
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Dayong Fan,
Beijing Forestry University, China

REVIEWED BY

Sheng Zhang,
Sichuan University, China
Xiaoping Li,
Nanjing Forestry University, China
Xinna Zhang,
Beijing Forestry University, China

*CORRESPONDENCE

Guohou Liu
guohouliu@163.com
Xiao Xu
xuxiao_cwnu@163.com

SPECIALTY SECTION

This article was submitted to
Functional Plant Ecology,
a section of the journal
Frontiers in Plant Science

RECEIVED 26 September 2022
ACCEPTED 27 October 2022

PUBLISHED 14 November 2022

CITATION

Ma S, Liu G, Wang L, Liu G and Xu X
(2022) Salix gordejevii females
exhibit more resistance against
wind erosion than males under
aeolian environment.
Front. Plant Sci. 13:1053741.
doi: 10.3389/fpls.2022.1053741

COPYRIGHT

© 2022 Ma, Liu, Wang, Liu and Xu. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction
in other forums is permitted, provided
the original author(s) and the
copyright owner(s) are credited and
that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Original Research
PUBLISHED 14 November 2022

DOI 10.3389/fpls.2022.1053741
Salix gordejevii females exhibit
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erosion than males under
aeolian environment
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Effects of wind erosion on growth and adaptability have been widely reported

in many plants, but little attention has been paid to dioecious plants. Recent

studies have shown that sex-specific responses to environmental changes in

many plants exist. To explore sexual differences in response to wind erosion,

female and male Salix gordejevii saplings growing on inter-dune land (no

erosion) and on the windward slope of the dune (20cm wind erosion) in

Hunshandake Sandy Land were chosen and their morphology, biomass and

physiological traits were investigated, respectively. Wind erosion significantly

reduced plant growth, biomass accumulation, gas exchange and chlorophyll

fluorescence, and obviously disrupted osmotic regulation function and

antioxidant enzyme system in both sexes, especially in males. Under wind

erosion condition, females exhibited higher sapling height (SH), basal diameter

(BD), leaf dry mass (LDM), root dry mass (RDM), total dry mass (TDM), root

percentage in total dry mass, net photosynthesis rate (Pn), maximum efficiency

of photosystem II (Fv/Fm), effective quantum yield of PSII (FPSII), relative water

content (RWC) of leaves, superoxide dismutase (SOD) and peroxidase (POD)

activities, but lower malondialdehyde (MDA), proline as well as soluble sugar

content than did males. However, no significant sexual differences in most of

these traits were observed under no erosion condition. Our results

demonstrated that females possess a greater resistance to wind erosion than

do males, with females having a better photosynthetic capacity, stronger water

retention capacity and more efficient antioxidant system to alleviate negative

effects caused by aeolian environment.
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Introduction

Aeolian environment is regarded as one of the extreme

environments that seriously affect plant growth and

reproduction in the dune ecosystem of arid and semi-arid

areas (Shi et al., 2004; Dech and Maun, 2006; Perumal and

Maun, 2006; Gilbert and Ripley, 2010; Tang et al., 2016; Fan

et al., 2018). Affected by windblown sand movement, plants

growing on the leeward slopes of dunes often suffer partial or

complete sand burial, whereas those on the windward slopes of

dunes experience varying degrees of wind erosion (Luo and

Zhao, 2015; Luo et al., 2018). During this process, wind erosion

directly affects plant survival and growth by physically damaging

root system (e.g. root distortion, splitting and breaking) and

exposing them to the air, thereby greatly impairing efficiency of

water and nutrient uptake and also photosynthesis (Yu et al.,

2008; Liu et al., 2014a; Liu et al., 2014b). Previous studies have

reported that morphological growth and biomass accumulation

of plants are significantly inhibited under wind erosion

environment (Yu et al., 2008; Li et al., 2010; Liu et al., 2014a).

Photosynthesis, including net photosynthetic rate and

chlorophyll fluorescence parameters, also shows similar trends

(Fan et al., 2018). Adjustments in morphological and

physiological characteristics constitute the important means by

which plants increase their resistance and adaptability (Anten

et al., 2005; Liao et al., 2020). However, little attention has been

paid to the physiological responses of plants to changes in the

surrounding environment caused by wind erosion.

