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Abstract

The Thousand-Island Lake region in Zhejiang Province, China is a highly fragmented landscape with a clear point-in-time of
fragmentation as a result of flooding to form the reservoir. Islands in the artificial lake were surveyed to examine how
population sex ratio of a dioecious plant specie Pistacia chinensis B. was affected by landscape fragmentation. A natural
population on the mainland near the lake was also surveyed for comparison. Population size, sex ratio and diameter at
breast height (DBH) of individuals were measured over 2 years. More than 1,500 individuals, distributed in 31 populations,
were studied. Soil nitrogen in the different populations was measured to identify the relationship between sex ratio and
micro-environmental conditions. In accordance with the results of many other reports on biased sex ratio in relation to
environmental gradient, we found that poor soil nitrogen areas fostered male-biased populations. In addition, the degree of
sex ratio bias increased with decreasing population size and population connectivity. The biased sex ratios were only found
in younger individuals (less than 50 years old) in small populations, while a stable 1:1 sex ratio was found in the large
population on the mainland. We concluded that the effects of landscape fragmentation on the dioecious population sex
ratio were mainly achieved in relation to changing soil nitrogen conditions in patches and pollen limitation within and
among populations. Large populations could maintain a more suitable environment in terms of nutrient conditions and
pollen flow, subsequently maintaining a stable sex ratio in dioecious plant populations. Both micro-environmental factors
and spatial structure should be considered in fragmented landscape for the conservation of dioecious plant species.
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Introduction

Under natural selection, a 1:1 ratio has been proven as a

theoretical and evolutionarily stable sex ratio; otherwise there

would be a frequency-dependent advantage to the rarer sex [1].

This theory has been supported with many theoretical and

empirical studies [2,3,4,5]. However, there has been a prolifera-

tion of studies describing the existence of biased sex ratios in

nature, providing new dimensions to Fisher’s central theory [6].

In dioecious plants, most sex ratio studies have attributed sex

ratio bias to sex-differentiated mortality in stressful habitats.

Females in dioecious plant populations often invest more in

reproduction and less in growth and maintenance than males.

Females need to allocate energy and nutrients to flowers and fruits,

whereas males invest only in flowers [7,8]. This differential

investment between sexes can result in contrasting survival rates

[9] and distinct growth patterns [10,11]. Female plants can suffer

higher mortality in stressful habitats, such as in nutrient-deficient

soil, locations with strong competition from other plants, or in

climatically stressed environments [12]. Sex-biased herbivory

might also create a biased sex ratio [13,14,15]. Other studies of

progeny sex ratios have observed that pollen competition might

produce different sex ratios in offspring [16]. High stigmatic pollen

loads can induce pollen tube competition and produce stronger

female-biased seed sex ratios [17].

Land clearing and environmental destruction by humans have

led to the subdivision of originally continuous habitats into smaller,

more isolated patches, which influence more plant populations

and communities all over the world [18,19]. Effects of habitat

fragmentation are complex and include: localized micro-climates

and environmental change [20,21,22,23], increased risk of local

extinction, disrupted dispersal, habitat deterioration due to edge

effects, and increased risk of invasions from exotics [24,25]. In

fragmented landscapes, pollination rates can be influenced by

population size and population density [26,27,28], and the

reduced amount of compatible pollen might also induce pollen

limitation in small populations [29]. Dioecious plants are expected

to be more sensitive to change in population size and structure

than self-compatible species and thus also more sensitive to habitat

fragmentation [30,31].

However, biased sex ratio variation in dioecious plants has

seldom been studied in naturally fragmented landscapes. The fact

that fragmentation would induce micro-environment change and

deterioration as well as pollen limitation for small populations has

already been established, and it has also been shown that micro-

environment gradients and pollen limitation can lead to a biased
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sex ratio in dioecious plants [32,33,34,35]. However, evidence is

lacking on whether a biased sex ratio might be mediated by micro-

environment change or pollen limitation due to landscape

fragmentation in dioecious plants.

The objective of this study was to examine how the micro-

environment gradient and population structure influence sex ratio

in a fragmented landscape. It was expected that biased sex ratios

were most severe where pollen flow was limited in the populations,

or the micro-environment nutrient conditions were poor. The

Thousand-Island Lake, an artificial reservoir formed 50 years ago,

contains more than 1,000 islands of different sizes. A clear

fragmentation point-in-time, a high degree of fragmentation and

protection from anthropogenic disturbance make it as perfect

natural laboratory, providing a good study site both in terms of

spatial and time scales.

