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Abstract: Dioecious plants have different needs for natural resources due to sex differences,
which can lead to skewed sex ratios. Clonal growth facilitates and optimizes resources
of clonal plants. So, dioecious plants show inter-sex differences in clonality. However,
it is unclear how the clonality varies between female and male plants when they exhibit
skewed sex ratios along an altitudinal gradient. Here, we investigated the sex ratio and
clonality of Hippophae tibetana populations growing at three altitudes in the alpine meadow.
We founded that (i) H. tibetana growing at different altitudes mainly consisted of II and
III age classes, with a significantly male-biased sex ratio observed at a low altitude, a
female-biased ratio at a middle altitude, and no significant sex-bias in the population at
a high altitude. (ii) The population distribution was generally random at both low and
high altitudes, while clustered at middle altitudes with an increasing scale. Meanwhile, the
male and female populations at a low altitude showed a negative correlation, while the
male and female at a middle altitude only showed a negative correlation at a 0–0.5 m scale,
and spatial independence with increasing scales. (iii) Females of H. tibetana had a strong
clonal capacity than male plants at a middle altitude, while the opposite was observed at a
low altitude. The number of males of H. tibetana growing at a low altitude and with higher
clonal diversity were higher than females at mid altitude. Our findings will contribute to
the understanding of the sexual dimorphism exhibited by dioecious plants as well as the
importance of a clonal adaptation in response to environmental change.

Keywords: spatial distribution; sex ratio; clonal structure; clonal size; clonal diversity

1. Introduction
For clonal plants, the clonal diversity and clonal structure can significantly increase

plant fitness and buffer against environmental heterogeneity [1]. Thus, how many clones
are included in a plant population (clonal diversity) and how different clones are spatially
distributed (clonal structure) can greatly influence populations [2]. Clonal plants can
adjust their resource acquisition methods through plasticity changes, which can affect
the clonal structure and clonal diversity of the clonal plant, thus the study of plasticity
changes is of ecological importance. These have long been important topics in plant
ecology and evolution [3]. A key tool in these studies is the use of molecular markers
to allow, without regard to the phenotype, an unbiased comparison of the adaptation of
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organisms to their environment, its genetic basis and its effect on evolution [4]. This is
the most reliable way for characterizing the genetic structure of clonal populations [5,6].
Therefore, by utilizing advanced molecular marker techniques, we were able to accurately
characterize the clonal structure and diversity of male and female populations of Hippophae
tibetana Schltdl at different altitudes. This provided novel insights into the sex-specific
ecological adaptation of H. tibetana populations and new evidence for the study of sex-
specific ecological adaptation in clonal plants.

The sex ratio and spatial distribution pattern can reflect the adaptation of dioecious
plant populations to the environment to a certain extent [7]. Classic sex ratio theory suggests
that natural selection will balance the sex ratio of the population when the reproductive
costs of female and male offspring are equal [8]. However, dioecious plants exhibit sexual
dimorphism in terms of primary sexual traits and vegetative traits (secondary sexual dimor-
phism) in order to better adapt to their environments [9], which can lead to dioecious plants
having significantly biased sex ratios [10–13]. So, changes in sex ratios of dioecious plants
can provide a better understanding of their adaptations to the environment, and the spatial
distribution pattern of populations can also reflect the survival strategies and adaptive
mechanisms adopted by populations to adapt to the environment [14], which is impor-
tant for the study of intraspecific interactions and plant–environment relationships [15].
Therefore, studying the sex ratio structure and sex-related spatial patterns in dioecious
plants contributes to a deeper understanding of population dynamics. Simultaneously, we
systematically studied the relationship between clonality and the sex ratio in H. tibetana
populations at different altitude gradients. It was beneficial for revealing how environmen-
tal changes along the altitudinal gradient shaped the clonal growth strategies of male and
female plants, thereby influencing the sex ratio. This comprehensive analysis provided a
unique perspective on the adaptation mechanisms of dioecious plants in complex alpine
meadow ecosystems, which had not been thoroughly explored in previous studies.

Elaeagnaceae includes multiple genera, among which Hippophae is rather remarkable.
The common species of this genus include Hippophae rhamnoides ssp. sinensis, Hippophae
rhamnoides ssp. mongolica, etc. As a member of the Hippophae genus, H. tibetana is a dioecious
shrub and it is a typical alpine plant that occupies a unique position in the ecosystem [16].
It can sexually reproduce assisted by wind [17] and can also spread via ramets. This
woody plant grows at a high altitude across the Qinghai–Tibetan Plateau and Himalayan
region [18] and is often distributed as large thickets. It is tolerant of extreme environmental
conditions, demonstrating a remarkable adaptability to cold, drought, low supplies of
nitrogen, and exposure to intense UV-B ultraviolet light stress (280–315 nm;) [19]. It is
a pioneer plant that can survive in extreme habitats and has important ecological and
economic values [20]. It is used for soil and water conservation and phytoremediation in
mine wastelands and is also an important resource plant. It has been widely planted in the
northwest of China for desert greening and as an ingredient in food [21], etc. H. tibetana
provides an ideal study system to investigate the sex-specific differences of sex ratios and
clonality in populations of the QTP along different altitudes. To date, although some
studies have been conducted to investigate the variation of the sex ratio and clonality
along altitudes in different species [22,23], the number of species involved and the content
of the studies are relatively small [24], and in order to be clearer on this issue, more
experimental evidence is needed, including changes in the clonal structure, diversity, and
sex ratios of natural populations along different altitudes, or their relationship with them
and sex-specific differences.

