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Salt meadow on lake beaches is the most dynamic plant community. Studying

its soil characteristics and response threshold allows us to understand the

external driving forces of vegetation stable-state maintenance and dynamic

changes, and provide a theoretical basis for the utilization and ecological

restoration of lake beach wetland resources. In this study, the community

diversity, physical and chemical properties of soil, and ecological response

thresholds of key soil indexes of four groups of meadows are discussed: (I)

succulent salt-tolerant plant meadow, (II) Carex meadow, (III) grass meadow,

and (IV) weed grass meadow. The major findings are as follows. First, Group I is

easy to form a single-optimal community in the inland salt marsh beach, with

patchy distribution. Group II has a lot of associated species, and most of them

grew in clusters. Group III often has obvious dominant species, and the

populations and individuals are evenly distributed in the community. The

dominant species of Group IV are diverse, and the distribution is the most

uniform. Second, there are significant differences in water content, salinity,

nutrient and particle size composition of the four types of salt meadows. For

Groups I-IV, the soil water content (WC) follows I > II > IV > III; the total salt

content (TS) of soil follows I > III > II > IV; the pH value follows III > II > IV > I. Third,

the diversity of salt meadow plants in lake beaches is closely related to the

contents of WC, TS, Na+, HCO3
−, particle size, available potassium (AK), alkali

hydrolyzable nitrogen (AN) and available phosphorus (AP) in soil. The vegetation

of the four formation groups shows different ecological response threshold

intervals. Fourth, the response thresholds of salt meadow vegetation to water

content, salt content and sand content of soil are inherently related (but the

response threshold to nutrients in soil is unclear).
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Introduction

The Ordos platform has the largest closed-flow area in

China, with a total area of about 42,000 km2 (Guangcai et al.,

2008; Tonghui et al., 2013). There are 358 lakes and marshes

with a size of above 1 km2 developed in this area. However,

over the past half-century, most of lake wetlands have evolved

into lake beach wetlands because of severe drying and

fragmentation (Tonghui et al., 2010; Tao et al., 2015), and

some have completely disappeared and turned into sandy

land. Wetland ecosystem plays an important role in

regulating climate and maintaining biodiversity (Bossuyt

et al., 2003; Xiaojiang 2016), and is irreplaceable. It is one

of the key ecological landscape ty pes in the Ordos platform

(Lei and Qingfeng 2014). Therefore, the local government has

launched the Yellow River Diversion and some ecological

construction projects for the important lakes and marshes,

with the purposes of reversing the trend of wetland shrinkage

and desertification and improving the local ecological

environment.

Soil supports the material circulation and energy exchange

of the ecosystem (Shen et al., 2019). It is characterized by spatial

heterogeneity, structural complexity and diversity (Zhu et al.,

2018), and is an important factor leading to the complexity of

structure and distribution of vegetation. Previous studies on the

relationship between soil and vegetation in the Ordos platform

mainly focused on the mode of agriculture and animal

husbandry (Liu et al., 2018; Guoling 2019) and the

differences in zonal vegetation (Zuoming et al., 2004;

Yingjuan et al., 2012; Ruihong et al., 2018), and basically did

not consider the local environment. The lake beach meadows

are hidden vegetation in the Ordos platform, and form ring-

shaped salt meadows. They exhibit gradient replacement and

spatiotemporal differences from the center to the periphery as

well as significant dynamic changes. The study on the

relationship between local soil properties and vegetation

characteristics can reveal the causes of steady maintenance

and dynamic changes of vegetation.

In general, ecological threshold is defined as the

“threshold and breakpoint” between ecosystem functions

from one steady state to another (May, 1977). In the

ecological protection and management of pasture (Mark

et al., 1989) and grassland (Jizhou et al., 1995; Jizhou

1997), it was first introduced at the theoretical and

practical levels. It has been widely applied in the studies

of ecosystems, such as forest, grassland, lake and ocean

(Zhang, 2019; Wang et al., 2020; Jianfeng et al., 2021;

Stéfano and Oliveira, 2021; Yara et al., 2021). In wetland

research, Sim studied the salinity threshold for the

disappearance of macrophytes in the saline alkali wetland

system (Sim et al., 2006); Devlin et al. investigated the

adverse interference of nitrogen on the primary

production of wetlands and the nutrient threshold

(Michelle et al., 2007); Bai Wang determined the optimum

salinity and soil moisture of Suaeda Heteroptera and their

respective ecological thresholds through in situ experiments

using biomass indicators (Bai et al., 2014); Richardsion et al.

established the ecological threshold of phosphorus in

American Everglades (Richardson et al., 2007). These

studies indicate that the determination of ecological

threshold is conducive to understanding the dynamic

changes of ecosystem, and has important scientific

significance for ecological monitoring, early warning and

purposeful restoration.

FIGURE 1
Distribution of the study area and sampling points.
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Research methods

Overview of the study area

The study area (Latitude: 37°36′N-40°7′N, Longitude:

107°26′E-108°25′E) is located in the Ordos platform at the

junction of the Loess Plateau in the northern China and the

Inner Mongolia Plateau (Figure 1). The annual precipitation

ranges 250–450 mm. The area is characterized by continental

climate of the northern temperate zone, and is cold and dry in

winter, with high temperature and little rain in summer. The

annual average temperature ranges 6–7°C (Yanqiong et al., 2020).

