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Succession of a natural desert
vegetation community after long-
term fencing at the edge of a
desert oasis in northwest China

Yan Zhang1, Guohua Wang1,2,3*, Qianqian Gou1,2, Yu Zhang1,
Jing Liu1 and Min Gao1

1College of Geographical Sciences, Shanxi Normal University, Taiyuan, China, 2Key Laboratory of Desert
and Desertification, Northwest Institute of Eco-Environment and Resources, Chinese Academy of
Science, Lanzhou, China, 3Linze Inland River Basin Comprehensive Research Station, Chinese
Ecosystem Research Network, Northwest Institute of Ecology and Environmental Resources, Chinese
Academy of Sciences, Lanzhou, China
Fencing is the most economical method of restoring degraded desert ecosystems,

and plays an important role in promoting plant community diversity and productivity,

as well as stable ecosystem structure and function. In this study, we selected a typical

degraded desert plant community (Reaumuria songorica–Nitraria tangutorum) on

the edge of a desert oasis in the Hexi Corridor in northwest China. We then

investigated succession in this plant community and corresponding changes in

soil physical and chemical characteristics over 10 years of fencing restoration to

analyze the mutual feedback mechanisms. The results showed that: 1) The diversity

of plant species in the community increased significantly over the study period,

especially the number of herbaceous layer species, which increased from four in the

early stage to seven in the late stage. The dominant species also changed, with the

dominant shrub layer species shifting from N. sphaerocarpa in the early stage to R.

songarica in the late stage. The dominant herbaceous layer species changed from

the annual herb Suaeda glauca in the early stage to S. glauca and Artemisia scoparia

in the middle stage, and ultimately to A. scoparia andHalogeton arachnoideus in the

late stage. In the late stage, Zygophyllum mucronatum, H. arachnoideus, and

Eragrostis minor began to invade, and the density of perennial herbs also

increased significantly (from 0.01 m-2 to 0.17 m-2 for Z. kansuense in year seven).

2) As the duration of fencing increased, the soil organic matter (SOM) and total

nitrogen (TN) contents first decreased then increased, whereas the available

nitrogen, potassium, and phosphorus contents showed the opposite trend. 3)

Changes in community diversity were mainly affected by the nursing effects of the

shrub layer, as well as soil physical and chemical properties. That is, fencing

significantly increased the vegetation density of the shrub layer, which promoted

growth and development of the herbaceous layer. However, community species

diversity was positively correlated with SOM and TN. The diversity of the shrub layer

was positively correlated with the water content of deep soil, whereas that of the

herbaceous layer was positively correlated with SOM, TN, and soil pH. The SOM

content in the later stage of fencing was 1.1 times that in the early stage of fencing.
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Thus, fencing restored the density of the dominant shrub species and significantly

increased species diversity, especially in the herb layer. Studying plant community

succession and soil environmental factors under long-term fencing restoration is

highly significant for understanding community vegetation restoration and

ecological environment reconstruction at the edge of desert oases.
KEYWORDS

edge of desert oasis, plant diversity, natural fencing, nursing effect, soil
physicochemical properties
1 Introduction

Desert oases are core agricultural areas characterized as fertile and

fragile ecosystems in arid or hyper-arid areas (Zhao et al., 2010; Chen

et al., 2019; Chen et al., 2020). Oases are a unique geographic entity

that appear as well-vegetated “islands” within drylands or deserts and

can exhibit expansion (oasification) or retraction (desertification)

under the combined effects of over-reclamation, overgrazing, and

severe climate conditions (Wang, 2022). During the last 50 years,

continuous development of oasis agricultural land has increased the

area of oases in drylands worldwide, with the reclamation of large

areas of natural shrubs and grasslands at the oasis edge leading to a

decline of natural vegetation and desertification (Wang, 2009; Xu

et al., 2019; Xue et al., 2019). In response to these environmental

problems, various ecological projects have been implemented, with

natural fencing and the artificial planting of sand-binding vegetation

representing the main ecological restoration measures. In northwest

China, such measures have effectively contributed to restoration of

the local environment (Li et al., 2013).

Fencing is an important method of restoring and re-establishing

arid desert areas characterized by less severe vegetation destruction

and light wind-blown erosion. Research related to the fencing-based

restoration of desert vegetation mainly deals with the characteristics

of above-ground vegetation communities (Xu et al., 2015; Du and

Gao, 2021), grassland diversity (Wang et al., 2012; Lu et al., 2021),

plant biomass (Yang et al., 2005; Chen et al., 2006), herbal

productivity (Yayneshet et al., 2008), community functional traits

(Zhang et al., 2017), and dynamic changes of soil physicochemical

properties (Du et al., 2007; Wang et al., 2012). Moreover, fencing can

promote the succession of desert plant communities. Bruelheide et al.

(2011) studied the potential plant community aggregation process

reflected by the gradient of species composition in each successional

stage, and identified clear successional stages of species composition.

In addition, the soil environment has a significant influence on

community succession (Zhang et al., 2011). For example, Li et al.

(1999) studied vegetation succession in the Mu Us Desert area and

noted that reasonable anthropocentric disturbance is required to

prevent community degradation and ensure grassland quality

during community succession. The soil nutrient status also directly

affects the species diversity of plant communities. For example, Song

et al. (2008) found that the Pielou index of species in Hunshandak
02
Sandland was significantly correlated with soil pH, whereas the total

nitrogen (TN) content was significantly correlated with the soil

organic matter (SOM) content. Jia et al. (2021) investigated the

diversity of pearl hogweed communities on the Alaska Plateau, and

a significant positive correlation between the density of Salsola

passerina communities and annual precipitation, soil water content,

SOM, and TN content. Previous studies have predominantly involved

short-term monitoring of desert plant communities; thus, continuous

long-term analyses of the relationship between community changes

and soil environmental factors are rare.