Dioecious plants have been considered to be a consequence

of different requirements for disseminating pollen and

producing fruits and seeds, and play key roles in maintaining

the function of terrestrial ecosystems (Renner and Ricklefs, 1995;

Obeso, 2002). In recent years, the survive pressure of plants is

being expanded by global warming, climate change, and

environmental pollution. Sexual differences in morphology,

physiology and biochemistry of dioecious plants have been

documented in previous studies under various environmental

stresses, including drought, extreme temperatures, UV radiation,

nutrient deficiency or heavy metals (Juvany and Munne-Bosch,

2015; Melnikova et al., 2017). In some species, such as Populus

cathayana, P. yunnanensis and Morus alba, males are better

adapted to the majority of the stress conditions than females,

exhibiting less damage, better growth, higher photosynthetic

capacity and antioxidant activity (Xu et al., 2008; Zhang et al.,

2012; Jiang et al., 2013; Chen et al., 2016). In contrast, the

opposite has been observed in other species, such as Acer

negundo, Salix myrsinifolia, S. paraplesia (Ward et al., 2002;

Randriamanana et al., 2015; Jiang et al., 2016). These studies

indicated that female and male plants’ growth and physiological

response to environmental stress are different, while the

performance of females and males in stressful environments

may be related to the species.
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Salix species are common dioecy and have characters of

fast-growing, adaptable and easy to cultivate, which are pioneer

tree species used in ecological stability and vegetation

restoration in the terrestrial ecosystem, especially in the dune

ecosystem of arid and semi-arid areas (Liu et al., 2003; Yan

et al., 2007; Kubo et al., 2013). Despite sex-specific responses to

environmental stress (e.g., long-term UV-B radiation,

nutrient-poor, water deficiency and nocturnal warming) in

Salix were found to exist in some studies (Randriamanana

et al., 2015; Jiang et al., 2016; Liao et al., 2019; Liao et al., 2020),

no sex-specific data are available with regard to the

morphological or physiological characteristics responses to

wind erosion. In addition, Salix and populus are sister genera

in the Salicaceae family, but Salix females and Populus males

outperform the opposite sex under environmental stress. And

the reason for this inconsistency remains obscure. Therefore,

Salix gordejevii Y. L. Chang et Skv., a dioecious plant widely

distributed in Hunshandake Sandy Land of China, was chosen

and sexual differences in morphological growth, biomass

accumulation, photosynthetic capacity, related biochemical

material content and antioxidant enzyme activity between

male and female saplings were investigated. The goals of this

study were to: (a) determine the effects of wind erosion on

morphological and physiological characteristics in S. gordejevii;

(b) evaluate whether females exhibit more resistance against

wind erosion than males; (c) analyze the possible reasons for

inconsistent sexual performance related to species

in Salicaceae.
Materials and methods

Study area

The study was conducted in the hinterland of Hunshandake

Sandy Land (41°56′ − 43°11′ N, 115°00′ − 116°42′ E), which is

located in Zhenglan banner of Xilin Gol league of Inner

Mongolia Autonomous Region, China. The climate type is a

mid-temperate continental monsoon climate, with a long cold

winter and a short warm summer. The mean annual

temperature, precipitation and evaporation are 1.7°C, 355 mm

and 1931.4 mm, respectively. The mean annual evaporation is

much larger than the mean annual precipitation. The frost-free

season lasts approximately 110 days. The annual mean wind

speed is about 4 m·s-1, with the main wind direction being

northwest wind and frequent sandstorms in spring and autumn.

The soil type in the area is chestnut soil, which is distributed with

aeolian sandy soil. Dominant plant species include xylophyta

such asUlmus pumila var. sabulosa, S. gordejevii, S. microstachya

var. bordensis, Artemisia halodendron, and perennial herbage

such as Potentilla acaulis, Leymus chinensis, Cleistogenes

squarrosa, etc. (Su et al., 2009).
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Experimental design

The experiment was carried out in an area of semi-fixed

dune of Hunshandake Sandy Land, with vegetation dominated

by S. gordejevii saplings that were artificially planted by the local

forestry bureau in 2015. When planting, the cuttings (about

50 cm long) were inserted 45 cm into the soil with a 5-cm height

above the soil surface. In April 2018 (the flowering season of S.

gordejevii), we identified and labeled the sex of saplings growing

on inter-dune land and on the windward slope of the dune,

respectively. In August, we selected experimental materials for

control group and wind erosion group in each habitat, according

to the exposure of cuttings that were used for planting in 2015.

Among them, the exposed degree of cuttings in control group

was still 5-cm height above the soil surface (no erosion), while

that in wind erosion group was about 25-cm height (20 cm wind

erosion). 20 male and 20 female saplings in each condition were

selected and used for growth and physiological index analysis.