Pistacia chinensis B. is a wind-pollinated, perennial dioecious plant

specie, which has been found on many islands in the Thousand-

Island Lake [36]. As a perennial specie, some P. chinensis

individuals have existed both before and after fragmentation,

making it possible to search for evidence of sex ratio variation 50

years after fragmentation.

In this study, more than 30 populations of P. chinensis of different

sizes were investigated. Sex ratios, spatial structure and soil

nitrogen of populations on the islands were compared with a large

population on the mainland near the lake. The specific questions

asked were: (1) how much variation is in the sex ratio in natural P.

chinensis populations? (2) Does soil nitrogen influence the sex ratio

of the populations on the islands? (3) Compared to the large

population on the mainland, do small and isolated populations

display a higher variability in the sex ratio? (4) Are there sex ratio

differences among different age classes of individuals in the

populations?

Materials and Methods

Study Specie
Pistacia chinensis B. is a deciduous, wind-pollinated, large shrub

or small tree, which grows to 5 m, with alternate, predominantly

paripinnate leaves. Male and female flowers mature in March and

April, and seeds are produced in September [37]. Sex determi-

nation mechanisms in this specie are still unknown. The sex of the

plant is unrecognizable until it flowers. Nursery-grown P. chinensis

plants first flower at 6–10 years of age; however, wild trees appear

to grow and reach flowering stage more slowly [38]. Males always

mature earlier than females [39]. Vegetative reproduction does

not occur naturally in this species [37].

P. chinensis is native to a broad region from Afghanistan to

China, and to the Philippines. Because of the high quality of wood

and high oil content of seeds (50%) [40], P. chinensis has been

widely planted and exploited in China for timber [41] and diesel

oil [40].

Study Site
The Thousand-Island Lake is an artificial lake located in

Chun’an County, western Zhejiang Province, China. The resevoir

was created in 1959 as a result of the construction of the Xin’an

River Hydroelectric Power Station. The Thousand-Island Lake

name reflects the 1,078 islands in the lake with areas larger than

2500 m2. The lake covers 60 km from east to west, and 50 km

from north to south. The surface area of the lake is 583 km2, with

a total island area of 409 km2. Forest covers 68% of the island

surface area. The Thousand-Island Lake was identified as a

national scenic area by the State Council in 1982 and it is now

major national scenic location and the largest national forest park.

We investigated more than 60 islands (29u239–29u359N,

118u529–118u569E) (Fig. 1) in 2008 and 2009, at the north end

of the Thousand-Island Lake, covering an area of 80 km2. A

persistent population of P. chinensis on the mainland (10 km from

the lake) was also investigated as a control. The landscape pattern

of the survey area underwent a drastic change after the formation

of the reservoir. The water level was raised 108 meters, the tops of

mountains formed islands and peninsulas. Benefiting from a policy

of forest protection, the Thousand-Island Lake region has been

well protected since the establishment of the reservoir in 1959, and

provides an adequate case for the study of fragmentation.

Data Collection
Field data were collected during the flowering and fruiting

season from March 2008 to November 2009 on 60 islands in the

Thousand-Island Lake. Only on 10 islands there were found 1016

individuals (diameter .5 cm) in 30 populations. In the continuous

population on the mainland, 290 individuals in 5 plots (50 m

650 m) were investigated. It was estimated that there were about

500 individuals in the mainland population. The presence of male

or female flowers and seeds was used to determine the sex of every

individual on the surveyed islands and in each of the plots within

the mainland population. Each individual was recorded as one of

three categories: male, female or indeterminate, and marked with

a gender and number. Diameter at breast height (DBH) was

measured for each individual.

We digitized a 1:10000 map of the Thousand-Island Lake

region using ARCGIS (9.3) software, and marked the exact

locations of P. chinensis populations on the digital map. Distances

between P. chinensis populations in the islands were measured in

ARCGIS.

Age Calculation
The age of each individual was estimated by DBH to explore

different responses to fragmentation by age. According to research

on growth in P. chinensis [39], the fast growth stage appears during

the first 15 years, during which the average annual growth is

0.35 cm. After 40 years, growth declines slowly. Using the current

annual growth curve of P. chinensis [39], we could calculate the age

of specimens by DBH.