In this study, we examined the cloning abilities of the dioecious H. tibetana population
at three different altitudes on the eastern edge of the QTP. We used molecular markers
to characterize the genetic structure of clonal populations to reveal their sex ratio pattern
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and clonal structure along the altitudinal gradient and addressed the following questions:
(i) Is there any variation in sex ratios along the altitudinal gradient? (ii) What is the spatial
distribution of H. tibetana? (iii) How does the clonal structure and clonal diversity of female
and male populations of H. tibetana vary along the altitudinal gradient?

2. Materials and Methods
2.1. Study Area

The study area is located in Tianzhu Tibetan Autonomous County, Wuwei City, Gansu
Province, in the Qilian Mountains on the northeastern edge of the QTP. The field sites
have a geographical span of 103.7◦–104.7◦ E, 36.6◦–37.6◦ N, and range in altitude between
2040 and 4873 m. This region experiences a continental plateau monsoon climate, with
an annual average temperature of −0.2–1.3 ◦C, an accumulated temperature of ≥0 ◦C of
1327.7–1738.2 ◦C, and an annual precipitation of 265.5–630 mm [25]. There are only warm
and cold seasons, with the latter extending over 7 months. The climate data described
herein are sourced from regional meteorological stations and pertain to the broader area
within which our study plots are located. The soil is mainly mountainous chernozem,
chestnut soil, subalpine meadow soil, and alpine meadow soil. In this area, H. tibetana is
the dominant plant species in the community (Figure 1), and other plant species include
Potentilla fruticosa, Salix sinica, Polygonum viviparum, Leymus secalinus, Carex korshinskyi,
Oxytropis ochrocepha, and Elymus sibiricus.
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2.2. Sample Plot Setting and Investigation

In August 2020, based on multiple field investigations, in Zhuaxixiulong Town,
Tianzhu County, three field sites with a relatively concentrated distribution of H. tibetana
were selected, and three fixed field sites were set up according to low altitude, mid-
dle altitude, and high altitude, namely the Zhuaxixiulong Scenic Area (102◦48′10.90′′ E,
37◦9′32.02′′ N, 2868 m), Honggeda Village (102◦40′29.69′′ E, 37◦14′5.43′′ N, 3012 m), and
Baishuikou Village (102◦32′1.77′′ E, 37◦15′16.54′′ N, 3244 m). Four 5 m×5 m plots were
selected at each site. We picked the young leaves of H. tibetana, marked the serial numbers
and genders, and dried them on silica gel. Meanwhile, due to workload limitations and
the absence of sex ratio bias at high altitudes, we only selected one plot of 5 m × 5 m in
both the low-altitude and medium-altitude areas, respectively, and divided them into small
sample grids of 1 m × 1 m by using the adjacent grid method. This was used to measure
and record the two-dimensional space of each H. tibetana plant relative to the origin of the
coordinates. We identified the gender of H. tibetana by flowers and fruits, and if there were
no flowers and fruits on a plant, we identified it by the mature ramets attached to the root
through digging.



Forests 2025, 16, 107 4 of 17

2.3. Population Counting and Sex Ratio Calculation

The number of male and female individuals at different altitudes was counted and
the significance of the sex ratio (female/male) deviating from the null hypothesis of 1:1
was tested. H. tibetana plants were individual ramets and the sex ratio was calculated with
ramet numbers [26].

In order to understand the specific sex ratio pattern in H. tibetana populations at
different altitudes, the number of male and female plants at different age levels was counted
and the significance of the sex ratio (female/male) deviating from the null hypothesis of 1:1
was tested.

Since plant size and age are closely related, and the growth and age of the same species
in the same habitat have a consistent response to the environment [27], the use of plant size
instead of age was a common method to study the age structure of populations. However,
due to the dwarfing of H. tibetana plants, the relationship between their basal diameter
and age is even closer. So, we adopted the method of using basal diameter instead of age
to study the age structure of the H. tibetana population. In this study, the minimum basal
diameter (BD) of H. tibetana female plants was about 0.3 cm. Combined with the actual
field investigation, the basal diameter (BD) was divided into 0.3 cm as a level, which can
be divided into: (BD ≤ 0.3 cm), II (0.3 cm < BD ≤ 0.6 cm), III (0.6 cm < BD ≤ 0.9 cm), IV
(0.9 cm < BD ≤ 1.2 cm), V (1.2 cm < BD ≤ 1.5 cm), VI (1.5 cm < BD ≤ 1.8 cm), and VII
(BD > 1.8 cm), totaling seven age classes.