The edges of desert oases in the Hexi Corridor represent typical

oasis-irrigated agricultural areas in the arid zone of northwestern China

(Chang et al., 2012; Zhao et al., 2018). Here, grazing, as the main local

human disturbance, is largely responsible for degradation and

desertification of the grassland ecosystems (Gremer et al., 2015). In

response, fencing management at the edges of the desert oases has been

an important local ecological restoration measure for effectively

promoting the structural recovery of degraded grassland ecosystems

(Chen et al., 2022). In this study, we analyze the effects of long-term

fencing on vegetation diversity and soil factors, as well as the relationship

between plant community diversity and biotic and abiotic factors in the

gravelly desert ecosystem of the Hexi Corridor. Specifically, we monitor

continuous dynamic changes in the soil water content, soil nutrients,

meteorology, and desert plant communities during the last 10 years, and

provide a reference for the restoration and ecological protection of the

gravelly desert ecosystem of the Hexi Corridor.We hypothesize that, over

time, fencing restoration leads to 1) a progressive increase in plant species

richness with ecological succession; 2) improved soil nutrient contents as

the plant communities change, facilitating the colonization and

establishment of additional species.
2 Materials and methods

2.1 Study site

The study area was located at the Linze Inland River Basin Integrated

Research Station (LIRBIRS, 39° 21’N, 100° 07’ E, 1,367m above sea level)

of the Ecosystem Research Network of the Chinese Academy of Sciences,

inPingchuanTown,LinzeCounty, in the central part of theHexiCorridor,

Gansu Province, China (Figure 1A). The study area has a temperate
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continental desert climate, characterized by sparse precipitation

throughout the year, which is concentrated in summer, as well as a dry

climate, long day lengths, and intense solar radiation; the annual

precipitation is 124.3 mm and the average annual temperature is 7.6°C.

The annual averagewind speed is 3.2m·s-1, themaximumwind speed is 21

m·s-1, and theprevailingwinddirection isnorthwesterly (Zhaoet al., 2003).

The precipitation andmaximumwind speed dynamics during the fencing

period (Figure 1C), which were determined using meteorological data

obtained from the desert ecosystemmeteorological long-term experiment

sample sites at LIRBIRS, indicated fluctuations but no significant annual
Frontiers in Plant Science 03
increases or decreases. The study area is dominated by semi-fixed dunes

with a simple plant community structure and few species. Xerophytes and

semi-shrubby vegetation dominate. The xerophytes and ultra-xerophytes

do not typically include short-lived or annual plants. Representative plants

include Reaumuria songorica,Nitraria tangutorum, Calligonum chinense,

Haloxylon ammodendron, andAgriophyllum squarrosum, which exhibit a

mixed spatial distribution, constituting a unique patch vegetation pattern.

The dominant herb species are Artemisia scoparia, Suaeda glauca,

Halogeton arachnoideus, and Eragrostis minor, with sporadic

Zygophyllum kansuense and Allium mongolicum.
B

C

A

FIGURE 1

Location of the study area. (A) Location of the study area; (B) Study area soil sample plot setup; (C) Dynamic of precipitation and maximum wind speed
in the study area during the fencing period.
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2.2 Sample site setup and survey

2.2.1 Sample plots for soil observations during the
fencing period

The soils and plants at the Integrated Observation Site for

Sequestered Desert Ecosystems, LIRBIRS, were continuously

monitored for almost 10 years. The dominant fencing measure was

barbed wire fencing, which was employed to reduce disturbance by

human-mediated grazing activities. Six 10 × 10 m sample plots were

set up diagonally across the site for soil sampling, with each plot

separated by more than 20 m (Figure 1B). Three neutron tubes were

set up evenly along the diagonal of the site to measure the soil water

content. The soil particle composition and bulk density were

measured every five years from the first year of fencing (Table 1).

2.2.2 Soil nutrient analysis
Soil samples were obtained by soil auger. A 5-cm diameter soil

auger was used to drill along the diagonal (two corners and the center)

of each plot to obtain soil at a depth of 0–20 cm from the surface. Soil

samples were then transported to the laboratory to analyze the soil

physicochemical properties. SOM content was determined by the

potassium dichromate oxidation method; total phosphorus was

determined by the sulfuric acid – perchloric acid cooking –

molybdenum antimony anti-colorimetric method; available

phosphorus was determined by the sodium bicarbonate leaching –

molybdenum antimony anti-colorimetric method; fast-acting

potassium by the ammonium acetate leaching – flame photometric

method; fast-acting nitrogen was determined by the alkali diffusion

method; pH was determined using a water–soil ratio of 2.5:1.0 and the

potentiometric method; and soil water content was determined using

a neutron meter. The soil water content depth was 0–150 cm. We

used the soil water content at 0–40 cm as the shallow soil water

content, that at 40–90 cm as the middle soil water content, and that at

90–150 cm as the deep soil water content.

2.2.3 Sample plots for vegetation observations
during the fencing period

During the 10 years of fencing, we investigated the vegetation

community in the sample plots in August each year; non-fenced

quadrats were selected as a blank control (ck). A transect measuring

100 m in length and 10 m in width was set along the observation field,

with a total of 10 quadrats of 10 × 10 m. Because of the small number

of plants, the sample square was divided into four equal parts with

colored fiber ropes, and the number of each plant species was

counted. Ten plants were randomly selected from the sample

square, and their mean height was calculated (plant heights were
Frontiers in Plant Science 04
measured using steel tape). If there were fewer than 10 plants present,

the height of all plants was measured, and the mean value was

calculated from the available data. Thus, we determined the species,

number, height, and growth form of the plants in each sample plot.
2.3 Community analysis and statistics

The importance value, Margalef richness index (Ma), Shannon–

Wiener diversity index (H), and Pielou evenness index (E) were

selected to express the Reaumuria songorica–Nitraria tangutorum

community diversity through a statistical analysis of the community

quantitative characteristics using the following formulas:

IVs = (Relative density + Relative height

+ Relative frequency)=3 (1)

where the relative density is the density of a species/sum of the

densities of all species; the relative height is the plant height of a

species/sum of plant height of all species; the frequency of species i in

the sample was first calculated as the ratio of the number of species i

in the sample to the total number of species in the sample. then, the

frequencies of all species in the sample square were calculated.

Margalef richness index:

Ma = (S − 1)= lnN (2)

where S is the number of species in the sample square; and N is

the number of all plants in the sample square.

Shannon–Wiener diversity index:

H = −os
i=1PiInPi (3)

where Pi is the ratio of the number of individuals, ni, of species i in

the sample to the total number of individuals, n, of the species in the

sample, Pi = ni/n and i=1, 2, 3,…

Pielou index:

E = H=Ln(S) (4)

The data were prepared and statistically analyzed using Microsoft

Excel and SPSS19.0 software. The significance of the difference

between each soil nutrient parameter in different years of fencing

and between different soil layers was tested by one-way ANOVA.