Soil Nitrogen
To estimate the micro-environment conditions for P. chinensis

populations, soil nitrogen was used as an indicator. Soil samples

were collected from P. chinensis populations with population sizes

larger than 10 (in populations smaller than 10, individuals always

separate from one another, making it difficult to use soil samples to

reflect micro-environmental quality). In March 2009, five points

were randomly selected within each population to collect a soil

sample. Soil samples were collected with a metallic corer (depth:

50 cm, diameter: 5 cm) at each site. The soil obtained in all cases

was air-dried and sieved (0.5 mm mesh) and total nitrogen

concentration (mg N per g soil) was determined by the Kjeldahl

technique (Kjeltec 2200) [42].

Statistical Analysis
Chi-square and Fisher exact probability test for 262 contin-

gency were used to test the deviation of the sexes in each location

from mainland population. The influences of age and population

size to the probability of sex were tested by binary logistic

regression, age was set 0 or 1 (0, younger than 50 years; 1, older

than 50 years) in statistic analysis to perform the influence of

fragmentation. The Omnibus test was used to test the model
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coefficients. Pearson product-moment correlations were used to

check if population size, soil nitrogen and patch connectivity index

had effects on population sex ratio (female/male). Population size

was log-transformed prior to analyses in order to meet normality

and homoscedasticity, though log-transformation performs poorly

in statistic analysis when dealing the count data with zero

observation [43], there were no zero data for population size in

our study. The analyses were conducted using SPSS (15.0)

software.

We tested whether the sex ratio correlated with connectivity

[44] of each P. chinensis population. The measure of patch

connectivity used here is a negative exponential dispersal kernel.

si~
X

j=i

exp ({adij)Aj ð1Þ

The indices i and j refer to the focal and surrounding P. chinensis

populations. Where Si is the connectivity of the patch, dij (m) is the

nearest edge-to-edge distance between patches i to j. Aj is the area

of the patch (transformed into population size). Parameter a scales

the effect of distance to migration (1/ a is the average migration

distance). (a) was a measure originally used in the Incidence

Function Model (IFM) [45]. In our study, pollen limitation was the

most significant factor influenced by connectivity. Since a is not

known for P. chinensis,concerning the researches of pollen dispersal

distance for wind-pollinated species, such as Quercus robur (22.1–

58.41 m) [46], Quercus petraea (18.41–64.56 m) [46], Fagus silvatica

(50 m) [47], Pinus densiflora (68 m) [48], Pinus sylvestris (83 m) [49],

Araucaria angustifolia (83 m) [50], Pinus flexilis (140 m) [51], and

Fraxinus excelsior (328 m) [52]. We suppose that setting a = 0.01(1/

a = 100) is more suitable than 1, 0.1 and 0.001 for the estimation of

pollen dispersal distance of P. chinensis in our research.

Results

The flowering sex ratio was determined for 1,306 individuals,

including 686 males, 527 females and 93 individuals for that sex

was indeterminate. These included 1,016 individuals from 30

populations on the islands, and 290 individuals from 5 plots in the

continuous population on the mainland. There was no flowering

female found in 3 small populations. The sex ratio of mainland

population was approximately 1:1, while male individuals were

superior in more than 85% island populations, only 4 of 30 island

populations have more female individuals (Table 1). 262

contingency test was used to compare female and male numbers

of each island population with which of mainland population. A

Figure 1. Map indicating the islands surveyed in the study and locations of 30 P. chinensis populations on the islands.
doi:10.1371/journal.pone.0022903.g001
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statistically significant male bias (chi-square, x2.3.84; fisher exact

test, P,0.05) of small island populations individuals compared to

the mainland population, similar result was not found in big island

populations (Population size .100) (Table 1).

Soil nitrogen content could reflect the nutrient conditions of the

micro-environment. We obtained 100 soil samples from 20 P.

chinensis populations on the islands with more than 10 individuals,

and 10 from a large continuous population on the mainland. Soil

nitrogen for the large population on the mainland (4.21 mg/g) was

higher than most of the populations on the island (average

3.84 mg/g). Sex ratios (F/M) of each location were proved to be

positively correlated with soil nitrogen by pearson correlations

(Fig. 2). The trend was expected under the hypothesis of female

and male competition in stress environments. A male-biased sex

ratio correlated with lower content of nitrogen in the soil where

P. chinensis grew.

The correlation of the sex ratios (F/M) of 31 populations and

population size was found under the hypothesis of pollen limitation

(Fig. 3). Using the DBH of every individual, we calculated the age

for each, and classified the individuals into 8 age classes. We found

a significant decline of sex ratio in 4 age classes less than 50 years

old. This phenomenon only existed in small populations (less than

100 individuals), while individuals older than 50 years displayed

the theoretical 1:1 sex ratio (Fig. 4).