The west of the platform is dominated by chestnut soil or light

chestnut soil, and the middle and east are mostly comprised of

aeolian sandy soil (Xingshi 1994). The lakes and marshes in the

closed flow area of the Ordos platform are shrinking due to

drying and decline of water level, forming a large area of lake

beach, on which salt meadow vegetation is developed.

Experimental design and determination
methods

Field vegetation surveys were conducted using 1 m × 1 m

sample boxes, following the sample square and sample linemethod

(Figure 2). A total of 33 lakes and marshes were surveyed, with a

total of 90 samples. Three replicates were set for each group of

samples. The surveyed indicators include plant species, abundance,

height, coverage, and frequency (Hankins et al., 2004). The topsoil

at the depth of 0–20 cm was collected, mixed and evenly packed

into a ziplock bag and delivered to the laboratory for determining

physical and chemical properties. Among them, there are

37 groups of succulent salt-tolerant plants meadow lake beach

wetlands, 20 groups of caryophytes meadow lake beach wetlands,

20 groups of grass meadow lake beach wetlands, and 13 weeds

meadow lake beach wetlands groups.

The collected soil samples were naturally air-dried, ground and

sieved. Then, the physical and chemical indexes of the soil were

determined. The applied determinationmethods are listed in Table 1.

Data statistics and analysis

The plant diversity indexes were used to comprehensively reflect

the plant community level (Yuefei et al., 2012; Ting et al., 2020;

Zhenchao et al., 2021), including the Margalef index (D), Shannon-

Wiener index (H), Patrick index (R) and Pielou index (E).

The calculation equations are:

D � S − 1/lnN

H � −∑Pi ln pi

R � S

E � H/lnS

In these equations, N is the sum of the number of individual

plants in the quadrat; S is the number of species in the quadrat;

and Pi is the relative important value of the ith plant, calculated

by Pi = (relative height + relative coverage + relative density)/3.

Simple preprocessing of data was conducted using Microsoft

Excel 2019. SPSS 26.0 was used for performing one-wayANOVAand

least significant difference (LSD) analyses to compare the differences

of community composition and soil characteristics of different

vegetation types (p < 0.05). The interval of ecological response

thresholds was determined using the boxplot method. Redundancy

analysis (RDA) between vegetation community composition and soil

environmental factors was processed using Canoco 5.0. Particle size of

FIGURE 2
Sampling method and meadow ring distribution map.

TABLE 1 Determination methods of physical and chemical indexes of soil.

Physical
and chemical index

Determination method Physical
and chemical index

Determination method

pH pH meter IN Kjeldahl method

WC Gravimetric method IP Sulfuric acid-perchloric acid method

TS Conductivity meter SOC Potassium dichromate-sulfuric acid method

AK Flame photometry PS Malvern laser particle size analyzer

AN Alkaline hydrolysis diffusion CO3
2-, HCO3

− Two-indicator titration

AP Molybdenum antimony anti colorimetry Na+, K+, Ca2+, Mg2+, Cl−, SO4
2- Ion chromatograph
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TABLE 2 Composition of vegetation formations in the study area.

Formation groups Formation

Succulent salt-tolerant plant meadow From. Kalidium cuspidatum

From. Kalidium cuspidatum + Achnatherum splendens

From. Suaeda prostrata

From. Suaeda glauca

From. Salicornia europaea

From. Salicornia europaea + Phragmites australis

From. Slenderbranch Kalidium

From. Slenderbranch Kalidium + Kalidium cuspidatum

From. Slenderbranch Kalidium + Atriplex centralasiatica

From. Slenderbranch Kalidium + Suaeda glauca

From. Slenderbranch Kalidium + Suaeda prostrata

Carex meadow From. Carex duriuscula

From. Carex duriuscula + Halerpestes ruthenica

From. Carex duriuscula + Phragmites australis

From. Carex duriuscula + Potentilla anserina

From. Carex duriuscula + Taraxacum borealisinense

Carex duriuscula + Puccinellia distans

Grass meadow From. Achnatherum splendens

From. Achnatherum splendens + Carex duriuscula

From. Achnatherum splendens + Iris lactea

From. Achnatherum splendens + Agropyron cristatum

From. Phragmites australis

From. Phragmites australis + Halerpestes ruthenica

From. Phragmites australis + Achnatherum splendens

From. Phragmites australis + Carex duriuscula

From. Puccinellia distans

Weed grass meadow From. Puccinellia distans + Carex duriuscula

From. Agropyron cristatum

From. Artemisia desertorum

From. Taraxacum borealisinense

From. Iris lactea

From. Potentilla anserina

From. Swainsonia salsula

From. Halerpestes ruthenica

TABLE 3 Water content, pH value and total salt content of salt meadow soil.

Formation groups WC (%) pH TS (g/kg)

Succulent salt-tolerant plant meadow 0.26 ± 0.18a 8.12 ± 0.5b 11.98 ± 0.65a

Carex meadow 0.2 ± 0.12a 9.21 ± 0.74a 4.87 ± 0.26c

Grass meadow 0.16 ± 0.1b 9.29 ± 0.61a 7.14 ± 0.48b

Weed grass meadow 0.18 ± 0.29b 9.1 ± 0.58a 3.98 ± 0.21c

Note: WC, soil water content; pH, pH value; TS, total salt content. The data in the table is the mean ± standard deviation (the same below).
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soil was analyzed by applying GRADISTAT v9.1. The results were

plotted using Origin 2018 software.