The experimental layout was completely randomized with two

factors (sex and wind erosion). There were finally four

conditions: (1) females with no erosion (control); (2) males

with no erosion (control); (3) females with 20 cm erosion (wind

erosion); and (4) males with 20 cm erosion (wind erosion).
Morphological and biomass
traits measurements

Sapling height (SH), basal diameter (BD) and crown size

(CS) of each sapling were measured on 22 August, 2018. Then all

saplings were harvested and divided into leaves, stems and roots

after washing out of soil. After oven-dry to constant weight at

70°C for 48 h, leaf dry mass (LDM), stem dry mass (SDM) and

root dry mass (RDM) were weighed and recorded. The total dry

mass (TDM) was calculated as the sum of leaf, stem and root dry

mass. The percentage in total dry mass was calculated for leaf,

stem and root, respectively. All biomass did not include the

weight of cuttings that were used for planting in 2015.
Gas exchange and chlorophyll
fluorescence measurements

Three male and female plants of each condition were

randomly selected, and the fourth fully expanded leaf from

apex of each plant was selected for gas exchange and

chlorophyll fluorescence measurements on August 21. Net

photosynthetic rate (Pn), stomatal conductance (Gs),

intercellular CO2 concentration (Ci) and transpiration rate (Tr)

were measured between 09:00 a.m. and 11:30 a.m. with a LI-6400

portable photosynthesis system (LI-COR, Lincoln, NE, USA)

under the following conditions: leaf temperature, 26°C;
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photosynthetic photon flux (PPF), 1500 µmol m-2 s-1; relative

air humidity, 30%; and ambient CO2 concentration, 380 ± 10

µmol mol -1. Data were recorded once steady-state gas exchange

rates were observed.

Chlorophyll fluorescence kinetics parameters (Fv/Fm,

maximum efficiency of photosystem II (PSII) and FPSII,

effective quantum yield of PSII) were measured with a LI-6400

chlorophyll fluorescence system (LI-COR, Lincoln, NE, USA).

The leaf samples were placed in dark treatment for 30 min using

aluminum foils cover, and the minimum fluorescence (F0) and

the maximum fluorescence (Fm) were measured by low

modulated light and a saturating pulse, respectively. The Fv/Fm
was then calculated using the equation: Fv/Fm = (Fm − F0)/Fm
(Brugnoli and Bjorkman, 1992). Subsequently, the leaves were

exposed to a PPFD of 1000 µmol m-2 s-1 for 15 min to measure

the maximum light-adapted fluorescence (Fm′) and the steady-

state fluorescence (Fs). The FPSII was then calculated using the

equation: FPSII = (Fm′ − Fs)/Fm′ (Brugnoli and Bjorkman, 1992).
Relative water content and
malondialdehyde content determination

Three fully expanded and exposed leaves were randomly

selected from each condition for relative water content (RWC)

and malondialdehyde (MDA) content determination. RWC was

determined by the method of Weatherley (1950). The leaves

were cut into about 1 cm segments and weighed fresh weight

(Wf), then were immersed in distilled water to saturation and

weighed saturated weight (Ws). Finally, the saturated leaves were

dried to a constant weight (Wd) at 70°C for 48 h. The formula for

calculating RWC of leaves was the following:

RWC %ð Þ = 100� (Wf −Wd)=(Ws−Wd)

Malondialdehyde (MDA) content was determined by the

method of Hodges et al. (1999). 0.5 g leaves of each sample were

homogenized in 5 mL of 5% trichloroacetic acid (TCA) and

centrifuged at 4 000g for 10 min. 2 mL supernatant was collected

and added to 2 mL of 0.67% thiobarbituric acid (TBA). The

mixture was heated in boiling water for 30 min followed by rapid

cooling in an ice bath, and then centrifuged at 4 000 g for 10 min.

The absorbance values of supernatant were measured

respectively at 450 nm, 532 nm and 600 nm and converted to

MDA content.
Proline and soluble sugar
content determination

Proline assay was measured according to the method of

Bates et al. (1973). 0.5 g leaves were homogenized in 5 mL of 3%

sulfosalicylic acid solution. After extracted in boiling water for
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10 min and cooled, 2 mL of the extract was mixed with 2 mL of

glacial acetic acid and 2 mL of acid ninhydrin solution in a test

tube at 100°C for 30 min. After cooling, 4 mL of toluene was

added to the mixture to extract the chromophore containing

toluene, and the absorbance was measured at 520 nm.