Binary logistic regression models were used to detect the

influences of population size and individual age to the proportion

of sex. Age was set as 0 or 1 (‘‘0’’, younger than 50 years; ‘‘1’’, older

than 50 years) in the statistic analysis to reflect the effects of 50-years

Table 1. Population size, number of males, number of females, sex ratio (Female/Male), Pearson value of Chi-squared and P value
of Fisher exact test in 262 contingency test compared sex ratio of each location with mainland are given.

Populaotion GPS Size Males Females F/M Pearson Value FET P

1 29u349430N 118u539410E 5 5 0 0.00 - 0.06

2 29u349370N 118u539450E 5 4 1 0.25 - 0.37

3 29u349400N 118u539290E 5 4 0 0.00 - 0.12

4 29u349020N 118u529540E 5 2 1 0.5 - 1.00

5 29u339500N 118u529460E 5 4 1 0.25 - 0.37

6 29u349270N 118u539240E 7 6 1 0.17 - 0.12

7 29u349010N 118u539040E 7 7 0 0.00 - 0.01*

8 29u349540N 118u559250E 7 4 3 0.75 - 1.00

9 29u349430N 118u559150E 8 7 1 0.14 - 0.07

10 29u349550N 118u559320E 8 5 3 0.60 - 0.72

11 29u349520N 118u559210E 10 6 3 0.50 - 0.50

12 29u349510N 118u559350E 10 7 2 0.29 - 0.17

13 29u349580N 118u559270E 11 6 4 0.67 - 0.75

14 29u349580N 118u559210E 15 10 5 0.50 2.29 0.29

15 29u339580N 118u539040E 18 10 4 0.40 1.45 0.17

16 29u339280N 118u529520E 18 14 2 0.14 8.21** 0.00**

17 29u359040N 118u559200E 21 8 9 1.13 0.09 0.80

18 29u349270N 118u539410E 24 14 9 0.64 0.87 0.39

19 29u339510N 118u529490E 30 20 7 0.35 5.38* 0.03*

20 29u349490N 118u559230E 30 16 11 0.69 0.72 0.42

21 29u339580N 118u529490E 33 16 12 0.75 0.42 0.55

22 29u339250N 118u529480E 35 19 10 0.53 2.30 0.17

23 29u349090N 118u529480E 35 15 17 1.13 0.17 0.71

24 29u349330N 118u539410E 42 19 16 0.84 0.16 0.72

25 29u339550N 118u529540E 44 20 17 0.85 0.14 0.73

26 29u349430N 118u539350E 56 33 15 0.45 5.34* 0.03*

27 29u359130N 118u559200E 61 24 34 1.42 1.67 0.25

Population Size ,100 555 305 188 0.62 9.01** 0.00**

28 29u359090N 118u559260E 136 74 54 0.73 1.76 0.20

29 29u349040N 118u559310E 162 75 84 1.12 0.51 0.49

30 29u349590N 118u559070E 163 92 65 0.71 2.49 0.13

Population Size .100 461 241 203 0.84 0.86 0.36

Total Island Populations 1016 546 391 0.72 4.94* -

Mainland 29u429390N 119u039270E 500 140 136 0.97 - -

‘‘*’’Chi-square x2.3.84, df = 1,P,0.05. and Fisher exact test P,0.05.
‘‘**’’Chi-square x2.6.635, df = 1,P,0.01. and Fisher exact test P,0.01.
doi:10.1371/journal.pone.0022903.t001
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fragmentation. Results of binary logistic regression showed that

population size and individual’s age strongly affected the proportion

of sex in the group of individuals from small island populations

(population size ,100), whereas sex proportion of big populations

(population size .100) and mainland population failed to explain

any of variability for the studied variables (Table 2). The results

indicated that sex proportion changed significantly after the

fragmentation in small island populations, while the sex proportion

of large island and mainland populations could maintain a relatively

stable sex ratio around 1:1 through the whole years (Table 2, Fig. 4).

In this study, a negative exponential dispersal kernel (a) was

used to measure the connectivity of 30 populations on the islands.

Since we focused on pollen limitation, the parameter a was set

0.01. This index could reflect the isolation condition of P. chinensis

populations. Individuals in 20 populations larger than 10

individuals were divided into two groups, those younger and those

older than 50 years. We found that the sex ratios of the younger

group individuals correlated with the connectivity indicator S,

while sex ratios in the older group did not. The populations having

higher patch connectivity tended to have higher sex ratio (F/M) in

younger group.