Redundancy analysis (RDA) was conducted using Canoco 4.5

software to study the relationship between plant community

diversity and environmental factors such as soil nutrients and water

content. The correlations between biomass characteristics of the

shrub and herb layers, and between species diversity and density,
TABLE 1 Changes of soil particle composition and soil bulk density during fencing.

Fencing ages 1 6

0-10cm 10-20cm 0-10cm 10-20cm

soil particle composition Sand% 86.06 84.22 74.46 73.68

Silt% 11.26 12.78 21.74 22.44

Clay% 2.68 3.00 3.80 3.88

soil bulk density g/cm3 1.67 1.63 1.68 1.6
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were analyzed using the performance analytics and GGally package in

R R Core Development Team 2021 and plotted using Origin 2018.
3 Results

3.1 Changes in species composition and
dominant species of plant communities
after fencing

The number of species, height, and vegetation density in the plant

community tended to increase with the number of years of fencing,

and the community gradually evolved from simple to complex

(Table 2). The plant community was divided into two different

levels according to the growth form: a shrub layer and a herbaceous

layer. The community had a total of six families, nine genera, and nine

species, with two families, two genera, and two species of shrubs

(22.2% of the total species richness), and five families, seven genera,

and seven species of herbaceous plants (77.8% of the total species

richness). Zygophyllaceae play an important role in the vegetation

species, accounting for 33.3% of all species.

Prior to fencing, the shrub layer was dominated by N.

tangutorum, with R. songorica becoming the dominant species from

the second year of fencing and the herbaceous layer becoming

dominated by S. glauca in the early stage of fencing (densities of

0.11 m-2 and 0.13 m-2, respectively). The dominant species in the

middle stage of fencing (4–6 years) was A. scoparia (density = 0.24 m-2

in year six), whereas the dominant species in the late stage of fencing

(7–9 years) were A. scoparia and H. arachnoideus (density = 0.43 m-2

in year seven). The density ofH. arachnoideus increased to 1.48 m-2 in

the ninth year of fencing; however, the perennial herb Z. mucronatum

and the grass E. minor colonized at this stage, with the density of the

latter reaching 0.83 m-2. Moreover, the density of the perennial herb

Z. kansuense increased to 0.17 m-2 at this stage, and the plant

community gradually stabilized (Table 2).

The community density increased significantly over the study

period, and reached a maximum value of 40.14 times the initial

community density in the ninth year of fencing. For example, the

density of the shrub layer increased from 0.07 to 0.57, and the density

of the herbaceous layer increased from 0.32 to 1.40. Notably, the

density of H. arachnoideus increased from 0.21 to 1.48 in the late

period (Table 2). Development of the vegetation community was

characterized by the successful invasion of annual and perennial herbs

and a gradual increase in the number of species.
3.2 Changes in plant diversity during the
study period

The species composition within the Reaumuria songorica–

Nitraria tangutorum community was simple, with plant diversity

from the early–middle–late stages of fencing first increasing, then

decreasing, then increasing again (Figure 2). The community richness

and diversity showed a significant increasing trend in the early stage

(Figures 2A–C); the richness and diversity in the third year of fencing

were 1.56 and 2.44 times higher than the initial values. The diversity

index showed a significant decreasing trend, with the lowest value in
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the middle stage. The richness and diversity indices showed a

significant increasing trend in the later stage, and the diversity of

perennial as well as annual herb layer plants also increased

significantly, causing the plant community structure to

gradually stabilize.
3.3 Dynamic changes in soil water content
and soil nutrients during the study period

The soil water content of the Reaumuria songorica–Nitraria

tangutorum community increased then decreased over time

(Figure 3). Soil water content increased from 5.25% to 7.74% in the

middle of the fencing period, and reached a maximum in the fifth year

of fencing; it then decreased from 7.74% to 5.54% in the later years.

The soil water content also increased then decreased with increasing

depth of the soil layer. In the 0–40 cm soil layer, the soil water content

increased significantly with depth; in the middle layer (40–100 cm),

the water content was higher than that in the other layers; and in the

deep layer (90–150 cm), the soil water content gradually stabilized. In

general, the soil water content of the community increased slowly

during the study period; however, an abnormally high value appeared

in the 5th and 6th year of fencing because of high precipitation in

these years. The soil water content then gradually stabilized in the late

period, but remained higher than that in the early fencing period.

SOM and TN contents decreased in the middle period and

recovered in the later period (Figures 4A–C). The available

phosphorus and available nitrogen contents reached maximum

values in the middle of the fencing period, and were 1.87 and 4.70

times higher in the fourth year than in the ninth year of fencing,

showing a trend of increasing then decreasing, before finally reaching

a stable state (Figures 4D, E). The pH value first increased then

decreased over the study period (Figure 4F), falling to a minimum

value of 7.61 in the fourth year of fencing before gradually stabilizing

in the later years of fencing. Furthermore, the nutrient content in the

shallow (0–10 cm) soil was higher than that at 10–20 cm, showing

clear “surface aggregation.”
3.4 RDA analysis of plant communities and
environmental factors

According to Table 3, the Eigen values of the first two axes of the

community were 0.745 and 0.163, explaining 74.5% and 16.3% of the

species-environment relationships, respectively, with a cumulative

variance that explained 90.8%. Moreover, the Eigen values of 0.823

and 0.115 for the first two axes of the shrub layer explained 82.3% and

11.5% of the species-environment relationships, respectively, with a

cumulative variance that explained 93.8%. The Eigen values of 0.952

and 0.046 for the first two axes of the perennial herbaceous layer

explained 95.2% and 4.6% of the species-environment relationships,

respectively, with a cumulative variance that explained 99.9%. Lastly,

the Eigen values of the first two axes of the annual herbaceous layer

were 0.811 and 0.153, which explained 81.1% and 15.3% of the

species-environment relationships, respectively, with a cumulative

variance that explained 96.4%. This reflects the ranking information

more completely, indicating that the selected environmental factors
frontiersin.org
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late stage