2.4. Population Spatial Distribution Types and Spatial Correlation

Based on the obtained coordinate position of each individual in the obtained spatial
distribution point map, the Ripley’s K function in the point pattern analysis method was
used to analyze the spatial distribution types of H. tibetana populations at different altitudes
and the spatial correlation of female and male populations [28].

The expression of the univariate K(r) function is as follows:

K(r) =
A
n2

n

∑
i=1

n

∑
j=1

1
Wij

Ir
(
Uij

)
(i ̸= j)

where r is the spatial scale, A the quadrant area, n the number of plant individuals in the
quadrant, I the exponential function, Uij the distance between points i and j, and Wij is the
area with i as the radius and Uij as the center, with the ratio of the circumference of a circle
to the area A [29]. After Besag corrected the K(r) function, the L(r) function was obtained:

L(r) =
√

K(r)/π − r

The expression of the two-variable K12(r) function is as follows:

K12(r) =
A

n1n2

n1

∑
i=1

n2

∑
j=1

1
Wij

Ir
(
Uij

)
where n1 and n2, respectively, represent the number of female and male individuals in area
A [30]. The other parameters in the formula are the same as for K(r). Afterwards, K12(r) was
used to calculate L12(r) [31], as follows:

L12(r) =
√

K12(r)/π − r

Based on the two-dimensional coordinate point information of the plants in the popu-
lation, data analysis was completed with Programita 2018 software: the spatial scale was
set to half of the minimum side length of the sample plot (250 cm), the step length was set
to 1 m, and 99 simulations were repeated to obtain the 99% confidence intervals. From the
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Monte Carlo simulated confidence intervals, we obtained two top and bottom envelopes.
For the distribution pattern of populations at different altitudes, when L(r) was above the
top envelope, aggregated distribution was identified; when L(r) was between the two en-
velopes, random distribution was identified; and when L(r) was below the bottom envelope,
uniform distribution was assumed. For the space between male and female interspecific
spatial correlation, when L12(r) > upper envelops, the correlation between the two subjects
is positive; when lower envelopes < L12(r) < upper envelopes, the correlation indicates that
the two subjects are not related; and when L12(r) < lower envelops, the correlation between
the two subjects is negative [32].

2.5. DNA Extraction and Detection

The improved CTAB method [33] was used to extract total genomic DNA from the
young leaves of H. tibetana. The DNA was diluted with ddH2O to approximately 50 ng µL−1.
A NanoDrop ultra-micro spectrophotometer was used to evaluate the purity and concen-
tration of the extracted DNA which was then stored at 4 ◦C for later use.

2.6. PCR Amplification and SSR Primer Screening

H. tibetana did not show sex ratio bias at high altitude, so we did not study it further.
We used 26 pairs of H. tibetana primers [34–36], and selected 20 individuals from low and
middle altitudes for screening clonal diversity. Polymerase chain reaction was performed
in a 25 µL reaction system: 2 µL of DNA template, 1 µL of upstream and downstream
primers, and 2× TaqPCRMix 12.5 µL and 8.5 µL of ddH2O. The reaction was carried out
on a PCR machine (Suzhou Dongsheng Xingye Scientific Instruments Co., Ltd., Suzhou,
China). The SSR-PCR amplification program carried out pre-denaturation at 98 ◦C for 30 s,
followed by 36 cycles of denaturation at 98 ◦C for 10 s, annealing for 45 s, and extension at
72 ◦C for 1 min; after the cycle, extension at 72 ◦C for 2 min, and then storing at 4 ◦C.

Polyacrylamide gel electrophoresis with a DYY-2 double-plate vertical electrophoresis
tank (Beijing Liuyi Factory, Beijing, China) was used to detect the PCR product. Loading
buffer (5 µL) was added at a ratio of 1:6 to 25 µL of the PCR product before spotting
out. The sample volume was 5 µL, and electrophoresis was carried out in a denaturing
polyacrylamide gel with a volume fraction of 6%, using 1× TBE buffer (Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China) as the electrolyte, a constant voltage of
350–400 V, and electrophoresis for 2–2.5 h.

2.7. Data Analysis

SPSS22.0 software was used to analyze sex ratios, and a chi-square test was used to
test the significance of sex ratio (female/male) deviation from the null hypothesis of 1:1.
According to the electrophoresis data, SSR is a co-dominant molecular marker, so the band
records are expressed in homozygous or heterozygous manner. For example, if the allele
length of a locus is 110 bp and 112 bp, then the homozygous band is recorded as 110 110,
and the hybrid band is 110 112. Using CERVUS3.0 [37] software, the read band data were
analyzed to determine the polymorphism of the SSR site. The SSR data processing macro
program Data Formater was used to convert the original bp data into the 0 and 1 matrices
required by Popgen 32 software and NTsys 2.10e software.