Discussion

Environmental effects on sex ratios have been widely found in

dioecious plants [34,53,54]. As females in dioecious species usually

have lower yearly growth increments of height and stem diameter,

and consequently higher mortality due to the higher energetic cost

[35,55,56], the proportion of female and male specimens could

follow the changes in environmental conditions in a particular

stage of succession [57,58]. Our results supported the hypothesis

that stressful environments have more negative impacts on females

than males. Male individuals were superior in 86% island

populations, and the proportion of male individuals increased

with decreasing soil nitrogen content (Fig. 2). Pre-fragmentation

and post-fragmentation born individuals showed great differences

on sex proportions in island populations (Fig. 4, Table 2). We

suggest that the deterioration of the micro-environment after

fragmentation might lead to such male-biased sex ratios.

Since the dam was built on the Xin’an River in 1959, the micro-

environment of the fragmented landscape has changed greatly.

The soil nitrogen content of mainland population was detected

larger than that found for most of the islands. Edge effects and a

decline in biodiversity have also been detected in the Thousand-

Island Lake region [59]. Large islands have better preserved plant

cover than small islands [59], creating more resistance to water

and soil erosion, factors that might result in different soil

conditions for P. chinensis populations. Males might be more

competitive in this changed environment.

The study also documented sex ratio variation with spatial

structure of P. chinensis populations, where small and isolated

patches tended to have more male-biased sex ratios (Table 2,

Fig. 3, Fig. 4). In this study, only young individuals (less than 50

years old) presented male-biased sex ratio in small populations on

the islands (Fig. 4). Population size could influence the sex

proportion only for small populations but not big populations

(Table 2). The sex ratio was maintained at approximately 1:1 in

the mainland population, in the 3 large island populations, and

also in the older group in small populations (Fig. 3). Therefore, our

results proved that big populations of P. chinenesis can resistant to

the distortion of sex ratio better than small populations.

The same sex ratio pattern was found in the relationship with

population connectivity. Sex ratio correlated with population

connectivity in individuals younger than 50 years but not in those

older than 50 years (Fig. 5). Unfortunately we did not have pre-

fragmentation data on populations and patch size of P. chinensis in

the region; we could not therefore know whether or not the

populations with smaller patch sizes were larger before they were

submerged. However, our data did show that populations on small

or narrow islands were much smaller than on big islands or on the

mainland (Fig. 1), and there was a great difference of sex ratio

between pre-fragmentation and post-fragmentation born individ-

uals. We suggest there was a mechanism underlying pollen

limitation after landscape fragmentation.

In Taylor’s study of the dioecious herb Silene alba, sex ratio was

shown to be directly influenced by the quantity of pollen. High

quantity pollen (pollen mixture from several males) could produce

more female progeny than low quantity pollen (pollen from a single

male) [16]. Similar results were also found in the dioecious herb

Figure 2. Correlation of soil nitrogen and sex ratio (F/M) of 20
populations on the islands (closed circle) and one population
on the mainland (open circle), The Pearson correlation
coefficient r = 0.615, P = 0.003.
doi:10.1371/journal.pone.0022903.g002

Figure 3. Correlation of log population size and sex ratio (F/M)
of 30 populations on the fragmented islands (closed circle) and
one population on the mainland (open circle), The Pearson
correlation coefficient r = 0.661, p,0.001.
doi:10.1371/journal.pone.0022903.g003
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Rumex nivalis, where stronger female-biased sex ratio progeny were

presented with maternal parents closer to the males due to the

pollen tube competition [17]. The amount of pollen captured by

stigmas could potentially affect both quality and sex ratio of

offspring [17]. In our study, fragmentation could reduce the pollen

flow within and among populations, which might lead to fewer

female individuals among offspring than before, which might

explain the effects of population size and patch connectivity to the

population sex ratio after the fragmentation (Table 2, Fig. 5).

However, since P. chinensis is a perennial specie, the sex ratio would

not change greatly in one generation. Through the influence of

several generations, the sex ratio would be regularly distorted to a

male-biased ratio from the 1:1 original sex ratio, and that could be a

reasonable hypothesis to explain the slope of sex ratio variation of

small populations individuals 50 years post-fragmentation (Fig. 4).