Analysis of results

Main community of meadow vegetation
on lake beaches

According to the classification system of “China Vegetation”

(China Vegetation Editorial Committee 1980), vegetation types

are those with similar life types and similar community

appearance. Within the vegetation type, vegetation subtypes

are classified according to the differences in dominant or

indicator layers. formations with similar affinities, similar life

styles or similar habitats are united as a formation groups. The

vegetation on lake beach in the Ordos platform belongs to the salt

meadow vegetation subtype, including four formation groups: (I)

succulent salt tolerant plant meadow, (II) Carex meadow, (III)

grass meadow and (IV) weed grass meadow. There are 11, 6,

9 and 8 formations under the four formation groups, with a total

of 34 formations (Table 2).

Diversity of salt meadow on lake beaches

To characterize the diversity of vegetation on lake beaches,

we apply the Shannon-Weiner index, Patrick index, Margalef

index and Pielou index (Fauvel et al., 2020; Shan et al., 2020).

According to Figure 3, the richness of theMargalef community in

descending order are III > IV > II > I. The richness of other

indexes (Shannon-Weiner index, Patrick index and Pielou index)

in descending order are IV > III > II > I. There are significant

differences in the diversity of the four types of meadow

vegetation (p < 0.05).

Physical and chemical properties of salt
meadow soil on lake beaches

Water content, pH value and total salt content of
soil

There are significant differences in WC, pH and TS for four

types of salt meadow soil on lake beaches (p < 0.05). As shown in

Table 3, the soil of succulent salt-tolerant plant meadow has the

highest WC and TS values and the lowest pH value. The weed

grass meadow soil has the lowest WC and TS values. The grass

meadow soil displays the highest pH value. The three indexes of

Carex meadow are somewhere in the middle.

Salt composition of soil
Salt composition of soil is usually characterized by ionic

content. As shown in Figure 4, the contents of Mg2+, Ca2+, Na+,

SO4
2- and Cl− in the soil of succulent salt-tolerant plant meadow

are the highest, which are 0.13 g/kg, 1.07 g/kg, 1.32 g/kg,

0.74 g/kg and 0.26 g/kg, respectively. While the contents of

HCO3
− and CO3

2- are the lowest, which are 0.93 g/kg and

0.22 g/kg, respectively. The Carex meadow soil has the highest

contents of K+ and HCO3
− of 0.05 g/kg and 11.2 g/kg,

respectively. The grass meadow soil has the lowest K+ content

of 0.03 g/kg and the highest CO3
2- content of 5.79 g/kg. The

contents of Mg2+, Na+, SO4
2- and Cl− in the weed meadow soil are

the lowest, which are 0.02 g/kg, 0.43 g/kg, 0.13 g/kg and

0.07 g/kg, respectively.

Particle size of soil
According to the international soil texture classification

standard adopted by the Second International Soil Science

Congress (Waksman 1930; Zengming et al., 2021), the particle

size of soil can be divided into sand (50–2000 μm), silt (2–50 μm)

and clay (<2 μm). Sand and clay can be further subdivided on this

basis (Table 4). By comparing representative particle sizes, we

find that there are significant differences in the texture of the four

kinds of meadow vegetation soils (p < 0.05). The soil of succulent

salt-tolerant plant meadow contains the highest contents of clay

and silt, and the lowest content of fine sand. The Carex meadow

soil has the highest contents of fine sand and coarse sand, and the

lowest contents of clay and silt.

Nutrient characteristics of soil
As shown in Figure 5, there are significant differences in

nutrients in the four types of salt meadow soil on lake beaches

(p < 0.05). The succulent salt-tolerant plant meadow soil contains

the lowest contents of total nitrogen (IN: 0.42 g/kg), organic

carbon (SOC: 4.82 g/kg), available potassium (AK: 0.10 g/kg) and

alkali hydrolyzable nitrogen (AN: 28.33 mg/kg); and the highest

content of total phosphorus (IP: 0.4 g/kg). The Carex meadow

soil has the highest contents of available potassium (AK:

0.24 g/kg) and available phosphorus (AP: 9.49 mg/kg). The

grass meadow soil contains the lowest content of total

phosphorus (IP: 0.32 g/kg). The weed grass meadow has the

FIGURE 3
Diversity indexes of salt meadow vegetation on lake beaches.
Note that different lowercase letters indicate different plots (the
same below) (p < 0.05).
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highest contents of total nitrogen (IN: 0.69 g/kg), organic carbon

(SOC: 7.16 g/kg) and alkali hydrolyzable nitrogen (AN:

47.88 mg/kg); and the lowest content of available phosphorus

(AP: 4.11 g/kg).