6 7 8 9

IVS h D IVS h D IVS h D IVS h D IVS

33.5 18.1 0.13 32.2 26.7 0.11 17.5 22.5 0.09 16.3 27.5 0.12 15.2

58.9 13.6 0.16 36.1 20.6 0.41 29.3 19.0 0.47 40.0 21.7 0.45 21.6

5.6 3.8 0.01 5.1 2.6 0.17 8.9 — 1.5 0.01 0.7

15.4 — 11.6 0.05 8.1 11.6 0.04 8.0 16.8 0.04 8.1

— — 2.8 0.02 2.4 —

— — 7.3 0.03 4.6 5.0 0.03 3.6

— 4.8 0.21 11.9 7.0 0.15 14.2 7.8 1.48 35.6

17.7 12.4 0.24 34.6 15.8 0.43 27.6 13.7 0.23 20.2 15.5 0.01 5.7

— — — 6.7 0.83 21.0

0.54 1.38 1.03 2.97

0.29 0.52 0.56 0.57

0.25 0.86 0.47 1.4

2 2 2 2

3 4 6 6

rica
Reaumuria

songarica-Nitraria
sphaerocarpa

Reaumuria songarica Reaumuria songarica Reaumuria songarica

ria Artemisia scoparia Artemisia scoparia Artemisia scoparia
Halogeton

arachnoideus
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0
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Species Type
ck

early stage middle stag

1 2 3 4 5

h D IVS h D IVS h D IVS h D IVS h D IVS h D

Nitraria
sphaerocarpa

S 21.3 0.056 89.9 12.6 0.04 64.9 15.3 0.08 19.2 27.7 0.06 24.2 28.2 0.10 30.5 24.6 0.09

Reaumuria
songarica

S 18.25 0.018 10.1 20.5 0.02 52.0 14.7 0.17 29.3 20.3 0.15 39.0 20.7 0.25 51.5 20.6 0.25

Zygophyllum
kansuense

P — — 3.4 0.05 8.5 4.3 0.02 7.3 — 1.8 0.02

Allium
mongolicum

P — — 8.5 0.04 9.3 16.3 0.04 15.1 9.5 0.03 10.1 12.1 0.05

Zygophyllum
mucronatum

P — — — — — —

Suaeda glauca A — — 3.7 0.11 17.1 9.4 0.13 26.6 23.9 0.18 27.4 —

Halogeton
arachnoideus

A — — — — — —

Artemisia
scoparia

A — — 15.3 0.12 22.5 22.4 0.05 17.5 — 15.2 0.08

Eragrostis
minor

A — — — — — —

Community
density

0.074 0.06 0.57 0.45 0.56 0.49

Shrub layer
density

0.074 0.06 0.25 0.21 0.35 0.34

Herbaceous
layer density

– – 0.32 0.24 0.21 0.15

Shrub layer
species richness

2 2 2 2 2 2

Herbaceous
layer species
richness

– – 4 4 3 4

Dominant
species in the
shrub layer

Nitraria sphaerocarpa
Nitraria

sphaerocarpa
Reaumuria songarica Reaumuria songarica Reaumuria songarica Reaumuria song

Dominant
species in the
herbaceous layer

– – Artemisia scoparia Suaeda glauca Suaeda glauca Artemisia scop

A, Annual; P, Perennial; S, Semi − shrub;” − “ Represents that there is no this species. IVs/%, the importance value; h/cm, height; D, density/n/m2.
e

a

a
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can better reflect the distribution pattern of plant communities, and

that the ranking results are credible.

We observed significant correlations between different plant groups

and environmental factors (Figure 5), with the correlation coefficients
Frontiers in Plant Science 07
between different plant groups and soil and environmental factors equal

to one. The Eigen values of axis 1 ranged from 74.5% to 95.2%, and

those of axis 2 ranged from 4.6% to 16.3%. For the plant community

(Figure 5A), the diversity, richness, and evenness indices were all
B

C

A

FIGURE 2

Dynamic changes of plant diversity in different fencing years. Different letters represent significant difference between different ages.
B CA

FIGURE 3

Dynamic of soil water content in different fencing periods (A) early, (B) middle and (C) late.
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affected by soil TN, SOM, available potassium, and pH, which exhibited

positive correlations, and the community density was positively

correlated with SOM. For the shrub layer (Figure 5B), the diversity

and evenness indices were positively correlated with soil nutrients, such

as available nitrogen and available potassium, soil pH, and deep soil

water content, and both indices were positively correlated with the

plant growing season temperature and precipitation. In terms of the

perennial herbaceous layer (Figure 5C), the diversity and evenness
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index were positively correlated by soil pH, TN, and SOM, but

negatively correlated with maximum wind speed during the growing

season. As for the annual herbaceous layer (Figure 5D), the density,

diversity, richness, and evenness indices were positively correlated with

SOM, TN, and pH. The growth of annual herbs, as recorded by plant

height, was greatly influenced by the shallow soil water content,

whereas the diversity and uniformity of annual herbs were more

influenced by the soil nutrients.
B C

D E F

A

FIGURE 4

Dynamic changes of soil nutrients in different years. Different letters represent significant difference between different ages.
TABLE 3 Results of RDA correspondence analysis between community and environmental factors of Reaumuria soongoric and Nitraria tangutorum.

Statistical axis Eigenvalue

Cumulative variation rate/%

Species data
Variance

Species - Environment
Relationships

Community

Axis 1 0.745 74.5 74.5

Axis 2 0.163 90.8 90.8

Axis 3 0.082 98.9 98.9

Axis 4 0.010 99.9 99.9

Shrub layer

Axis 1 0.823 82.3 82.3

Axis 2 0.115 93.8 93.8

Axis 3 0.056 99.4 99.4

Axis 4 0.006 100.0 100.0

Perennial herbaceous layer

Axis 1 0.952 95.2 95.2

Axis 2 0.046 99.9 99.9

Axis 3 0.001 100.0 100.0

Axis 4 0.000 100.0 100.0

Annual herbaceous layer

Axis 1 0.811 81.1 81.1

Axis 2 0.153 96.4 96.4

Axis 3 0.034 99.9 99.9

Axis 4 0.001 100.0 100.0
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3.5 Shrub nursing effect

The durat ion of fencing and the plant community

characteristics (height and density) of the shrub and herbaceous

layers showed a significant positive correlation (Figure 6). Shrub

height was significantly and positively correlated with perennial

herb height and annual herb density, and the shrub layer density

was positively correlated with perennial herb height and annual

herb density. The increase of shrub layer plant density also had a

promotional effect on perennial and annual herbs. When shrubs

promote plant growth and settlement, or increase the species

richness and diversity of herbaceous plants, a nursing effect is

observed between species (Cahill, 2008). This nursing effect of

shrubs directly promotes growth of the herbaceous layer, and

occurs frequently in arid environments, which is an important

reason for plant diversity.
3.6 Relationship between plant community
species diversity and community density

We observed a positive correlation between plant density and the

number of species (Figure 7). This is because greater vegetation

density changes the habitat conditions, resulting in an increase of

surface roughness, which reflects the influence of vegetation density
Frontiers in Plant Science 09
on soil wind erosion, and leads to an improved soil environment, the

survival and growth of more plant seeds, and an increase of plant

diversity (Dong et al., 1996).
4 Discussion

4.1 Effects of long-term fencing on the
desert vegetation community

Most of the species in the studied community belonged to the

family Zygophyllaceae, with relatively few other plant families present.