Comparison of continual population with fragmented population

is a good way to prove the effects of fragmentation. However, only

one natural and continual P. chinensis population was found around

Thousand Island Lake region, this limit might lead some

misjudgement or bias in our conclutions. Nevertheless, big island

populations present similar results with the mainland population,

which are significant different with small island populations (Table 1,

Table 2, Fig. 4), it will partially confirm the influence of

fragmentation. Some researches had reported that male begin

Figure 4. Sex ratio (F/M) of the mainland population (triangle), 3 populations with more than 100 individuals (star), and 27
populations less 100 individuals (diamond), by age class.
doi:10.1371/journal.pone.0022903.g004

Table 2. Probability the sex of P.chinensis individuals in dependence of population size and age fitted by binary logistic regression
for island populations, and probability of sex for mainland population individuals in dependence of age only.

Effect Wald x2 df P value Omnibus Tests

Chi-squar df P value

Population Size ,100 Population Size 12.089 1 0.001 31.356 2 ,0.001

Age 16.077 1 ,0.001

Constant 43.045 1 ,0.001

Population Size .100 Population size 0.75 1 0.386 0.88 2 0.644

Age 0.105 1 0.746

Constant 0.926 1 0.336

Total Island Population Population size 6.654 1 0.01 18.118 2 ,0.001

Age 7.93 1 0.005

Constant 36.693 1 ,0.001

Mainland Population Age 0.091 1 0.763 0.091 1 0.763

Constant 0.167 1 0.683

The results of Omnibus Test on regression are given.
doi:10.1371/journal.pone.0022903.t002
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flowing at smaller size than do females as a result of higher energy

costs of reproduction in females than in males [60].This mechanism

might explain the male-biased sex ratios in our result. The data

showed that unflowering individuals concentrated in younger age

classes, in small island populations (less than 100 individuals) nearly

50% individuals were unflowering in the first age class, this

proportion dropped to 10% in 20 to 30 years age class (Fig. 6).

However, even all the undetermined individuals are females, the sex

ratios of small island populations are still significant male-biased

(chi-square, x2.3.84; fisher exact test, P,0.05) in 20 to 30 years (F/

M = 30/53) and 30 to 40 years (F/M = 29/63) age classes. We

suppose that higher mortality of female individuals and less female

in primary sex ratio due to the pollen limitation still might play an

important role in the male-biased sex ratio in our research.

Male-biased sex ratio was quite pronounced in small populations

on the islands, due to soil nitrogen condition and pollen limitation in

small and isolated populations. It might also lead to genetic drift and

local extinction for the population [61]. However future studies are

needed to detect pollen flow and seed flow among populations at the

genetic level, and that would be stronger evidence for the influence

of fragmentation on P. chinensis populations.

Acknowledgments

We thank the following students for their assistance with fieldwork: Li Zhu,

Xuejia Shi and Feiqing Dong.

Author Contributions

Conceived and designed the experiments: JL LY. Performed the

experiments: JL LY. Analyzed the data: LY. Contributed reagents/

materials/analysis tools: LY. Wrote the paper: JL LY.

References

1. Fisher RA (1930) The genetical theory of natural selection. Oxford: Clarendon

Press.

2. Gibson DJ, Menges ES (1994) Population structure and spatial pattern in the

dioecious shrub Ceratiola Ericoides. Journal of Vegetation Science 5: 337–346.

Figure 5. Correlation of patch connectivity index S and sex
ratio of individuals (A) younger and (B) older than 50 years in
20 populations of P. chinensis on the studied islands, The
Pearson correlation coefficient A: r = 0.77, P,0.0001; B:
r = 0.044, P = 0.843.
doi:10.1371/journal.pone.0022903.g005

Figure 6. Age structure of mainland population, 3 populations
with more than 100 individuals and 27 populations less 100
individuals, investigated individuals (solid line), sex deter-
mined individuals (dotted line).
doi:10.1371/journal.pone.0022903.g006

Landscape Fragmentation and Plant Sex Ratio

PLoS ONE | www.plosone.org 7 August 2011 | Volume 6 | Issue 8 | e22903



3. Kolman WA (1960) The mechanism of natural selection for the sex ratio. The

American Naturalist 94: 373–377.
4. Leigh EG (1970) Sex ratio and differential mortality between sexes. The

American Naturalist 104: 205–210.

5. Vasiliauskas SA, Aarssen LW (1992) Sex-ratio and neighbor effects in
monospecific stands of Juniperus virginiana. Ecology 73: 622–632.