Correlation between physical and
chemical properties of soil and vegetation
on salt meadow soil on lake beaches

Redundancy analysis (RDA) was used for dimensionality

reduction, and then the main feature components of the data

were extracted (Odland and Pedersen, 2015) (Figure 6). We

performed correlation analysis between physical and chemical

indexes of soil and the diversity index of vegetation on salt

meadow soil on lake beaches (Table 5). The results show a

significant response of the diversity index of vegetation on salt

meadow soil on lake beaches to the physical and chemical

indexes of soil (except for Csg). The diversity index is

positively correlated with CO3
2-, HCO3

−, IN, AN, K+, SOC,

AK, pH, Fs and Csg; negatively correlated with Na+, WC, AP,

SO4
2-, Ca2+, TS, Cl−, Mg2+, S, IP and CP. The factors with high

contribution rate are Na+, HCO3-, WC, AP, pH, CO3
2-, SO4

2-

and K+. Previous studies suggested that community plant

diversity in arid and semi-arid regions is mainly restricted

by WC, TS, particle size and nutrients of the soil (Barrett-

Lennard 2002; Iqbal 2016). Sandification can directly affect

other physical and chemical properties of soil; while soil

coarsening can lead to nutrient loss and depletion and limit

plant growth (Barrett-Lennard 2002; Zhao et al., 2005).

Considering that the conventional index of soil contains

TS, but there is no index of salt ion, Na+, HCO3
− and TS

were selected in this study to characterize the salinity of salt

meadow soil on lake beaches. AP, AK and AN were selected to

characterize the nutrient features of soil. WC was used to

characterize the moisture content in soil. Due to the low

contribution rate of each graded particle size index, and the

obvious response of vegetation on salt meadow soil on lake

beaches, the total particle size was used to characterize the

response of vegetation.

Ecological threshold of salt meadow soil
on lake beaches

The salt meadow on lake beaches in the Ordos platform

contains the ecological sequence of light beach→ succulent salt-

tolerant meadow → Carex meadow → weed grass meadow →
grass meadow (Qiao et al., 2020). It exhibits obvious community

dynamic succession with climate fluctuations (Qiao et al., 2021),

which may be directly caused by small changes in soil properties.

The vegetation dynamics can be predicted only when the

threshold interval and threshold breakpoint are found. Many

studies have determined the ecological threshold through model

and control experiments (Zhen et al., 2019; Fengkui et al., 2021);

while few studies have estimated the ecological threshold based

on statistics of field data. On the basis of field sampling and

analysis of big data, this study roughly determined the ecological

response thresholds of key environmental factors of four types of

soil in salt meadow, so as to reveal the process and driving factors

of ecological response of hidden vegetation under complex

habitat gradients.

Ecological thresholds of water, salt, and sand in
the salt meadow soil on lake beaches

The water content, salinity and particle size of soil are the key

habitat elements of inland lake and beach wetlands, and have a

significant impact on the plant community structure dynamics

and population characteristics (Panpan et al., 2015; Fellows and

Goulden 2017; Bin et al., 2018). According to the key indicators

FIGURE 4
Ion composition and structure of salt meadow soil on lake beaches.
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of the soil selected above, the box plot (The dispersion statistics of

the data were used to find the maximum, minimum, median and

two quartiles of the data. Ecological response thresholds were

determined from the two quartiles.) was used to generate the

ecological response threshold ranges ofWC, TS, Na+, HCO3
− and

particle size of four types of salt meadow soil on lake beaches

(Figure 7). The threshold ranges for the succulent salt-tolerant

plant meadow are 15.22–34.43%, 6.56–20.61 g/kg,

0.36–1.65 g/kg, 0.03–1.07 g/kg and 29.74–60.95 μm,

respectively. The threshold ranges for Carex meadow are

13.97–24.15%, 1.76–3.22 g/kg, 0.07–1.14 g/kg, 3.43–14.18 g/kg

and 60.43–162.75 μm, respectively. The threshold ranges for

grass meadow are 6.46–20.50%, 3.00–14.00 g/kg,

0.11–0.73 g/kg, 2.50–11.13 g/kg and 50.04–150.29 μm,

respectively. The threshold ranges for weed grass meadow are

10.70–24.11%, 3.12–7.35 g/kg, 0.05–0.37 g/kg, 2.31–8.74 g/kg

and 35.57–111.96 μm, respectively.

Ecological response threshold of nutrients in salt
meadow soil on lake beaches

The population structure and growth status of meadow

vegetation have a very significant response to soil nutrients.

Nutrients (AK, AN and AP) in the four types of salt meadow

soil on lake beaches display different ecological response threshold

ranges (Figure 8). The response threshold ranges of AK, AN and AP

for the succulent salt-tolerant plant meadow are 0.06–0.11 g/kg,

18.23–33.66 mg/kg and 4.38–10.66 mg/kg, respectively. The

threshold ranges for the Carex meadow are 0.09–0.40 g/kg,

13.96–38.88 mg/kg and 1.75–10.57 mg/kg, respectively. The

threshold ranges for the grass meadow are 0.07–0.23 g/kg,

18.74–52.33 mg/kg and 1.36–5.72 mg/kg, respectively. The

threshold ranges for the weed grass are 0.07–0.32 g/kg,

22.91–66.98 mg/kg and 1.24–2.75 mg/kg, respectively.

Discussion

Diversity and significance of salt meadow
vegetation on lake beaches

The lake beach wetlands in the Ordos platform have long

been used as grassland for the rotational grazing of cattle,

horses and sheep. However, the biomass indexes collected in

field experiments remain inadequate to fully comprehend the

characteristics of the community. Community diversity index

is a composite index that integrates directly observed indexes,

such as community height, abundance, frequency, and

coverage. Different indexes have different indicative

meanings for community properties.