Soluble sugar content was measured as described by Ebell

(1969). 0.1g leaves of each sample were put into tube with 5 mL

distilled water, which were extracted with sealing in boiling

water for 30 min. The reaction mixture with a total volume of 7.5

mL contained 0.5 mL the extract, 1.5 mL distilled water, 0.5 mL

enthrone ethyl acetate and 5 mL concentrated sulfuric acid. After

the tube was placed in boiling water for 1 min and cooled, the

absorbance value was measured at 630 nm.
Superoxide dismutase and peroxidase
activity determination

0.5 g fresh leaves of each sample were ground with a pre-

cooled mortar and pestle with 50 mM potassium phosphate

buffer (pH 7.8) to extract enzyme for the measurements of

superoxide dismutase (SOD) and peroxidase (POD) activity

(Maehly and Chance, 1954; Beauchamp and Fridovich, 1971).

The samples were centrifuged at 12 000g at 4°C for 20 min, and

the supernatants were used for enzyme activity assays. All

operations were performed at 0 − 4°C.

The SOD activity was determined by measuring the ability to

inhibit the photochemical reduction of nitroblue tetrazolium (NBT),

as described by Beauchamp and Fridovich (1971). 0.05 mL

supernatant was collected with 1.5 mL of 50 mM potassium

phosphate buffer (pH 7.8) and distilled water 0.25 mL, and added

0.3 mL each of 130 mM methionine (Met), 750 µM NBT, 100 mM
EDTA-Na2 and 20 mM riboflavin. After mixing enough, the mixture

was carried out for 30min under irradiance of 170 µmol photonsm-2

s-1 provided by a white fluorescent lamp. The absorbance was

measured at 560 nm using a non-illuminated identical tube as a

blank. The SOD activity was expressed as unit g-1 FW.

The POD activity was determined by the method of Maehly

and Chance (1954) with guaiacol as an electron donor, and the
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absorbance of the supernatant was measured at 470 nm for

3 min. The activity of enzyme was represented by the change of

optical density per min. One enzyme unit was defined as the

amount of enzyme causing an absorbance value change of 0.01

per min under standard conditions. The POD activity was

expressed as unit g-1 FW min-1.
Statistical analysis

SPSS 20.0 statistical software (SPSS, Chicago, IL, USA) was

used for statistical analyses. The data were checked for normality

and homogeneity of variances, and log-transformed to correct

deviations from these assumptions when needed. Two-way

ANOVA was used to evaluate the effects of sex, wind erosion

and their interaction. Individual differences among means of

different conditions were determined by Duncan’s multiple

range test. Differences were considered significant at P < 0.05.
Results

Sexual differences in morphological
growth and development

As shown in Table 1, wind erosion significantly decreased SH

in all saplings (P < 0.001) but CS only in males compared with

control. There were significant differences in SH and BD between

sexes in the control condition, with females having higher SH and

lower BD than males. Under wind erosion condition, females had

significantly higher SH and BD than males, but there was no

significant difference in CS between male and female saplings.

Similarly, wind erosion significantly inhibited biomass

accumulation of all saplings (P < 0.001), and induced females to

exhibit higher LDM, RDM and TDM than males. While there

were no significant differences in these traits (except for SDM)

between the sexes in the control condition (Figure 1).

Moreover, biomass allocation was also altered by wind

erosion leading to a strong decrease in stem resource
TABLE 1 Sapling height (SH), basal diameter (BD) and crown size (CS) in females and males of S. gordejevii as affected by wind erosion.

Condition Sex SH(cm) BD (mm) CS (m2)

Control Females 160.33 ± 3.76a 7.34 ± 0.09b 0.64 ± 0.05ab

Males 145.00 ± 2.89b 8.58 ± 0.42a 0.75 ± 0.09a

Wind erosion Females 106.00 ± 3.79c 8.57 ± 0.13a 0.54 ± 0.05ab

Males 82.00 ± 5.51d 7.12 ± 0.16b 0.50 ± 0.07b

P > Fs <0.001*** 0.674ns 0.611ns

P > Fw <0.001*** 0.654ns 0.032*

P > Fs×w 0.321ns <0.001*** 0.270ns
fro
Values are means ± SE (n = 3). Different letters in the same column indicate statistically significant differences between conditions according to Duncan’s multiple rang test (P < 0.05).
Significance values of the factorial analysis (ANOVA) for: Fs, sex effect; Fw, wind erosion effect; and Fs×w, the interactive effect of sex and wind erosion are denoted as: ns, non-significant;
*P < 0.05; ***P < 0.001.
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allocation of two sexes, and increase in root resource allocation

of females and leaf resource allocation of males (Figure 2). Under

the control condition, there were no significant differences in leaf

and root percentage in total dry mass between two sexes.