Popgen32 software was used to analyze genetic parameters such as observed alleles
(Na), effective alleles (Ne), expected heterozygosity (He), observed heterozygosity (Ho),
and Shannon’s diversity index (I). To determine the Polymorphic Information Content
(Pic) of various groups, the NTsys 2.10e software was used to perform cluster analysis on
ramets through UPGMA. The ramets with a genetic distance of 0 were regarded as the same
genotype, that is, the same clone. According to the genets to which all identified ramets
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belong, a clone distribution map based on the coordinate information of each sampling
point was drawn.

Based on the clustering results, we used the following parameters to measure clonal
structure and clonal diversity: Total number of genets in the population (G): ramets with
the same genotype at all sites are from the same genet. Average clone size (N/G): the
average number of clonal ramets contained in each genet. Genotype ratio PD(G/N): used
to measure clonal diversity. Simpson’s diversity index (D): used to measure clonal diversity
within a population [38].

D = 1 − ∑
[Ni(Ni − 1)]
[N(N − 1)]

where Ni is the number of ramets of the i-th genotype and N is the sample size.
The evenness of genotype distribution within the population Fager index [39]:

E =
(D − Dmin)
(D − Dmax)

The range of D and E is 0–1. A D of 0 means that all ramets of the entire population
are derived from the same clonal genet; an E of 1 means that the genotypes of all samples
are the same and the genotypic evenness of individuals within the population is the
highest [38–40].

3. Results
3.1. Sex Ratio Pattern of H. tibetana at Different Altitudes

There was a total of 602 female individuals and 715 male individuals for all 12 popula-
tions of three altitudes (Table 1). Sex ratios were biased overall across different altitudes
(female/male = 0.84), with more males than females. The sex ratio in the low-altitude
populations was significantly male-biased (female/male = 0.25, p < 0.05), and the sex ratio
in the middle-altitude populations was significantly female-biased (female/male = 2.13,
p < 0.05). The sex ratio in the high-altitude populations was not significantly biased
(female/male = 0.86).

Table 1. Sex ratio of H. tibetana populations at different altitudes.

Altitude Habitat Female Male Total (Female/Male)
Ratio p

low meadow 85 336 421 0.25 <0.001
middle meadow 321 151 472 2.13 <0.001

high meadow 196 228 424 0.86 0.120

The sex ratio of the II-V age classes in the low-altitude populations was significantly
male-biased, and there were only male plants in the I, VI, and VII age classes (Figure 2a).
The sex ratio of the V and VI age classes in the middle altitude did not deviate significantly
from 1:1. There were only female individuals in age class I, and the sex ratios in age classes
II–IV were all significantly female-biased in the middle altitude (Figure 2b). There were
significantly more male individuals in age classes I and II in the high-altitude population
than female individuals, and the sex ratio in age class III significantly deviated from 1:1.
The number of female individuals was 1.79 times that of male individuals. There were few
older individuals in both the male and female groups at this altitude (Figure 2c).
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A negative spatial correlation between the female and male individuals in the low-
altitude population was observed (Figure 4a). In the middle-altitude population, female 
and male individuals showed a negative spatial correlation at small scales (0–0.5 m), and 
at larger scales (0.5–2.5 m), the correlation between female and male plants was not strong, 
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altitude; (c) high altitude. * indicates the sex ratio deviate from 1:1 significantly at p < 0.05 level; ns
indicates that it did not significantly deviate from 1:1 (p ≥ 0.05).

3.2. Spatial Distribution Pattern of H. tibetana Populations at Different Altitudes
3.2.1. Population Spatial Distribution Types and Spatial Correlation Analysis

The population at a low altitude was basically randomly distributed at different scales,
and within a small scale (0.5–0.75 m) showed a slightly aggregated distribution. The middle-
altitude population showed a random distribution on the scale of 0–1 m and aggregated
distribution on a scale greater than 1 m. The high-altitude population showed a basically
random distribution at different spatial scales (Figure 3).
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and male individuals showed a negative spatial correlation at small scales (0–0.5 m), and 
at larger scales (0.5–2.5 m), the correlation between female and male plants was not strong, 
indicating a spatial independence (Figure 4b). 

Figure 3. Spatial distribution pattern of H. tibetana. (a) Low altitude; (b) middle altitude; (c) high altitude.