The Patrick and the Shannon-wiener indexes can reflect the

diversity of species composition and the complexity of species

contribution in plant communities, respectively. The larger the

index value, the more complex the composition and structure ofT
A
B
LE

4
P
e
rc
e
n
ta
g
e
o
f
p
ar
ti
cl
e
si
ze

in
sa
lt
m
e
ad

o
w

so
il
o
n
la
ke

b
e
ac

h
e
s.

T
yp
e

C
la
y

Si
lt

Sa
n
d

Fi
n
e

cl
ay

C
oa
rs
e

cl
ay

Si
lt

V
er
y

fi
n
e

sa
n
d

Fi
n
e

sa
n
d

M
ed
iu
m

sa
n
d

C
oa
rs
e

sa
n
d

V
er
y

co
ar
se

sa
n
d

G
ra
ve
l

<0
.0
1(
μm

)
0.
01

–
2(
μm

)
2–

50
(μ
m
)

50
–
10

0(
μm

)
10

0–
25

0(
μm

)
25

0–
50

0(
μm

)
50

0–
1,
00

0(
μm

)
1,
00

0–
20

00
(μ
m
)

>2
00

0(
μm

)

I
4.
69

±
2.
35
a

41
.4
5
±
11
.7
8a

27
.5
0
±
5.
16
a

23
.3
4
±
10
.4
8b

2.
66

±
2.
07
b

0.
31

±
0.
37
c

0.
05

±
0.
07
b

0.
01

±
0.
02
b

0.
00

±
0.
00
b

II
3.
36

±
2.
49

ab
28
.7
7
±
14
.3
1b

13
.6
3
±
3.
14
b

25
.9
8
±
8.
46

ab
22
.1
1
±
8.
53
a

5.
63

±
3.
92
a

0.
38

±
0.
57
a

0.
12

±
0.
19
a

0.
02

±
0.
03
a

II
I

2.
19

±
1.
86
d

25
.3
6
±
16
.6
b

17
.6
2
±
10
.8
c

33
.2

±
12
.5
8a

18
.4
3
±
14
.2
1c

2.
77

±
2.
19
d

0.
31

±
1.
47
d

0.
09

±
0.
67
d

0.
01

±
0.
1d

IV
2.
78

±
2.
28
c

30
.0
6
±
19
.5
4a

15
.7
6
±
7.
07
b

31
.0
9
±
15
.4
8a

17
.2
6
±
12
.3
9b

2.
54

±
2.
53
c

0.
37

±
1.
36
c

0.
12

±
0.
66
c

0.
02

±
0.
1c

Frontiers in Environmental Science frontiersin.org07

Zhao et al. 10.3389/fenvs.2022.1050757

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1050757


the community population. In the four types of salt meadow on

lake beaches, these two indicators showed the same variation

tendency. Group IV demonstrated the most complex population

composition and structure, followed by Groups II and III. The

population composition and structure of the succulent salt-

tolerant plant meadow community are the simplest. The

maximum value of the Patrick index is nearly twice the

minimum value; while the maximum value of the Shannon-

wiener index is 2.5 times of the minimum value.

The Margalef index can reflect the number of individual

species in a plant community. The larger the value is, the more

abundant the species is. The Margalef indexes of the four types of

meadows in descending order are III＞IV＞II＞I (despite their

small differences). The Pielou index can reflect the uniformity of

the spatial distribution of species within a plant community. The

larger the index value, the more uniform the distribution of

species. The Pielou indexes of the four types of meadows in

descending order are IV＞III＞II＞I, indicating the even

distribution of the plants of Group IV, while those of Group I

are characterized by clustering or patching.

The dominant species of Group I are Kalidium cuspidatum,

Kalidium gracile and Suaeda salsa. They can adapt to moderately

or severely salinized environments, and often form single-

optimal communities in the salt marshes and flatlands of the

Ordos platform. They are distributed in patches, with relatively

small frequency, abundance and coverage. The dominant species

of Group II is carex duriuscula, with a large number of associated

species. It grows in groups or clusters in areas with mild

salinization and high soil water content. The dominant species

of Group III is Achnatherum splendens, which is similar to the

Carex meadow. It has a large number of associated species and is

evenly distributed in the community. The dominant species of

FIGURE 5
Nutrient distribution in salt meadow soil on lake beaches. Note: IN, total nitrogen; IP, total phosphorus; SOC, organic carbon; AK, available
potassium; AP, available phosphorus; AN, alkali hydrolyzable nitrogen (the same below).

FIGURE 6
Redundancy analysis (RDA) of vegetation diversity and
physical and chemical properties of salt meadow soil on lake
beaches.
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Group IV are diverse, including Potentilla anserina, Taraxacum

sinicum, Sphaerophysa salsula, Iris lactea Pall and Halerpestes

ruthenica, which are evenly distributed in the community.

Physical and chemical properties of salt
meadow soil on lake beaches

Regarding related studies on the structure and distribution of

plant communities on salt marshes, the influence of

environmental factors (e.g., water content, pH value and salt

content) has been investigated (Lu et al., 2006; Qiang et al., 2009).