However, females had higher root percentage in total dry mass

than males under wind erosion condition. Stem percentage in

total dry mass were significantly always lower in females than in

males under control and wind erosion condition.
Sexual differences in gas exchange and
chlorophyll fluorescence

Photosynthesis of all saplings was reduced markedly, and

males and females differed in their responses to wind erosion,

according to the changes of gas exchange and chlorophyll

fluorescence parameters (Table 2). Compared with control,

wind erosion significantly decreased Pn, Ci and Tr in all

saplings (P < 0.001). Except females always had significantly

higher Pn than males, there were no significant sexual differences

in Gs, Ci and Tr both under control and wind erosion condition

(Table 2). In addition, wind erosion had significant negative

effects on Fv/Fm only in males. There were no significant
Frontiers in Plant Science 05
differences in Fv/Fm and FPSII between the sexes in the control

condition. However, females had significantly higher Fv/Fm and

FPSII than males under wind erosion condition (Table 2).
Sexual differences in physiological
characteristics

Similar to plant growth and photosynthesis, physiological

characteristics of both sexes, including RWC, MDA content,

osmotic regulation function and antioxidant enzyme system,

were obviously disrupted by wind erosion (Figures 3–5). Wind

erosion significantly decreased RWC of leaves and increased

MDA content in all saplings (P < 0.001). When comparing the

sexes, females exhibited significantly higher RWC but lower

MDA content than did males under wind erosion conditions,

whereas there were no significant sexual differences under the

control conditions (Figure 3). Furthermore, wind erosion

significantly induced the increase of soluble sugar content,

SOD and POD activity in all saplings (P < 0.001) but proline

content only in males. Females had lower the content of proline

and soluble sugar, but higher the activities of SOD and POD

than males under wind erosion conditions. However, no
B

C D

A

FIGURE 1

Leaf dry mass (A), stem dry mass (B), root dry mass (C) and total dry mass (D) in females and males of S. gordejevii as affected by wind erosion.
Values are means ± SE (n = 3). Different letters above bars indicate statistically significant differences between conditions according to Duncan’s
multiple rang test (P < 0.05). Significance values of the factorial analysis (ANOVA) for: Fs, sex effect; Fw, wind erosion effect; and Fs×w, the
interactive effect of sex and wind erosion are denoted as: ns, non-significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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significant sexual differences were detected in these traits under

the control conditions (Figures 4, 5).
Discussion

Wind erosion inhibited growth and
photosynthetic capacity more in males
than in females

Wind erosion, one of the extreme environments of dune

ecosystem, causing serious negative effects on plant morphology,

growth and development have been reported in many plants,
Frontiers in Plant Science 06
such as root exposure, water loss, leaf area reduction,

photosynthetic capacity decline, etc. These adverse effects

ultimately lead to severe limitation of biomass accumulation

and even death (Levin et al., 2008; Liu et al., 2014a; Liu et al.,

2014b; Luo and Zhao, 2015). Similar results were also confirmed

by our study showing that SH, CS and dry biomass of leaf, stem

and root reduced significantly in the wind erosion condition

(Table 1, Figure 1), which indicated that morphological

development and biomass accumulation of S. gordejevii were

severely hindered by wind erosion. Meanwhile, we found that

males and females differed in their responses to wind erosion.

Compared with the control condition, the SH, CS and SDM of

females decreased 33.89%, 14.47% and 58.90% respectively,
FIGURE 2

Biomass allocation in females and males of S. gordejevii as affected by wind erosion (means ± SE, n = 3). Different letters on bars of each color
indicate statistically significant differences between conditions according to Duncan’s multiple rang test (P < 0.05).
TABLE 2 Net photosynthesis rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), transpiration (Tr), maximum efficiency of
photosystem II (Fv/Fm) and effective quantum yield of PSII (FPSII) in females and males of S. gordejevii as affected by wind erosion.