6. Frank SA (1990) Sex allocation theory for birds and mammals. Annual Review
of Ecology and Systematics 21: 13–55.

7. Agren J (1988) Sexual differences in biomass and nutrient allocation in the

dioecious rubus Chamaemorus. Ecology 69: 962–973.
8. Korpelainen H (1992) Patterns of resource allocation in male and female plants

of Rumex acetosa and R. acetosella. Oecologia 89: 133–139.
9. Oyama K, Dirzo R (2005) Biomass allocation in the dioecious tropical palm

Chamaedorea tepejilote and its life history consequences. Plant Species Biology 3:
27–33.

10. Hancock JF, Bringhurst RS (1980) Sexual dimorphism in the strawberry Fragaria

chiloensis. Evolution 34: 762–768.
11. Popp JW, Reinartz JA (1988) Sexual dimorphism in biomass allocation and

clonal growth of xanthoxylum americanum. American Journal of Botany 75:
1732–1741.

12. Gehring JL, Linhart YB (1993) Sexual dimorphisms and response to low

resources in the dioecious Plant Silene Latifolia (Caryophyllaceae). International
Journal of Plant Sciences 154: 152–162.

13. Danell K, Elmqvist T, Ericson L, Salomonson A (1985) Sexuality in willows and
preference by bark-eating voles defense or not. Oikos 44: 82–90.

14. Danell K, Hjalten J, Ericson L, Elmqvist T (1991) Vole feeding on male and
female willow shoots along a gradient of plant productivity. Oikos 62: 145–152.

15. Elmqvist T, Ericson L, Danell K, Salomonson A (1988) Latitudinal sex ratio

variation in willows, salix spp, and gradients in vole herbivory. Oikos 51:
259–266.

16. Taylor DR, Saur MJ, Adams E (1999) Pollen performance and sex-ratio
evolution in a dioecious plant. Evolution 53: 1028–1036.

17. Stehlik I, Friedman J, Barrett SCH (2008) Environmental influence on primary

sex ratio in a dioecious plant. Proceedings of the National Academy of Sciences
USA 105: 10847–10852.

18. Saunders DA, Hobbs RJ, Margules CR (1991) Biological consequences of
ecosystem fragmentation: a review. Conservation Biology 5: 18–32.

19. Rathcke BJ, Jules ES (1993) Habitat fragmentation and plant-pallinator
interactions. Current Science 65: 273–277.

20. Cairns J (1997) Sustainability, ecosystem services, and health. International

Journal of Sustainable Development and World Ecology 4: 153–165.
21. Chen JQ, Saunders SC, Crow TR, Naiman RJ, Brosofske KD, et al. (1999)

Microclimate in forest ecosystem and landscape ecology - Variations in local
climate can be used to monitor and compare the effects of different management

regimes. Bioscience 49: 288–297.

22. Laurance WF (1999) Reflections on the tropical deforestation crisis. Biological
Conservation 91: 109–117.

23. Portela R, Rademacher I (2001) A dynamic model of patterns of deforestation
and their effect on the ability of the Brazilian Amazonia to provide ecosystem

services. Ecological Modelling 143: 115–146.
24. Harrison S (1999) Native and alien species diversity at the local and regional

scales in a grazed California grassland. Oecologia 121: 99–106.

25. Harrison S, Bruna E (1999) Habitat fragmentation and large-scale conservation:
what do we know for sure? Ecography 22: 225–232.

26. Kunin WE (1993) Sex and the single mustard - population-density and pollinator
behavior effects on seed-set. Ecology 74: 2145–2160.

27. Kunin WE (1997) Population size and density effects in pollination: Pollinator

foraging and plant reproductive success in experimental arrays of Brassica kaber.
Journal of Ecology 85: 225–234.

28. Mustajarvi K, Siikamaki P, Rytkonen S, Lammi A (2001) Consequences of plant
population size and density for plant pollinator interactions and plant

performance. Journal of Ecology 89: 80–87.

29. Oster M, Eriksson O (2007) Sex ratio mediated pollen limitation in the dioecious
herb Antennaria dioica. Ecoscience 14: 387–398.

30. Bond WJ (1994) Do mutualisms matter assessing the impact of pollinator and
disperser disruption on plant extinction. Philosophical transactions of the Royal

Society of London. Series B, Biological sciences 344: 83–90.
31. Renner SS, Newbery DM, Prins HHT, Brown ND (1998) Effects of habitat

fragmentation on plant pollinator interactions in the tropics. Blackwell Science.

pp 339–360.
32. Li C, Yang Y, Junttila O, Palva ET (2005) Sexual diferences in cold acclimation

and freezing tolerance development in sea buckthorn (Hippophae rhamnoides L.)
ecotypes. Plant Sciences 168: 1365–1370.