This is typical of arid desert areas, where shrubs and semi-shrubs

dominate and herbs mostly exist as companion species. This is

attributed to the dry climate and strong wind erosion in arid desert

ecosystems, where shrubs and semi-shrubs can better adapt to the

stress of abiotic environmental factors (He and Zhao, 2004).

Moreover, R. songorica replaced N. tangutorum as the dominant

species in the shrub layer after fencing. This is mainly because R.

songorica, as a medium forage grass with better palatability, is more

susceptible to human grazing or wildlife activities than N.

tangutorum, which is easily eaten by sheep and camels in the

marginal areas of desert oases where plant species are very scarce.

Therefore, R. songorica gradually recovered and eventually became

the dominant species in the shrub layer after natural fencing and
B

C D

A

FIGURE 5

RDA constrained ordination analysis diagram of soil environmental factors, meteorological factors and plant community. AK, soil fast-acting potassium;
AN, soil fast-acting nitrogen; AP, soil effective phosphorus; SOM, soil organic matter; DSW, deep Soil water content; SSW, shallow soil water content; pH,
pH; D, density; h, height; H, Shannon-Wiener index; E, Pielou index; Ma, Margalef index; T, average growing season temperature; W, maximum growing
season wind speed; P, growing season precipitation.
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elimination of grazing and wildlife disturbance. The results of this

study showed that the implementation of fencing measures can

significantly promote the recovery of desert vegetation diversity. In

the later stage of fencing, the species richness increased significantly,

and Z. mucronatum, H. arachnoideus and E. minor began to colonize

plots, which inevitably affected the growth of existing dominant herbs.

As a result, the importance value of the previously dominant species,

A. scoparia, decreased. However, from the perspective of colonizing

species, annual herbs still dominated, which indicates that the

recovery of desert plant communities is a slow and gradual process,

and community succession in the enclosed study area was still in the

transitional stage at the end of the study period.

In this study, the species diversity index was approximately

consistent with the species richness, that is, the higher the number

of species, the higher the diversity index, which is consistent with

other studies in the Hunshandak sandy area (Qi et al., 2021) and
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western Inner Mongolia (Yang et al., 2017). Species diversity is

characterized by both richness and evenness, and commonly

indicated by the Margalef richness index and Shannon–Wiener

diversity index (Jiang et al., 2022). The Pielou evenness index of

plant communities was generally high in the study area, which is

conducive to maintaining the stability of the community structure.

The results of this study indicated that fencing promoted an

increase in shrub density, and that shrubs had a conservation effect

on herbs. This is attributed to the fact that very few pioneer herbs can

survive and reproduce in desert ecosystems, which are subject to wind

damage, sand damage, and erosion, However, because of the ability of

scrub to reduce the wind speed, intercept wind and sand, and improve

the local microclimate (Zhao et al., 2006; Zhao et al., 2007), these plants

promote the survival and development of herbaceous plants beneath,

allowing some non-pioneer herbaceous plants to grow and reproduce

normally (Francisco and Robert, 2000). Moreover, the species richness
FIGURE 6

Correlation of biological indexes between shrub layer and herb layer. S height represent the shrub height; S density represent the shrub density; P height
represent the perennial herb height; P density represent the perennial density; A height represent the annual herb height; A density represent the annual
herb density. *p < 0.05; **p < 0.01; ***p < 0.001.
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of herbaceous layer communities in desert ecosystems is generally

higher than that of shrub layer communities, and competition among

species of similar taxa for the same resources is intense, which leads to

more obvious heterogeneity in the phylogenetic structure and

successional development of herbaceous layer species (Chai

et al., 2019).
4.2 Effects of soil factors on plant
species diversity

Soil moisture and nutrients play an extremely important role in

the degree of vegetation restoration, which is an important indicator

of soil quality and soil health (Cai et al., 2020; Liu et al., 2022). In this
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study, we found that the moisture content of soil in the surface layer

(0–40 cm) was low, that in the middle layer (40–120 cm) varied

significantly but was significantly higher than that in the surface layer,

and that in the deep layer (120–150 cm) was minimal. This is because

the surface layer of the desert ecosystem is dominated by sand grains

and has a weak water-holding capacity, whereas the middle layer is

deposited with powder and clay grains, and exhibits greater soil

water-holding capacity. In contrast, the transpiration rate decreases

with increasing soil depth, so the soil water content increases to

become the main source of soil water for plants (Lu et al., 2021).

In this study, soil nutrients continued to aggregate in the surface

layer over the study period; however, the aggregation effect decreased

significantly with increasing soil depth. This surface aggregation

occurred because of restoration of the shrub- and herbaceous-layer

vegetation after fencing, which protected the sub-surface from wind

erosion (Wang et al., 2022). Furthermore, the deposition of fine

particulate matter under the vegetation canopy, a process that

proceeds continuously, leads to an increase in clay-powder particles

in the soil surface layer and the accumulation of soil nutrients,

especially SOM and TN. However, the available soil nutrient

contents showed different trends. This is because the chemical form

of fast-acting nutrients is water-soluble and easily mobile (Du et al.,

2007). As the vegetation recovered, the plant density and cover

increased each year, which would have greatly increased the

consumption of available nutrients, resulting in lower levels.