Condition Sex Pn (mmol m-2 s-1) Gs (mol m-2 s-1) Ci (mmol mol-1) Tr (mmol m-2 s-1) Fv/Fm FPSII

Control Females 14.58 ± 0.69a 0.15 ± 0.01a 295.89 ± 17.78a 5.31 ± 0.54a 0.76 ± 0.01a 0.28 ± 0.04ab

Males 12.72 ± 0.50b 0.14 ± 0.03a 319.73 ± 10.09a 4.94 ± 0.81a 0.74 ± 0.01a 0.21 ± 0.01bc

Wind erosion Females 8.42 ± 0.72c 0.15 ± 0.02a 206.37 ± 36.89b 2.68 ± 0.16b 0.75 ± 0.01a 0.32 ± 0.02a

Males 5.28 ± 0.17d 0.12 ± 0.02a 186.55 ± 20.08b 1.98 ± 0.34b 0.63 ± 0.01b 0.18 ± 0.01c

P > Fs 0.002** 0.480ns 0.934ns 0.336ns <0.001*** 0.002**

P > Fw <0.001*** 0.668ns <0.001*** <0.001*** <0.001*** 0.945ns

P > Fs×w 0.288ns 0.668ns 0.377ns 0.754ns <0.001*** 0.175ns
fro
Values are means ± SE (n = 3). Different letters in the same column indicate statistically significant differences between conditions according to Duncan’s multiple rang test (P < 0.05).
Significance values of the factorial analysis (ANOVA) for: Fs, sex effect; Fw, wind erosion effect; and Fs×w, the interactive effect of sex and wind erosion are denoted as: ns, non-significant; **P
< 0.01; ***P < 0.001.
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which were significantly lower than that of males about 43.45%,

33.28% and 70.62% (Table 1, Figure 1). Females presented

significantly higher LDM, RDM and TDM than males during

wind erosion, whereas no significant sexual differences in these

traits were observed in the control condition (Figure 1). These

results demonstrated that wind erosion inhibited morphological

growth and biomass accumulation more in males than in

females, which is in accordance with previous findings in Salix

species under environmental stress (Jiang et al., 2016; Liao et al.,

2019; Liao et al., 2020). In addition, we observed that wind

erosion significantly increased BD in females but decreased BD

in males compared with the control condition (Table 1). We

think this is due to females have higher CS and SDM than males

under wind erosion condition, which cause them to develop
Frontiers in Plant Science 07
stronger stem and root system to support the plants against the

risk of stem breaking or lodging because of greater pressure from

wind and sand. On the other hand, females need sturdier stem to

provide stronger mechanical support for fruits and seeds during

the breeding period, whereas males have relatively lower

requirements for the mechanical support of stems because that

inflorescences would drop off shortly after flowering (Yang et al.,

2015). These indicated that the variation of basal diameter in

males and females is inseparable from their growth environment

and special reproductive strategies.

Morphological growth and biomass accumulation are regard

as two important indices for evaluating plant growth and

development, and the reduction of these traits usually means

the cumulative effects of physiological function being damaged
BA

FIGURE 3

Relative water content (RWC) of leaves (A) and malondialdehyde (MDA) content (B) in females and males of S. gordejevii as affected by wind
erosion. Values are means ± SE (n = 3). Different letters above bars indicate statistically significant differences between conditions according to
Duncan’s multiple rang test (P < 0.05). Significance values of the factorial analysis (ANOVA) for: Fs, sex effect; Fw, wind erosion effect; and Fs×w,
the interactive effect of sex and wind erosion are denoted as: ns, non-significant; *P < 0.05; **P < 0.01; ***P < 0.001.
BA

FIGURE 4

Proline content (A) and soluble sugar content (B) in females and males of S. gordejevii as affected by wind erosion. Values are means ± SE (n =
3). Different letters above bars indicate statistically significant differences between conditions according to Duncan’s multiple rang test (P <
0.05). Significance values of the factorial analysis (ANOVA) for: Fs, sex effect; Fw, wind erosion effect; and Fs×w, the interactive effect of sex and
wind erosion are denoted as: ns, non-significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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or inhibited (Xu et al., 2010; Chen et al., 2016). Therefore, we

speculated that photosynthesis was severely compromised by

wind erosion, because the physiological process was closely

related to vegetative growth in plants. As expected, compared

with the control condition, Pn, Ci and Tr of all saplings decreased

significantly in response to wind erosion (Table 2). The gas

exchange reduction caused by wind erosion has been reported

previously, such as Calligonum mongolicum (Fan et al., 2018),

Rhododendron ferrugineum (Caldwell, 1970), and Averrhoa

carambola (Marler and Zozor, 1992). We found that females

always exhibited greater Pn than did males under either control

or wind erosion. Moreover, the negative impact of wind erosion

on males (58.52%) was greater than that on females (42.25%) in

Pn, which is in agreement with previous studies that Pn decreased

more in weaker sex under the same stress intensity (Xu et al.,

2008; He et al., 2016; Zhang et al., 2019). Chlorophyll

fluorescence, as an indicator of photochemical efficiency of

PSII, can provide insights into the degree of damage to

photosynthetic apparatus under environmental stress (Maxwell

and Johnson, 2000; Rohacek, 2002). In our study, under wind

erosion condition, the lower Fv/Fm and FPSII observed in males

suggested that males suffer more disorder in the electron

transport chain of PSII. Thus, wind erosion inhibits

photosynthetic capacity more in males than in females of S.