Bin Qiao et al. (Bin et al., 2018) reported the different responses

of vegetation on salt meadow in Zhenhu Beach of Ningxia to the

pH value and salt content of soil. Guo et al. (Guo, et al., 2003)

indicated the negative correlation between the growth rate of reed

in the estuary of Yellow River and soil salinity. Guodong Cao

et al. (Guodong et al., 2013) suggested a strong interaction

between halophytic shrubs and soil on saline-alkali soil in

desert areas. In this paper, we demonstrated significant

TABLE 5 Contributions of physical and chemical indexes of soil according to redundancy analysis.

Index Na+ HCO3
− WC AP pH CO3

2- SO4
2- K+ Ca2+ TS Cl− Mg2+

Contribution/% 88 87.5 86.5 82.9 73.1 82.6 76.5 70.4 67.9 65.3 63.9 62.5

F 14.7 14 13 9.7 5.4 9.5 6.5 4.8 4.2 3.8 3.5 3.3

P 0.052 0.052 0.042 0.048 0.070 0.082 0.108 0.152 0.126 0.168 0.178 0.260

Index AK An S SOC IP In Fs CP− Csg

Contribution/% 59.8 58.1 34.5 33.5 31.3 31.2 30.7 21.2 7.6

F 3 2.8 1.1 1 0.9 0.9 0.9 0.5 0.2

P 0.244 0.204 0.412 0.406 0.416 0.386 0.450 0.578 0.834

Note: WC, soil water content; pH, pH value; TS, total salt content; AP, available P concentration; AK, available K concentration; AN, alkali hydrolyzed N concentration; SOC, organic

carbon content; IP, total P content; IN, total N content; CP, clay content; S, powder content; FS, fine sand content; CSG, coarse sand content; Na+, HCO3
−, CO3

2-, SO4
2-, K+, Ca2+, Cl− and

Mg2+ represent the concentrations of Na+, HCO3
−, CO3

2-, SO4
2-, K+, Ca2+, Cl− and Mg2+ in soil, respectively.

FIGURE 7
Distribution map of response thresholds of water, salinity and particle size in salt meadow soil on lake beaches.
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differences in water content, pH value and salt content in

different types of salt meadows in the Ordos platform. Group

I soil has the highest contents of water and total salt, and the

lowest pH value. The cations are mainly Na+ and Ca2+, and the

anions are mainly SO4
2- and HCO3

−, showing the characteristics

of high saline soil. Only the succulent salt-tolerant plants with

water storage and salt secreting structures (such as Kalidium

cuspidatum, Kalidium gracile and Suaeda salsa) can grow. Group

IV soil has the lowest contents of water and total salt, with

medium pH value and lowest ion content. The cations are mainly

Na+ and Ca2+, and the anions are mainly HCO3
− and CO3

2-. Due

to the relatively low salt content and low stress on plants

(Fangyuan et al., 2020), there are many dominant plants and

a variety of xerophytes. Group III soil has the lowest water

content and the highest pH value. It is located in the

transition zone from the periphery of ecological sequence to

calcareous soil. It is significantly affected by the high alkalinity of

the parent material of calcareous soil, with medium to high total

salt content. The ion composition is similar to that of weed grass

meadow. Its dominant species Achnatherum splendens has deep

root clusters, which are usually 1–2 m deep, with a maximum

depth of about 10 m (Muge et al., 2009). The growth of plants is

weakly affected by the properties of the surface soil. The water

content, pH value and salt content of Group II soil are moderate.

Particle size is one of the physical properties of soil. It can

affect the hydraulic characteristics, fertility, carbon

sequestration, leaching and erosion resistance of soil; and

reflect the structure and productivity of soil (Haiyan et al.,

2013). In this study, the representative grain size indexes are

selected for comparison, and it is found that there are

significant differences in the particle size of different

meadow soils. Group I soil is the finest, and is dominated

by clay and silt. Group II soil is the coarsest, and is mainly

composed of fine sand and coarse sand. The quality of Groups

III and IV soil is moderate. This phenomenon is mainly

related to the microclimate and microtopography of the

distribution area (Qiao 2021). Group I is mainly distributed

in the southwest of the Ordos platform, on the tidal flat near

the center of the larger lake basin. The development of soil is

obviously affected by water. Group II is mainly distributed on

the severely sandy lake beach in the middle of the Ordos

platform, with shallow groundwater flow. The soil

development is jointly affected by wind and water.

Nutrients in soil are the material basis for the growth of

aboveground organisms. They are mainly derived from the

decomposition of plant litter and roots (Pan et al., 2008).

Since the biomass data of the sample plot are seriously

affected by grazing, they were not used for control analysis

in this study. However, in the four types of meadows, the

nutrient indexes in Group III soil are the highest overall.

Related to the abundance of biomass, the contents of total

nitrogen, organic carbon, and alkali-hydrolyzable nitrogen

are the highest; the contents of total phosphorus and available

potassium are medium, and the content of available

phosphorus is the lowest. Moreover, due to its high

community uniformity and diversity as well as the

relatively complex ecological structure, the nutrients in the

returning soil are abundant and the circulation is vigorous.

The contents of available potassium and available

phosphorus in Group II soil are the highest. The total

phosphorus content in Group III soil is the lowest. These

may be related to the nutrient accumulation characteristics of

their dominant species, as well as habitat factors (e.g., water

content, pH value, salinity and particle size). Due to the high

salinity of soil and low plant diversity, it is not conducive to

the decomposition of plant litter by microorganisms

(Jingheng et al., 2016). The biological microcycle of

phosphorus is relatively slow (Zhitun et al., 2019), while

that of available potassium is fast (Jie et al., 2015). The

differences of total phosphorus, available phosphorus and

available potassium contents reflect the transformation

capacity of nutrients between vegetation and soil.