Species diversity is a key indicator of the number, distribution,

and stability of species in a community or ecosystem, and includes the

species richness, evenness, dominance, etc. (Carvalho et al., 2020). In

this study, we found that both the diversity and density of perennial
FIGURE 8

The conceptual framework of changes in desert vegetation diversity
after fencing.
FIGURE 7

Relationship between community richness diversity and community density. H community, H shrub, and H herb represent the Shannon-Wiener diversity
index of community, shrub layer, and herb layer; Ma community, Ma shrub, and Ma herb represent the Margalef richness index of community, shrub layer,
and herb layer; D community, D shrub, and D herb represent the density of community, shrub layer, and herb layer. *P < 0.05, **P < 0.01, ***P < 0.001.
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and annual herbaceous plants were influenced by soil SOM, TN, and

pH. The soil nutrient status improved as the duration of fencing

increased, which led to an increase of SOM and TN contents,

providing conditions more conducive to plant survival. Thus, it is

beneficial to promote the survival of surface herbaceous plants as they

are important for the recovery of species diversity in arid zone desert

ecosystems (Abramsky and Rosenzweig, 1984). We also observed a

significant positive correlation between shrub layer diversity and soil

properties. As shrubs have longer root systems and deeper roots than

herbaceous plants, the deep soil water content played an important

role in the development of the shrub layer, and soil water content was

mostly regulated by precipitation as a way to promote community

development, whereas the available phosphorus and potassium

promote the formation and growth of shrub root systems (Li et al.,

2009). In summary, the process of plant community growth and

succession in arid desert ecosystems is a process of plant adaptation to

soil nutrient changes in their habitats, as well as the interaction of

different soil environmental factors (Figure 8).
5 Conclusion

After fencing restoration, the Reaumuria songorica–Nitraria

tangutorum community in Hexi Corridor, northwest China, was

dominated by Zygophyllaceae, the shrub layer was dominated by

Reaumuria songorica, and the community evolved from simple to

complex. The species diversity index of the community increased,

then decreased, then increased again as the duration of fencing

restoration increased. This change in community diversity was

mainly influenced by the role of shrub conservation and soil

physicochemical properties. As the shrub layer density increased, its

conservation effect promoted an increase of herbaceous plant

diversity and density, albeit at a lower rate. These results indicate

that vegetation recovery in desert ecosystems is very slow and may

take longer than that in less extreme environments.
Data availability statement

The original contributions presented in the study are included in

the article/supplementary material. Further inquiries can be directed

to the corresponding author.
Frontiers in Plant Science 12
Author contributions

YaZ and GW wrote the manuscript. GW and QG reviewed and

edited the manuscript. YuZ, JL and MG provided assistance for data

analysis. All authors contributed to the article and approved the

submitted version.
Funding

This research was funded by the National Science Foundation of

China (Grant No.42171033, No.41807518, & No.41701045), the

Shanxi Provincial Natural Science Foundation of China (Grant

No.201801D221336), and the Scientific and Technological

Innovation Programs of Higher Education Institutions in

Shanxi (No.2019L0463).
Acknowledgments

We are grateful to the Cold and Arid Regions Environmental and

Engineering Research Institute, the Chinese Academy of Sciences/

Laboratory of Heihe River Eco-Hydrology and the Basin Science/

Linze Inland River Basin Research Station for providing the platform

and assistance during this study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
Abramsky, Z., and Rosenzweig, M. L. (1984). Tilman’s predicted productivity-
diversity relationship shown by desert rodents. Nature 309, 150–151. doi: 10.1038/
309150a0

Bruelheide, H., Böhnke, M., Both, S., Fang, T., and Schmid, B. (2011). Community
assembly during secondary forest succession in a Chinese subtropical forest. Ecol.
Monogr. 81 (1), 25–41. doi: 10.1890/09-2172.1

Cahill, J. F.Jr. (2008). Callaway–positive interactions and interdependence in plant
communities. Ecology 89, 1772–1772. doi: 10.1890/BR08-29.1

Cai, C. W., Wang, D. L., Yue, Q. S., Wang, F. L., Wu, H., Guo, C. X., et al. (2020). Soil
moisture and nutrient changes in different years of abandoned farmlands in qingtu
district. Res. Soil Water Conserv. 27 (05), 101–105. doi: 10.13869/j.cnki.rswc.2020.05.014

Carvalho, F., Brown, K. A., Waller, M. P., Razafindratsima, O.H., and Boom, A. (2020).
Changes in functional, phylogenetic and taxonomic diversities of lowland fens under
different vegetation and disturbance levels. Plant Ecol. 221, 441–457. doi: 10.1007/s11258-
020-01024-1

Chai, Y. F., Xu, J. S., Liu, H. Y., Liu, Q. R., Zheng, C. Y., Kang, M. Y., et al. (2019).
Species composition and phylogenetic structure of major shrub lands in north China.
Chin. J. Plant Ecol. 43 (09), 793–805. doi: 10.17521/cjpe.2018.0173

Chang, X. L., Han, Y., and Sun, X. Y. (2012). Landscape change during oasis expansion
process in arid zone. J. Desert Res. 32 (03), 857–862. doi: CNKI:SUN:ZGSS.0.2012-03-041

Chen, F. H., Dong, G. H., Chen, J. H., Gao, Y. Q., Huang, W., Wang, T., et al. (2019).
Climate change and silk road civilization evolution in arid central Asia:Progress and
issues. Adv. Earth Sci. 34 (06), 561–572. doi: CNKI:SUN:DXJZ.0.2019-06-004

Chen, W., Wang, W. D., Jiang, J. Y., and Liu, R. T. (2022). Response of c, n and p release
dynamics of plant litter to grazing and enclosure management in semiarid grassland
ecosystem. Acta Ecol. Sin. 11, 1–14. doi: 10.5846/stxb202104160988
frontiersin.org

https://doi.org/10.1038/309150a0
https://doi.org/10.1038/309150a0
https://doi.org/10.1890/09-2172.1
https://doi.org/10.1890/BR08-29.1
https://doi.org/10.13869/j.cnki.rswc.2020.05.014
https://doi.org/10.1007/s11258-020-01024-1
https://doi.org/10.1007/s11258-020-01024-1
https://doi.org/10.17521/cjpe.2018.0173
https://doi.org/CNKI:SUN:ZGSS.0.2012-03-041
https://doi.org/CNKI:SUN:DXJZ.0.2019-06-004
https://doi.org/10.5846/stxb202104160988
https://doi.org/10.3389/fpls.2023.1091446
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhang et al. 10.3389/fpls.2023.1091446
Chen, J. W., Yang, R. H., Wang, Y. P., and Dawa, (2006). Research on biological
characteristics and adaptable ecological environment conditions of Ribes nigrum. Acta
Agricult. Boreali-occidentalis Sin. 15 (5), 236–239. doi: 10.3969/j.issn.1004-1389.2006.05.057

Chen, Y. N., Zhang, X. Q., Fang, G. H., Li, Z., Wang, F., Qin, J. X., et al. (2020). Potential
risks and challenges of climate change in the arid region of northwestern China. Reg.
Sustain. 1 (1), 20–30. doi: 10.1016/j.regsus.2020.06.003