gordejevii, as previously report in S. paraplesia during drought

(Liao et al., 2019) and nocturnal warming (Liao et al., 2020).
Females showed a better protective
mechanism than males under wind
erosion condition

Wind erosion is complex processes that alter the

surrounding environment of plant growth, such as soil
Frontiers in Plant Science 08
temperature, humidity, nutrient status and so on (Li et al.,

2010; Liu et al., 2014a). Previous studies have confirmed that

under environmental stress, such as high temperature, drought

and high salinity, etc., RWC, MDA content, antioxidant

enzymes system and osmotic regulators as a performance and

protection mechanism would be changed to protect the normal

growth of plants (Silva et al., 2010; Parida and Jha, 2013; Hatzig

et al., 2014). In our study, we observed that wind erosion

significantly decreased RWC of leaves but increased proline

and soluble sugar content in all saplings, with females having

significantly higher RWC but lower proline and soluble sugar

content (Figure 3A, Figure 4). These results demonstrated wind

erosion caused water shortage in plants, because wind erosion

damaged the roots and exposed them to the air, thereby severely

affected the function of water absorption (Yu et al., 2008; Luo

and Zhao, 2015). As major constituents of osmoregulation, the

increase of proline and soluble sugar content could effectively

reduce cell osmotic pressure and prevent water loss, but also

show more severe water shortage in males than that of in females

(Zhang et al., 2012; Parida and Jha, 2013). Moreover, when

plants exposed to adverse environmental constraints, excessive

accumulation of reactive oxygen species (ROS) would eventually

lead to oxidative stress, which is one of the important reasons of

membrane lipid peroxidation under environmental stress (Jiang

et al., 2013; He et al., 2016). The antioxidant enzyme system

could effectively alleviate oxidative stress by regulating enzyme

activity (such as SOD and POD), and higher enzyme activity also

means that the plant has higher detoxicate and decompose

capacity, as well as can suffer more oxidative damage caused

by ROS (Gill and Tuteja, 2010; Qin et al., 2018). We found that

wind erosion caused severe cellular membrane damage and

oxidative stress, with MDA content, SOD and POD activity

were significantly increased (Figure 3B, Figure 5). Meanwhile,

females possessed higher antioxidant enzyme activity (SOD and
BA

FIGURE 5

Superoxide dismutase activity (SOD) (A) and peroxidase activity (POD) (B) in females and males of S. gordejevii as affected by wind erosion.
Values are means ± SE (n = 3). Different letters above bars indicate statistically significant differences between conditions according to Duncan’s
multiple rang test (P < 0.05). Significance values of the factorial analysis (ANOVA) for: Fs, sex effect; Fw, wind erosion effect; and Fs×w, the
interactive effect of sex and wind erosion are denoted as: ns, non-significant; **P < 0.01; ***P < 0.001.
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POD activity) and lower MDA content, which suggesting there

is a more effective detoxification and protective ability in females

than in males under wind erosion condition. Sexually different

responses in antioxidants under severe environmental stress

were confirmed by those studies of P. cathayana, M. alba and

S. paraplesia (Zhang et al., 2012; Qin et al., 2018; Liao et al.,

2019). Additionally, the decrease of Pn and Fv/Fm in our study

could be attributed to serious water shortage and lipid

peroxidation, since water and membrane could maintain the

stable metabolism and cell internal environment (Mittler, 2002;

Apel and Hirt, 2004; Qin et al., 2018).

On the other hand, biomass allocation is generally

considered as the basis and vital parameter for understanding

how adapt to environmental changes in plant life history (Li

et al., 2010; Burylo et al., 2012; Tang et al., 2016). We observed

that wind erosion altered the relative allocation of root, stem and

leaf growth in both sexes, and more biomass was allocated to

roots in females but allocated to leaves in males by reducing the

biomass allocation of stems (Figure 2). Wind erosion, in general,

means high light intensity, low moisture and nutrients. Females

increased biomass allocation to roots to improve the ability of

nutrient uptake and water and carbohydrates transportation in

erosion condition, while males increased biomass allocation to

leaf to utilize the highly available light resources and accumulate

more photosynthetic products. Their different biomass

accumulation strategies to cope with environmental changes

might be attributable to males and females have different

ecological evolutionary advantages that females usually show

stronger resource absorption capacity, and males have higher

resource utilization efficiency (Liu et al., 2021). Furthermore, as

the most direct damage to plants caused by wind erosion is root

bareness, distortion and splitting (Yu et al., 2008; Liu et al.,

2014a; Liu et al., 2014b), females allocated more resources to

roots could effectively resist the damage and better absorb

moisture and mineral elements than males, which in line with

the observations of Jiang et al. (2016) and Liao et al. (2020).