3.2.2. Spatial Correlation Between Male and Female Plants

A negative spatial correlation between the female and male individuals in the low-
altitude population was observed (Figure 4a). In the middle-altitude population, female
and male individuals showed a negative spatial correlation at small scales (0–0.5 m), and at
larger scales (0.5–2.5 m), the correlation between female and male plants was not strong,
indicating a spatial independence (Figure 4b).
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3.3. Clonal Structure and Clonal Diversity of H. tibetana
3.3.1. SSR Primer Amplification Results

PCR amplification was performed on 344 samples using 7 pairs of SSR primers ob-
tained from the preliminary screening. The average observed heterozygosity Ho of H. ti-
betana at low and middle altitudes was 0.543. The expected heterozygosity He was 0.392,
and the polymorphism information content PIC was 0.323 (in the Schedule 2 Polymor-
phism of SSR primers to H. tibetana (Figure 5), the amplification results of some primers to
H. tibetana at different altitudes can be seen).
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3.3.2. Identification of H. tibetana Clonal Genets

The NTSYS software was used to calculate the J&C genetic distance between individ-
uals within the population, and identify individuals with a J&C genetic distance of 0 as
the same genet. According to the clustering results of NTSYS, a total of 72 genets were
identified from 190 individuals in the low-altitude population, and a total of 43 genets were
identified from 154 individuals in the middle-altitude population.

3.3.3. Clonal Diversity of H. tibetana

There were differences in the clonal diversity index of populations at different altitudes
(Table 2). The ratio of different genotypes (PD = 0.379) and Simpson diversity index
(D = 0.973) of low-altitude populations were both greater than those in the middle-altitude
populations. Moreover, the genotypic evenness of H. tibetana was also greater at low
altitudes than at the middle altitude. According to Simpson diversity index (D), the clonal
diversity of male groups at low and middle altitudes was greater than that of females.
According to the different genotype ratios (PD) (Table 3), the clonal diversity of females
at low altitudes was greater than that of males, and the opposite was true at the middle
altitude. The genotype evenness (E) at low and middle altitudes showed that males were
greater than females.

Table 2. Clonal diversity of H. tibetana at different altitudes.

Altitude Genets Total Ramets Genotype
Ratio Simpson (D) Evenness (E)

Low 72 190 0.379 0.973 0.953
Middle 43 154 0.279 0.932 0.900



Forests 2025, 16, 107 9 of 17

Table 3. Clonal diversity of male and female H. tibetana.

Altitude Population Genets Total
Ramets

Genotype
Ratio (PD)

Simpson
(D)

Evenness
(E)

Low Female 36 98 0.367 0.939 0.891
Male 29 83 0.349 0.943 0.918

Middle Female 15 57 0.263 0.845 0.797
Male 28 97 0.289 0.912 0.874

3.4. Clone Size of H. tibetana

Both the low- and middle-altitude populations were composed of polyclones. Here,
72 genotypes (72 genets) were identified in 190 ramets in the low-altitude population, and
each genet can produce between 1 and 17 ramets (Table 4). About 54.2% of the genets can
produce more than 1 ramet, and each genet can produce 2.6 ramets on average. Among
the 154 plants in the middle-altitude population, 43 plants had a clonal propagation ability.
Each base plant can produce a number of ramets ranging from 1 to 20. The M-4, M-5, and
M-6 genets can produce 15, 17, and 20 ramets, respectively, with an average clone size of
3.6 ramets per base plant. The average clone size in the middle-altitude population was
larger than that in the low-altitude population.

Table 4. Clone size of H. tibetana at different altitudes.

Population Genet Styles Ramets Total Ramets (N) Clone Size (N/G)

Low

L-1 10 190 2.6
L-2 12
L-3 14
L-4 17

L-5~L-6 7
L-7~L-8 6

L-9~L-10 5
L-11~L-14 4
L-15~L-20 3
L-21~L-39 2
L-40~L-72 1

Middle

M-1 5 154 3.6
M-2 11
M-3 13
M-4 15
M-5 17
M-6 20

M-7~M-9 6
M-10~M-14 4
M-15~M-20 2
M-21~M-43 1

The 98 individuals in the low-altitude female population contained 36 genets, and
each genet can produce an average of 2.7 ramets. About 45% of the genets only produced
1 ramet, and one genet can produce up to 17 ramets (Table 5). A total of 29 cloned genets
were identified in the low-altitude male population. On average, each genet included
2.8 ramets and 55.2% of the genets can produce more than 1 ramet. One genet can produce
up to fourteen ramets (Table 4); meanwhile, at a low altitude, there were nine ramets
whose genders we failed to determine due to the fact that both they themselves and their
adjacent ramets were too young. We have already marked this in Figure 6. The 57 ramets
in the middle-altitude female population were cloned from 15 genets. On average, each
genet can produce 3.8 ramets. Nearly half of the genets can produce more than one ramet.
Twenty-eight different genotypes can be identified in the middle-altitude male population,
with an average of 3.5 ramets per genet. Half of the genets can produce at least two ramets,
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and 1 genet can be cloned to produce up to 20 ramets (Table 6), which was lower than that
of females. The average clone size was as follows: middle altitude > low altitude; middle
altitude: female > male, low altitude: male > female.

Table 5. Clone size of male and female H. tibetana at low altitude.