Dong, Z. B., Chen, W. N., Dong, G. R., Chen, G. T., Li, Z. S., and Yang, Z. T. (1996).
Influences of vegetation cover on the wind erosion of sandy soil. Acta Sci. Circumstantiae
04), 437–443. doi: 10.13671/j.hjkxxb.1996.04.010

Du, C. J., and Gao, Y. H. (2021). Grazing exclusion alters ecological stoichiometry of
plant and soil in degraded alpine grassland. Agricult. Ecosyst. Environ. 308, 107–256. doi:
10.1016/j.agee.2020.107256

Du, F., Liang, Z. S., Xu, X.X., Shan, L., andZhang, X.C. (2007). The community biomass of
abandoned farmland and its effects on soil nutrition in the loess hilly region of northern
shaanxi China. Acta Ecol. Sin. 27 (5), 1673–1683. doi: 10.3321/j.issn:1000-0933.2007.05.001

Francisco, I. P., and Robert, L. (2000). Seed bank and understory species composition
in a semi-arid environm ent: The effect of shrub age and rainfall. Ann. Bot. 86, 807–813.
doi: 10.1006/anbo.2000.1240

Gremer, J. R., Bradford, J. B., and Munson, S. M. (2015). Desert grassland responses to
climate and soil moisture suggest divergent vulnerabilities across the southwestern united
states. Global Change Biol. 21 (11), 4049–4062. doi: 10.1111/gcb.13043

He, Z. B., and Zhao, W. Z. (2004). Spatial pattern of two dominant shrub populations at
transitional zone between oasis and desert of heihe river basin. Chin. J. Appl. Ecol. 06,
947–952. doi: 10.13287/j.1001–9332.2004.0203

Jia, J. T., Yang, J. Y., Sun, Y. X., Chen, Q., Yan, R. L., and Li, N. N. (2021). Analysis of
species diversity and regulation factors of salsola passerina community in alxa plateau.
Chin. J. Grassland 43 (06), 1–9. doi: 10.16742/j.zgcdxb.20200419

Jiang, X. Y., Gao, S. J., Jiang, Y., Tian, Y., Jia, X., and Zha, T. S. (2022). Species diversity,
functional diversity, and phylogenetic diversity in plant communities at different phases
of vegetation restoration in the mu us sandy grassland. Biodivers. Sci. 30 (05), 18–28. doi:
10.17520/biods.2021387

Li, X. R., Tan, H. J., He, M. Z., Wang, X. P., and Li, X. J. (2009). Responses of shrub
species richness and abundance patterns to environmental factors on the alxa plateau: a
prerequisite for shrub diversity conservation in an extremely arid desert region. Sci. Sinica
(Terrae) 4, 504–515. doi: CNKI:SUN:JDXG.0.2009-05-011

Li, X. R., Zhang, Z. S., Huang, L., and Wang, X. P. (2013). Review of the ecohydrological
processes and feedback mechanisms controlling sand-binding vegetation systems in sandy
desert regions of China. Chin. Sci. Bull. 58 (5-6), 297–410. doi: 10.1007/s11434-012-5662-5

Li,X.R.,Zhao,Y.X.,Yang,Z.Z., andLiu,H.P. (1999).Studyofevolutionofair-seeingvegetation
and habitat in mu us sandy land. Chin. J. Plant Ecol. 23 (02), 116–124. doi: 10.1007/BF02951625

Liu, Q., Dai, H., Gui, D., Hu, B.X., Ye, M., Wei, G., et al. (2022). Evaluation and
optimization of the water diversion system of ecohydrological restoration megaproject of
tarim river, China, through wavelet analysis and a neural network. J. Hydrol. 608, 1–16.
doi: 10.1016/j.jhydrol.2022.127586

Lu,Y.F.,Quan, J.P.,Zhan,Y.F.,Teng,Y.F.,Zhen,W.L., andHe,Z.L. (2021).Characteristicsof
vegetation diversity and effects of water in the desert-oasis region in the middle reaches of heihe
river basin. J. Northwest For. Univ. 36 (06), 22–30. doi: 10.3969/j.issn.1001-7461.2021.06.04

Qi, D. H., Yang, H. X., Lu, Q., Chu, J. M., Yuan, Q., Gan, H. H., et al. (2021).
Biodiversity of plant communities and its environmental interpretation in the otindag
sandy land, China. J. Desert Res. 41 (06), 65–77. doi: 10.7522/j.issn.1000-694X.2021.00080

Song, C. Y., Gou, K., and Liu, G. H. (2008). Relationship between plant community’s
species diversity and soil factors on otingdag sandy land. Chin. J. Ecol. 27 (1), 10–15.
doi: CNKI:SUN:STXZ.0.2008-01-001
Frontiers in Plant Science 13
Wang, G. H. (2022). Sand-fixing vegetation restoration and its ecological effects in a
desert oasis ecotone. [M]. (Beijing:China Meteorological Press).

Wang, T. (2009). Review and prospect of research on oasification and desertification in
arid regions. J. Desert Res. 29 (01), 1–9.

Wang, X., Jiao, J. Y., Cao, X., Li, J. J., Bai, L. C., and Sun, X. C. (2022). Distribution and
enrichment characteristics of soil nutrients in the nebkhas profile of nitraria tangutorum
in gahai lake area, qaidam basin. Chin. J. Appl. Ecol. 33 (03), 765–774. doi: 10.13287/
j.1001-9332.202203.011

Wang, L., Xu, D. M., and Zhang, J. J. (2012). Effect of enclosure on composition of plant
community and species diversity of desert steppe. Pratacult. Sci. 29 (10), 1512–1516.
doi: CNKI:SUN:CYKX.0.2012-10-005

Xu, D. Y., You, X. G., and Xia, C. L. (2019). Assessing the spatial-temporal pattern and
evolution of areas sensitive to land desertification in north China. Ecol. Indic. 97 (FEBa),
150–158. doi: 10.1016/j.ecolind.2018.10.005

Xu, X. T., Zhang, K. B., Wang, L. L., Hou, R. P., and Squires, V. (2015). Effect of
enclosure period on soil properties and characteristics of plant community in degraded
grassland. Nat. Environ. Polution Technol. 14 (2), 397-402.