Although more resources allocated to leaves in males compared

to the control condition, there was no significant sexual

difference of leaf percentage in total dry mass under the wind

erosion condition. Hence, the biomass allocation pattern of

females was more beneficial to resist wind erosion than that

of males.
Sexual differences in growth and
physiology in response to wind erosion

Sexual differences in morphological growth, biomass

accumulation and allocation, gas exchange, chlorophyll

fluorescence, antioxidant enzyme activity, as well as osmotic

regulation capacity under ambient or stressful environment have

been widely reported in many dioecious plants (Chen et al.,

2010a; Chen et al., 2010b; Juvany and Munne-Bosch, 2015;
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Randriamanana et al., 2015; Xu et al., 2015; Chen et al., 2016;

Lei et al., 2017a; Retuerto et al., 2018; Ruuhola et al., 2018; Wu

et al., 2018; Xia et al., 2020). We extended this conclusion to S.

gordejevii by showing that males and females differed in their

responses to wind erosion, with females having more resistance

and effective mechanisms than males, which is in agreement

with previous observations in Salix under environmental stress

(Randriamanana et al., 2015; Jiang et al., 2016; Ruuhola et al.,

2018; Liao et al., 2019; Liao et al., 2020). However, the results are

contrary to the traditional theory that environmental stresses

have a greater negative impact on females with higher

reproductive costs, especially in contrast to Populus plants (Xu

et al., 2008; Chen et al., 2010a; Chen et al., 2010b; Jiang et al.,

2013; Xu et al., 2015; Lei et al., 2017a; Zhang et al., 2019; Liao

et al., 2020). Salix and populus, belonging to Salicaceae, display

an opposite resistance to environmental stress in both sexes.

According to the results of previous studies, although Salix and

Populus are the two closest genus of Salicaceae, there is no

evidence for chromosomal rearrangements between

chromosome XV (Salix) and XIX (Populus) of their sex

determining genes, indicating that the sex determination loci

in the willow and the poplar most likely do not share a common

origin and has thus evolved separately (Pucholt et al., 2015).

Moreover, Lei et al. (2017b) indicated that reproductive

investments were dependent not only on sex, but also on

species and environment. P. purdomii females at mid- and

high-altitude have higher the relative reproductive investment,

as well as S. magnifica females at mid-altitude. While no

difference was observed for the relative reproductive

investment in male and female S. magnifica at high-altitude.

These showed that Salix and Populus have different reproductive

investment strategies, and the willow would adjust their

reproductive investment strategies according to environmental

changes. Meanwhile, various compensatory mechanisms were

found in Salix females to offset resource demands for production

of fruits and seeds, including a high photosynthetic rate and an

increased allocation to photosynthetic organs, which not only

meet the resource needs of reproduction, but also enhance the

resistance to environmental stress (Tozawa et al., 2009; Jiang

et al., 2016; Lei et al., 2017b). In our study, we also observed that

S. gordejevii females had higher LDM and Pn than did males

under wind erosion conditions. Collectively, these evidences

explain the reason that S. gordejevii females exhibit more

resistance against wind erosion than do males. Furthermore,

Yan et al. (2007) reported that the scattered S. gordejevii seeds

germinated as soon as they contacted a moist surface, and wind

erosion brought the ground surface closer to the groundwater.

Thus, females had better growth and resistance to wind erosion

than males in order to produce seeds better and germinate

quickly through wind erosion after seed dispersal. Females bear

the responsibility of breeding offspring, and their stable

adaptability is conducive to the reproduction and development

of the population.
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Conclusion

Wind erosion significantly reduced plant growth and

photosynthesis, and seriously disrupted biomass allocation, osmotic

regulation function and antioxidant enzyme system in S. gordejevii

saplings, and led to significant sexual differences in these traits

between males and females. Compared with males, females had

higher growth and photosynthetic capacity, better water retention

function and more efficient antioxidant system. Therefore, females

look to be superior candidates for vegetation restoration, especially in

shifting and semi-fixed dunes, because of their better growth and

resistance against wind erosion under aeolian environment.
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