FIGURE 8
Response threshold distribution of nutrients (AK, AN and AP) in salt meadow soil on lake beaches.
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Ecological response threshold of key
influencing factors of salt meadow soil on
lake beaches

The threshold is a critical interval, beyond which

vegetation patches become unstable and begin to break

(Gabriel et al., 2020), and eventually being replaced.

Therefore, the response threshold of vegetation to key

indicators of soil can explain the succession trend of

vegetation and the change process of habitat. It is found

that the ecological response thresholds of the four types of

salt meadow soils are different (Figure 9). The threshold

interval and values of water content, total salt content and

Na+ content in the Group I soil are the largest. The threshold

of available phosphorus is the largest. The threshold interval

and value of CO3
2- content, particle size and available

potassium are the smallest. The threshold interval and

values of CO3
2- content and available potassium in the

Group II soil are the largest. The threshold value of particle

size is the largest. The threshold interval and value of available

phosphorus are the largest, and the threshold interval and

value of total salt content are the smallest. All indexes of the

Group III soil are medium. The threshold interval and value of

alkali hydrolyzable nitrogen in Group IV soil are the largest,

and that of the Na+ content and available phosphorus are the

smallest.

Water content and salt content are the determinants of the

formation and distribution of wetland vegetation (Fangzhen

et al., 2021). The threshold range of overall water content of

salt meadow soil in the Ordos platform is 6.46–34.43%, and the

threshold range of total salt content is 0.05–20.61 g/kg. Since

water in arid regions is medium for salt transport, in general,

there is a corresponding relationship between water content and

salt content. However, in this study, the corresponding

relationship between water content and salt content in Group

II soil is abnormal. The gradual relationship between the

threshold interval and threshold value of Na+ and CO3
2- in

Group I soil is abnormal. Nutrients are highly correlated with

the productivity of vegetation, but their relationship with

biodiversity is complex. This study found that there are

significant differences in available nutrients in the three types

of soils.

The threshold interval and threshold values of available

potassium and available phosphorus in Group II soil are

relatively large. The threshold interval and threshold value of

alkali hydrolyzable nitrogen in Group IV soil are relatively large.

All the indexes of Group III soil are medium. The threshold

interval and threshold value of available phosphorus in Group I

soil are relatively large. The threshold interval and threshold

values of particle size in descending order are II > III > IV. The

threshold interval and threshold value of particle size of Group I

soil are the smallest.

The abnormal relationship between water and salt content in

Group II soil may be caused by the special hydrogeological

structure of the Ordos platform (Guangcai et al., 2008) and

microclimate. The strip beach has abundant shallow

groundwater, with strong wind and sand and abundant

rainfall, so the soil is the coarsest and is dominated by fine

sand and coarse sand. However, most of the beaches for Group I

were large salt lakes in history, which gradually dried up in

FIGURE 9
Intervals and values of ecological response thresholds.
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modern times and became saline-alkali beaches. The soil is the

finest, dominated by clay and silt, with high water content and

salt shell and salt spots. The effect of aeolian sand accumulation

on the meadow is not obvious. Therefore, the research results of

particle size thresholds of soil in the Ordos platform have unique

representational significance for the response characteristics of

vegetation on salt meadow soil on lake beaches. The study of

particle size is equally important with that of water and salt

content for characterizing the steady state and dynamics of

vegetation.

The threshold interval and threshold values of Na+ and CO3
2-

are closely related to water content, total salt content, and

pH value. The threshold interval and threshold value of Na+

content in Group I soil is the largest, but the proportion is the

lowest in the four types of salt meadows (Figure 3), reflecting the

strongest salt accumulation process. The CO3
2- content of its

alkaline salt is the least. The threshold interval and threshold

value are the smallest, but the water content and total salt content

are the largest, indicating that the salinity of its aqueous solution is

the highest. The distribution of Group I indicates a strong response

to the salty soil of the lake beach. The ion structure of salt in the

other three types salt meadows has the characteristics of alkaline

salt. Groups II, III and IV show the response to alkaline soil, and

Group II has the strongest response. The differences in the

ecological response thresholds of nutrient indicators may be

related to the accumulation characteristics of the respective

dominant species and the properties of the nutrient elements.

There are some differences in the response thresholds of the four

types of salt meadow vegetation to nutrients in the underlying soil,

and its significance needs further investigation.

Conclusion

The key findings of this study are summarized below:

1) The succulent salt-tolerant plant meadow forms a single-

optimal community in the inland salt marsh beach, which is

distributed in patches and blocks. There are a lot of associated

species in Carex meadow, and they grow in clusters in areas

with mild salinization and high water content. The dominant

species in the grass meadow is Achnatherum splendens, and

the populations and individuals are evenly distributed in the

community. The dominant species of weed meadow are

diverse, with the most uniform distribution.

2) There are significant differences in the characteristics of soil

in the four types of salt meadows. The contents of water and

salt in the soil of succulent salt-tolerant plant meadow are the

highest, and the soil is the finest. The matrix is mainly Na+,

Ca2+, SO4
2- and HCO3

−. The contents of available potassium

and available phosphorus in Carex meadow soil are the

highest and the soil is the coarsest. The pH value of grass

meadow soil is the highest. The nutrient content of weed grass

meadow soil is generally high, and the matrix is dominated by

Na+, Ca2+, HCO3
− and CO3

2-.