Xue, J., Gui, D. W., Lei, J. Q., Sun, H. W., Zeng, F. J., Mao, D. L., et al. (2019).
Oasification: An unable evasive process in fighting against desertification for the
sustainable development of arid and semiarid regions of China. Catena 197-209. doi:
10.1016/j.catena.2019.03.029

Yang, C. Y., Li, E. G., Chen, H. Y., Zhang, J. H., and Huang, Y. M. (2017). Biodiversity
of natural vegetation and influencing factors in western inner Mongolia. Biodivers. Sci. 25
(12), 1303–1312. doi: 10.17520/biods.2017140

Yang, X. H., Zhang, K. B., and Hou, R. P. (2005). Impacts of exclusion on vegetative
features and aboveground biomass in semi-arid degraded rangeland. Ecol. Environ. 14 (5),
730–734. doi: 10.16258/j.cnki.1674-5906.2005.05.024

Yayneshet, T., Eik, L. O., and Moe, S. R. (2008). The effects of exclosures in restoring
degraded semi-arid vegetation in communal grazing lands in northern Ethiopia. J. Arid
Environ. 73 (4). doi: 10.1016/j.jaridenv.2008.12.002

Zhang, M. J., Liu, M. S., Xu, C., Chi, T., and Hong, C. (2011). Spatial pattern responses
of achnatherum splendens to environmental stress in different density levels. Acta Ecol.
Sin. 32 (02), 595–604. doi: 10.5846/stxb201012171806

Zhang, J., Zuo, X. A., Yang, Y., Yue, X. Y., Zhang, J., Lv, P., et al. (2017). Response of
plant community functional traits in different grasslands to enclosure and grazing in
horqin sandy land. Trans. Chin. Soc. Agric. Eng. (Transactions CSAE) 33 (24), 261–268.
doi: 10.11975/j.issn.1002-6819.2017.24.034

Zhao, W. Z., Chang, X. L., Li, Q. S., and He, Z. B. (2003). Relationship between
structural component biomass of reed population and ground water depth in desert oasis.
Acta Ecol. Sin. 06, 1138–1146. doi: 10.3321/j.issn:1000-0933.2003.06.014

Zhao, W. Z., Liu, B., and Zhang, Z. H. (2010). Water requirements of maize in the
middle heihe river basin, China. Agric. Water Manage. 97 (2), 215–223. doi: 10.1016/
j.agwat.2009.09.011

Zhao, H. L., Su, Y. Z., Zhang, H., Zhao, L. Y., and Zhou, R. L. (2007). Multiple effects of
shrub on soil properties and understory vegetation in horqin sand Land,Inner Mongolia.
J. Desert Res. 03, 385–390. doi: 10.3321/j.issn:1000-694X.2007.03.007

Zhao, H. L., Su, Y. Z., and Zhou, R. L. (2006). Restoration mechanism of degraded
vegetation in sandy areas of northern China. J. Desert Res. 03, 323–328. doi: 10.3321/
j.issn:1000-694X.2006.03.001

Zhao, W. Z., Zeng, Y., and Zhang, G. F. (2018). Self-organization process of sand-fixing
plantation in a desert-oasis ecotone, northwestern China.China. J. Desert Res. 38 (01), 1–7.
doi: 10.7522/j.issn.1000-694X.2017.00091
frontiersin.org

https://doi.org/10.3969/j.issn.1004-1389.2006.05.057
https://doi.org/10.1016/j.regsus.2020.06.003
https://doi.org/10.13671/j.hjkxxb.1996.04.010
https://doi.org/10.1016/j.agee.2020.107256
https://doi.org/10.3321/j.issn:1000-0933.2007.05.001
https://doi.org/10.1006/anbo.2000.1240
https://doi.org/10.1111/gcb.13043
https://doi.org/10.13287/j.1001�9332.2004.0203
https://doi.org/10.16742/j.zgcdxb.20200419
https://doi.org/10.17520/biods.2021387
https://doi.org/CNKI:SUN:JDXG.0.2009-05-011
https://doi.org/10.1007/s11434-012-5662-5
https://doi.org/10.1007/BF02951625
https://doi.org/10.1016/j.jhydrol.2022.127586
https://doi.org/10.3969/j.issn.1001-7461.2021.06.04
https://doi.org/10.7522/j.issn.1000-694X.2021.00080
https://doi.org/CNKI:SUN:STXZ.0.2008-01-001
https://doi.org/10.13287/j.1001-9332.202203.011
https://doi.org/10.13287/j.1001-9332.202203.011
https://doi.org/CNKI:SUN:CYKX.0.2012-10-005
https://doi.org/10.1016/j.ecolind.2018.10.005
https://doi.org/10.1016/j.catena.2019.03.029
https://doi.org/10.17520/biods.2017140
https://doi.org/10.16258/j.cnki.1674-5906.2005.05.024
https://doi.org/10.1016/j.jaridenv.2008.12.002
https://doi.org/10.5846/stxb201012171806
https://doi.org/10.11975/j.issn.1002-6819.2017.24.034
https://doi.org/10.3321/j.issn:1000-0933.2003.06.014
https://doi.org/10.1016/j.agwat.2009.09.011
https://doi.org/10.1016/j.agwat.2009.09.011
https://doi.org/10.3321/j.issn:1000-694X.2007.03.007
https://doi.org/10.3321/j.issn:1000-694X.2006.03.001
https://doi.org/10.3321/j.issn:1000-694X.2006.03.001
https://doi.org/10.7522/j.issn.1000-694X.2017.00091
https://doi.org/10.3389/fpls.2023.1091446
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Succession of a natural desert vegetation community after long-term fencing at the edge of a desert oasis in northwest China
	1 Introduction
	2 Materials and methods
	2.1 Study site
	2.2 Sample site setup and survey
	2.2.1 Sample plots for soil observations during the fencing period
	2.2.2 Soil nutrient analysis
	2.2.3 Sample plots for vegetation observations during the fencing period

	2.3 Community analysis and statistics

	3 Results
	3.1 Changes in species composition and dominant species of plant communities after fencing
	3.2 Changes in plant diversity during the study period
	3.3 Dynamic changes in soil water content and soil nutrients during the study period
	3.4 RDA analysis of plant communities and environmental factors
	3.5 Shrub nursing effect
	3.6 Relationship between plant community species diversity and community density

	4 Discussion
	4.1 Effects of long-term fencing on the desert vegetation community
	4.2 Effects of soil factors on plant species diversity

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