Population Genet Styles Ramets Total Ramets (N) Clone Size (N/G)

Low-female L-F-1 5 98 2.7
L-F-2 10
L-F-3 12
L-F-4 17

L-F-5~L-F-7 4
L-F-8~L-F-10 3

L-F-11~L-F-17 2
L-F-18~L-F-36 1

Low-male L-M-1 4 83 2.9
L-M2 5
L-M-3 14

L-M-4~L-M-5 6
L-M-6~L-M-7 7

L-M-8~L-M-10 3
L-M-11~L-M-16 2
L-M-17~L-M-29 1

Table 6. Clone size of male and female H. tibetana at middle altitude.

Population Genet Styles Ramets Total Ramets (N) Clone Size (N/G)

Middle-female M-F-1 4 57 3.8
M-F-2 5
M-F-3 6
M-F-4 13
M-F-5 17

M-F-6~M-F-7 2
M-F-8~M-F-15 1

Middle-male M-M-1 11 97 3.5
M-M2 15
M-M-3 20

M-M-4~M-M-5 6
M-M-6~M-M-9 4

M-M-10~M-M-13 2
M-M-14~M-M-28 1

3.5. Clonal Distribution of H. tibetana Population

Clonal plants are affected by different environmental conditions and can expand in
several directions at the same time according to the environmental conditions. The clonal
distribution in the low- and middle-altitude populations is shown in Figure 6.

The distances between the ramets in the same clone of H. tibetana female and male
populations at different altitudes are shown in Tables 7 and 8. The maximum distance
(l max), minimum distance (l min), and total distance (L) between ramets in the same clone,
and the average distance between ramets within a clone (M = L/N) were quantified.
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Table 7. Distance between ramets in the low-altitude population (m).

Population Genet Styles Ramets lmax lmin L M

Female

16, 41 2 3.12 – 3.12 1.56
64, 136 2 1.92 – 1.92 0.96

20, 21, 60 3 1.48 0.24 1.72 0.57
63, 126, 128, 62 4 1.80 0.20 2.44 0.61

14, 19, 22, 23, 25, 26, 27, 29, 30, 35 10 3.20 0.20 4.76 0.48
47, 175, 106, 104, 102, 105, 107, 103,

182, 186, 180, 181 12 3.44 0.20 6.12 0.51

48, 125, 123, 121, 119, 117, 122, 113,
120, 118, 116, 114, 96, 95, 49, 51, 53 17 2.24 0.14 7.40 0.44

54, 112, 110, 109, 111 5 1.92 0.16 2.2 0.44
97, 129, 127, 115 4 1.84 0.48 3.2 0.8
61, 91, 187, 176 4 3.32 1.00 4.24 1.06

98, 99 2 0.12 – 0.12 0.06
101, 108 2 1.32 – 1.32 0.66
65, 76, 66 3 1.32 0.60 1.92 0.64
13, 18, 28 3 2.72 0.96 2.72 0.91

87, 137 2 1.08 – 1.08 0.54
88, 90 2 0.20 – 0.2 0.10
57, 58 2 0.24 – 0.24 0.12

Male

2, 3, 4, 5, 6, 10 6 0.68 0.12 1.24 0.21
82, 83, 84, 93 4 1.40 0.28 1.76 0.44

154, 177 2 2.68 – 2.68 1.34
189, 190 2 0.24 – 0.24 0.12

72, 75 2 0.28 – 0.28 0.14
141, 145 2 0.52 – 0.52 0.26
86, 139 2 1.12 – 1.12 0.56

94, 140, 184 3 2.32 1.20 3.52 1.17
164, 162, 161 3 0.60 0.16 0.64 0.21

15, 34, 33 3 2.60 0.20 2.60 0.87
165, 170, 166, 169, 167 5 0.60 0.20 1.32 0.26

185, 133, 138, 134, 130, 131 6 2.32 0.24 3.44 0.57
188, 178, 174, 179, 152, 150, 148, 149,

155, 153, 151, 147, 70, 71 14 4.48 0.16 7.56 0.54

146, 156, 157, 158, 159, 160, 173 7 1.80 0.20 2.08 0.30
78, 79, 80, 81, 92, 124, 77 7 3.60 0.24 4.88 0.70

7, 8 2 0.24 – 0.24 0.12
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Table 8. The distance between ramets at middle altitude (m).

Population Genet Styles Ramets lmax lmin L M

Female

6, 9, 10, 11 4 0.62 0.29 1.05 0.26
66, 67 2 0.33 – 0.33 0.17

116, 146 2 2.38 – 2.38 1.19
46, 50, 140, 51, 53, 54,

107, 101, 106, 55, 56, 57, 59 13 3.29 0.24 11.57 0.89

82, 142, 137, 132, 143, 115, 111, 109,
100, 89, 86, 83, 99, 87, 108, 84, 141 17 4.14 0.19 8.67 0.51

62, 150, 131, 153, 70, 65 6 5.00 0.48 7.71 1.29
91, 147, 128, 123, 130 5 4.14 1.29 6.71 1.34

