male
Lindera triloba trees showed a significant increase of the
number of ramets compared to females (Matsushita and
Tomaru 2012). Clonality variation of I cornuta trees be-
tween populations and sexes in Gotjawal terrain would
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provide a good opportunity to confirm the ecological
and evolutionary implications of clonal formation in this
dioecious species.

In general, females are more susceptible to abiotic and
biotic stresses with fungal infections occurring more fre-
quently on females (Kaltz and Shykoff 2001; Zhang et al.
2009). For example, females of Salix viminalis are sub-
ject to more severe fungal infections than males in both
field experiments (Moritz et al. 2016). In our two-way
contingency table analyses, however, vitality differed only
between populations and tree sizes (Table 3). Almost
three times higher proportion of trees in the YS popula-
tion than that in the GP population belonged to weak
group (35.1% vs. 11.5%). This result indicates that diseased
trees are more in number in disturbed habitats than in un-
disturbed habitats. Then, in the YS population, conserva-
tion efforts should focus to reduce the anthropogenic
activities. In our previous study (Kang and Shin 2012), the
vitality of female Torreya nucifera trees is significantly
upgraded compared to males, as a result of management
activities such as removing of competing trees and climber
coverage. If I cornuta females respond similarly for redu-
cing habitat disturbances, it will contribute to recover the
1:1 sex ratio and female reproductive success.

Spatial distribution patterns related to sex

Sexual segregation of the sexes (SSS) has been reported
in >30 dioecious species from 20 families (Barrett and
Hough 2013). In most cases, male-biased sex ratios are
reported in more stressful sites (Bierzychudek and Eck-
hart 1988; Mercer and Eppley 2010). Our bivariate point
pattern analysis did not detect any SSS (Fig. 6). SSS has
mostly been observed in herbaceous plants (e.g., Eppley
2005), and rarely in shrubs (Zhang et al. 2010) and trees
(Garbarino et al. 2015) associated with microhabitat dif-
ferences such as resource gradient. However, in the
highly diverse and small-scale microhabitats of the Got-
jawal terrain, where the YS and GP populations are lo-
cated, resource gradients in moisture or soil nutrients
are unlikely to form. Shin et al. (2017) also could not
find SSS pattern of Torreya nucifera distributed on Gotja-
wal terrain in Jeju Island. There were limited numbers of
trees in the GP population, which possibly reduced the
power of the spatial analysis. The YS population is also
subject to major anthropogenic interference, with more
than 70% of individuals being damaged by cutting activity
and disease. For example, part of the habitat was
destroyed by the removal of pine trees through Pine Wilt
Disease, with most L cornuta trees in this area disappear-
ing. Thus, SSS could not be expected in either population.

Conclusions
This study reveals the population structure in relation
to the sexual system of dioecious tree I cornuta on
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Jeju Island, South Korea. The two remnant popula-
tions examined, having different land use histories,
are similar regarding the non-reproductive trees, i.e.,
one fifth of all trees no-flowering or no-fruiting for
two years. However, they exhibited differences in sex-
related characteristics such as sex ratio, clonal pro-
duction, and vitality, implying that conservation ef-
forts for I cornuta need to be population-specific.
The YS population is at risk because of the low num-
ber of female individuals and low vitality. I cornuta
trees in the GP population present quite a different
conservation problem, i.e., extremely small population
size of only 26 reproductive trees. Population persist-
ence, almost certainly, depends on the number of fe-
males that are fertilized and the number of seeds
produced (Groom 2001), and seedling survival. Des-
pite unfavorable habitat conditions, seedlings were
present but their establishment seems not to be suc-
cessful in both populations. Then, in order to increase
the population size, conservation efforts for the YS
populations should focus to prevent agricultural land
expansion and to improve vitality of trees, whereas
for the GP population, strategies to enhance sexual
reproduction, and seedling establishment would be
critical. During the study period, we confirmed the
sporadic distribution of I cornuta trees in areas along
the western coast of Jeju Island. The question on the
source of these trees would be rewarding to under-
stand the genetic diversity and ultimately to improve
the adaptability of I cornuta populations. We also
recommend to investigate the effects of human land
use change on other native and endangered species in
Jeju Island.

Abbreviations
GP population: Gotjawal Provincial Park population; SSS: Spatial segregation
of sexes; YS population: Yongsu-ri population
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