33. Retuerto R, Lema BF, Roiloa SR, Obeso JR (2000) Gender,light and water

effects in carbon isotope discrimination, and growth rates in the dioecious tree
Ilex aquifolium. Functional Ecology 14: 529–537.

34. Bertiller MB, Sain CL, Bisigato AJ, Coronato FR, Aries JO, et al. (2002) Spatial

sex segregation in the dioecious grass Poa ligularis in northern Patagonia: the role

of environmental patchiness. Biodiversity and Conservation 11: 69–84.

35. Espirito-Santo MM, Madeira BG, Neves FS, Faria ML, Fagundes M, et al.

(2003) Sexual differences in reproductive phenology and their consequences for

the demography of Baccharis dracunculifolia (Asteraceae), a dioecious tropical

shrub. Annals of Botany 91: 13–19.

36. Sun Q, Lu J, Wu J, Zhang F (2008) Effects of island area on plant species

distribution and conservation implications in the Thousand Island Lake region.

Biodiversity Science 51: 1099–1128.

37. Smith JMB, Borgis S, Seifert V (2000) Studies in urban ecology: the first wave of

biological invasion by Pistacia chinensis in Armidale, new south wales. Australian

Geographical Studies 38: 263–274.

38. Willson MF, Melampy MN (1983) The effect of bicolored fruit displays on fruit

removal by avian frugivores. Oikos 41: 27–31.

39. Liu Q, Tan T, Li J (1999) Study on growth principle of Pistacia chinensis Bunge.

Journal of Henan Forestry Sciences and Technology 19: 2–6.

40. Hou X (2007) Research progress in the woody energy plant Pistacia chinensis.

Journal of Anhui Agricultural Sciences 35: 3524.

41. Zohary M (1952) A monographical study of the genus Pistacia. Palestine Journal

of Botany 5: 187–228.

42. Bremner JM, Mulvaney CS (1982) Nitrogen-total Methods of soil analysis. Part

3 - chemical methods. In: Sparks DL, Page AL, Helmke PA, Loeppert RH,

Soltanpour PN, et al. (1982) Nitrogen - total Soil Science Society of America

Inc.. pp 595–624.

43. O’Hara RB, Kotze DJ (2010) Do not log-transform count data. Methods in

Ecology and Evolution 1: 118–122.

44. Hanski I (1999) Habitat connectivity, habitat continuity, and metapopulations in

dynamic landscapes. Oikos 87: 209–219.

45. Hanski I (1994) A practical model of metapopulation dynamics. Journal of

Animal Ecology 63: 151–162.

46. Streiff R, Ducousso A, Lexer C, Steinkellner H, Gloessl J, et al. (1999) Pollen

dispersal inferred from paternity analysis in a mixed oak stand of Quercus robur L.

and Q. petraea (Matt.) Liebl. Molecular Ecology 8: 831–841.

47. Wang K, Hattemer HH (2001) Dispersal of seed and effective pollen in small

stands of European beach (Fagus sylvatica). In: Müller-Starck G, Schubert R,

eds. Genetic Response of Forest Systems to Changing Environmental

Conditions. London: Kluwer Academic Publishers 70: 259–269.

48. Lian C, Miwa M, Hogetsu T (2001) Outcrossing and paternity analysis of Pinus

densiflora (Japanese red pine) by microsatellite polymorphism. Heredity 87:

88–98.

49. Robledo-Arnuncio JJ, Gil L (2005) Patterns of pollen dispersal in a small

population of Pinus sylvestris L. revealed by totalexclusion paternity analysis.

Heredity 94: 13–22.

50. Bittencourt JVM, Sebbenn AM (2007) Patterns of pollen and seed dispersal in a

small, fragmented population of the wind-pollinated tree Araucaria angustifolia in

southern Brazil. Heredity 99: 580–591.

51. Schuster WSF, Mitton JB (2000) Paternity and gene dispersal in limber pine

(Pinus flexilis James). Heredity 84: 348–361.

52. Bacles CFE, Burczyk J, Lowe AJ, Ennos RA (2005) Historical and contemporary

mating patterns in remnant populations of the forest tree Fraxinus excelsior L.

Evolution 59: 979–990.
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