Male

1, 16 2 1.81 – 1.81 0.91
36, 45 2 0.62 – 0.62 0.31
43, 44 2 0.40 – 0.40 0.20
31, 41 2 1.43 – 1.43 0.72

92, 138, 117, 96 4 2.52 0.90 3.76 0.94
2, 13, 15, 18 4 2.24 0.57 2.86 0.72

4, 5, 7, 8 4 0.95 0.24 1.10 0.28
28, 145, 68, 73, 76, 48 6 3.52 0.24 6.48 1.08

149, 151, 152, 154 4 1.29 0.19 1.38 0.35
77, 144, 114, 113, 110, 112,

103, 98, 94, 93, 85, 81, 79, 102,
97, 95, 90, 88, 80, 136

20 4.76 0.19 11.95 0.60

32, 139, 135, 133, 134, 104, 105, 69,
58, 52, 60, 61, 47, 33, 49 15 4.81 0.24 10.14 0.68

148, 129, 126, 124, 122, 120,
118, 127, 125, 121, 119 11 3.33 0.19 5.05 0.46

26, 27, 29, 30, 72, 74 6 2.67 0.19 3.43 0.57

At the low altitude, the maximum distance (l max) between two ramets in the same
clone of the female population was 3.44 m, and the minimum distance was 0.12 m. The
maximum total distance (L) between ramets in the same clone was 7.4 m. The average
distance (M) between strains ranged from 0.06–1.56 m. At this altitude, the maximum
distance between two ramets of the male group was 4.48 m, the minimum distance was
0.12 m, and the maximum total distance between ramets within the same clone was 7.56 m
with an average distance (M) between two ramets ranging from 0.12–1.34 m. In the female
population at the middle altitude, the maximum distance between two ramets in the same
clone was 5.00 m, the minimum distance was 0.19 m, and the maximum total distance
between all ramets in the same clone was 11.57 m. The average distance between two
ramets was 0.26–1.34 m. The maximum and minimum distance between two ramets in the
same clone of the male population at this altitude was 4.81 m and 0.19 m, respectively. The
distance between all ramets in the same clone had a maximum total distance of 11.95 m.
The maximum value of the average distance between two ramets was 1.08 m, and the
minimum value was 0.20 m. According to the distance between two ramets within the
same clone, the clonal expansion capacity of male plants at the low altitude was greater
than that of female plants, while that of female plants at the middle altitude was greater
than that of male plants. Based on the distance between ramets within the same clone
and the total distance between plants, the clonal extension ability of plants at the middle
altitude was higher than that of plants at the low altitude.

4. Discussion
4.1. Sex Ratio Pattern of H. tibetana Population at Different Altitudes

The sex ratio theory proposed that the female-to-male ratio should be 1:1 [41], but this
can be altered by ecological and genetic factors, resulting in sex-biased ratios [42]. A study
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investigating the sex ratio of H. tibetana in the Wolong Mountains found that the population
sex ratio of H. tibetana was balanced at the optimum altitude for growth (2800 m), while
the sex ratio was male-biased at other altitudes [43]. In this study, the age class sex ratio of
H. tibetana mainly consists of age classes II and III (Figure 2), which also determines the sex
ratio bias of H. tibetana. The H. tibetana population exhibited the significant sex-biased ratios
at the middle and low altitudes compared to the high altitude. The male-biased sex ratio
(p < 0.05) at the low-altitude (2868 m) population may be because H. tibetana female is more
inferior for nutritional growth than males due to their higher reproductive investment, and
under nutrient-limited conditions, female plants had higher mortality rates, resulting in a
male-biased sex ratio [44,45].

In contrast, at the middle altitude, H. tibetana showed a female-biased sex ratio
(p < 0.05). This was not consistent with the higher mortality rate of females in H. tibetana in
the face of a harsh environment such as cold and intense UV-B ultraviolet light stress. This
may be related to the fact that the soil was less infertile at the middle altitude compared
to the other two altitudes [20]; thus, in order to better adapt to the harsh environment,
females may have adopted additional mechanisms to compensate for the investment in
growth under poorer conditions to improve surviving [46]. For example, Fan et al. [20]
found that at the middle altitude, H. tibetana females photosynthesized better than males
and survived better than males. Moreover, it has been suggested that in wind-pollinated
plants, the reproductive cost of males may exceed that of females because males invested
more in nitrogen-rich pollen [47]. H. tibetana is a typical wind-borne plant, which explained
why females could out-compete males under more severe environmental constraints at the
middle altitude [47]. The above results suggested that the different sex ratio patterns were
a manifestation of the different ways in which the male and female H. tibetana adapt to the
various environments.

4.2. Sex-Related Spatial Distribution Patterns of H. tibetana

At low and high altitudes, the sex-related distribution was generally random, which
may be caused by H. tibetana adopting extensive foraging in order to minimize the competi-
tion. However, at mid-altitude, the distribution showed an aggregated distribution as the
scale increased, possibly due to the fact that the mid-altitude is more resource-poor, which
leads to the adoption of intensity foraging in some patches [48].

Sexual dimorphism might influence the frequency and distribution of the sexes under
different environmental conditions, likely resulting in the niche differentiation and spatial
segregation of the sexes [7]. The spatial correlation of female and male populations of
H. tibetana showed differences at different altitudes. There was a strong negative spatial
correlation in the low-altitude (2868 m) populations, which indicated that the ecological
niche overlap between female and male H. tibetana plants at low altitudes caused strong
intraspecific competition [49]; meanwhile, the stronger clonal reproductive capacity and
lower clonal expansion ability of males compared to females at a low altitude may exacer-
bate this point. Male and female populations at the middle-altitude (3012 m) site showed a
negative spatial correlation at small scales (0–0.5 m), and basically showed no correlation
as the scale increased. During the field survey, young individuals of H. tibetana exhibited
the phenomenon of aggregated growth due to short horizontal roots. As the age increased,
H. tibetana produced clonal ramets in different directions through spacers, coupled with its
strong expansion ability, allowing it to occupy different habitats. Independent spaces for
males and females form on a scale greater than 0.5 m. This distribution pattern showed that
as the scale of the population at the middle altitude (3012 m) increased, the competition for
resources and space between male and female plants weakened, and the stronger clonal
reproductive and expansion abilities of females than those of males at the middle altitude
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may also play an important role in this regard. Individuals of different genders can thus
occupy different microenvironments and make full use of resources. This was considered
to be one of the evolutionary advantages of a dioecious plant [50]. These suggested that
the sex-specific clonality of H. tibetana is able to better utilize its resources for the benefit of
population development.

4.3. Sex-Related Clonal Diversity and Clonal Structure of H. tibetana

In this study, we found that the clonal diversity of H. tibetana varied across altitudes
and between males and females. The clonal diversity at the middle altitude was lower
than that at the low altitude. This was due to the fact that at the middle altitude, plant
life is challenged by low temperatures, shorter vegetation periods, and harsher conditions
Fan et al. [20] which may reduce sexual reproduction and increase inputs to asexual
reproduction [51,52], thus leading to a decrease in clonal diversity. Moreover, the clonal
diversity of H. tibetana was higher in males than in females at the middle altitude, which
suggested that clonal reproduction played a more important role than sexual reproduction
in females at the middle altitude [53]. Meanwhile, Wang et al. [23] showed that higher
clonal diversity increased the evolutionary rate of adaptation to harsh alpine environments
and, therefore, male plants were more dependent on clonal diversity for adaptation to
nutrient-poor mid-altitude regions. These indicated that faced with different environments,
the relative importance of sexual reproduction versus clonal reproduction of H. tibetana
might change to better adapt to the environment.

The clone size and spacer length of H. tibetana also varied and showed similar trends,
both of which were larger at the middle altitude than at the low altitude, and females were
larger than males at the middle altitude, while the opposite was true at the low altitude,
however, the spacer length of males is shorter. The above changes indicated that the cloning
and expansion ability of H. tibetana were higher than that at the low altitude, and females
were greater than males at the middle altitude. At the same time, differences in the spacer
length also indicated that H. tibetana could break through the limitation of the resource
distribution within a certain range by adapting its morphology, thus expanding its growing
space. Since the above clonal variation in the morphology was also significant between
males and females, and in combination with the differences in the spatial distribution of
H. tibetana, we believe that the clonal variation between males and females of H. tibetana
separated males and females from each other, which assisted in the distribution of H.
tibetana population. Therefore, the differences in the clonal diversity and clonal structure
between male and female H. tibetana were also the result of their long-term adaptation to
the external environment.

It should be noted that our study has a limitation in terms of the population sampling.
We only analyzed two populations spatially and genetically without replicates. This limited
sampling may not fully represent the entire range of genetic and spatial variability within
the species. The results obtained from these two populations may not be generalizable to
all H. tibetana populations across different regions or habitats. Therefore, when interpreting
our findings, caution should be exercised as the observed patterns and relationships
might be specific to the sampled populations and not necessarily indicative of the overall
species. Future studies with more extensive sampling are needed to confirm and expand
on our results.

5. Conclusions
In summary, H. tibetana exhibits different sex-biased ratios at different altitudes, in-

dicating that male and female H. tibetana respond differently to different environmental
conditions. In addition, as a clonal plant, H. tibetana also adopts sex-specific reproductive
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modes in response to stressful environments, which is mainly manifested in the different
clonal diversity and clonal reproductive capacity of female and male populations of H.
tibetana. Also, the sex-differentiated distribution patterns and clone structure at differ-
ent altitudes suggests that H. tibetana sex-specific differences are conducive to H. tibetana
occupying different habitats and making full use of environmental resources. Therefore,
sex-specific differences in the clonality of H. tibetana effectively improves the adaptation of
the H. tibetana population to the environment, thus enhancing the survival and continuation
of the H. tibetana population.
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