3) The ecological response threshold ranges of water content,

total salt content, Na + content, HCO3
− content, particle size,

available potassium, alkali hydrolyzable nitrogen and

available phosphorus in different types of salt meadow soil

are different. The threshold ranges for succulent salt-tolerant

meadow are 15.22–34.43%, 6.56–20.61 g/kg, 0.36–1.65 g/kg,

0.03–1.07 g/kg, 29.74–60.95 μm, 0.06–0.11 g/kg,

18.23–33.66 mg/kg and 4.38–10.66 mg/kg, respectively. The

threshold ranges for Carex meadow are 13.97–24.15%,

1.76–3.22 g/kg, 0.07–1.14 g/kg, 3.43–14.18 g/kg,

60.43–162.75 μm, 0.09–0.40 g/kg, 13.96–38.88 mg/kg and

1.75–10.57 mg/kg, respectively. The threshold ranges for

grass meadow are 6.46–20.50%, 3.00–14.00 g/kg,

0.11–0.73 g/kg, 2.50–11.13 g/kg, 50.04–150.29 μm,

0.07–0.23 g/kg, 18.74–52.33 mg/kg and 1.36–5.72 mg/kg,

respectively. The threshold ranges for weed grass meadow

are 10.70–24.11%, 3.12–7.35 g/kg, 0.05–0.37 g/kg,

2.31–8.74 g/kg, 35.57–111.96 μm, 0.07–0.32 g/kg,

22.91–66.98 mg/kg and 1.24–2.75 mg/kg, respectively.

This study highlights the obvious response of the salt meadow

vegetation in the inland area to the water content, salt content and

sand content (represented by particle size) of soil (but the response

to nutrient factors remains unclear). The distribution of vegetation

types is the result of various direct and indirect factors such as soil,

climate and topography. Some physical and chemical indexes of soil

are closely related to the structure and composition characteristics of

vegetation. The complex interspecific relationship in plant

community might be the cause of the dispersion of measured

indexes, reflecting the deficiency of single-index threshold

research. The index-coupling threshold based on control

experiment may need further investigation in the future.

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.

Author contributions

The first draft of the manuscript was written by MZ, Material

preparation, data collection, and data analysis were performed by

Frontiers in Environmental Science frontiersin.org12

Zhao et al. 10.3389/fenvs.2022.1050757

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1050757


CW. All authors contributed to the research concept and design,

and have read and approved the manuscript.

Funding

This work was supported by the National Natural Science

Foundation of China (No. 41761102).

Acknowledgments

The authors would like to express their gratitude to

EditSprings (https://www.editsprings.com/) for the expert

linguistic services provided.

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

Bai, W., Jiabo, H., Zunchun, Z., Ying, D., Xiaoyan, G., and Bei, J. (2014).
Ecological thresholds of Suadea heteroptera under gradients of soil salinity and
moisture in Daling river estuarine wetland. Chin. J. Ecol. 33 (01), 71–75. doi:10.
13292/j.1000-4890.20131220.0001

Barrett-Lennard, E. G. (2002). Restoration of saline land through revegetation.
Agric. Water Manag. 53 (1), 213–226. doi:10.1016/S0378-3774(01)00166-4

Bin, Q.,Wei, H., Tonghui, H., Zhitun, S., and Yanqiong, F. (2018). Analysis on the
diversity of halophyte plant community and soil salinity in beach wetland of Zhen-
lake of Ningxia. Acta Bot. Boreali-Occidentalia Sin. 38 (02), 324–331. doi:10.7606/j.
issn.1000-4025.2018.02.0324

Bossuyt, B., Honnay, O., and Hermy, M. (2003). An island biogeographical view
of the successional pathway in wet dune slacks. J. Veg. Sci. 14 (6), 781–788. doi:10.
1111/j.1654-1103.2003.tb02210.x

China Vegetation Editorial Committee (1980). Chinese vegetation. Sci. Press 14
(4), 658–666.

Fangyuan, C., Yongbo, C., Jiangshan, B., and Yanjing, L. (2020). Effects of
flooding and salt stress on the growth of Zizania latifolia. Chin. J. Ecol. 39 (05),
1484–1491. doi:10.13292/j.1000-4890.202005.037

Fangzhen, G., Chengzhang, Z., Juncang, Y., Jie, r., Junyi, M., and Ziqin, L. (2021).
Spatial heterogeneity of above-ground biomass in sugan lake wetland vegetation.
Acta eco. Sin. 41 (19), 7774–7784. doi:10.5846/stxb201909161918

Fauvel, M., Lopes, M., Dubo, T., Rivers-Moore, J., Frison, P.-L., Gross, N., et al.
(2020). Prediction of plant diversity in grasslands using Sentinel-1 and -2 satellite
image time series. Remote Sens. Environ. 237, 111536. doi:10.1016/j.rse.2019.111536

Fellows, A. W., and Goulden, M. L. (2017). Mapping and understanding dry
season soil water drawdown by California montane vegetation. Ecohydrology 10 (1),
e1772. doi:10.1002/eco.1772

Fengkui, Q., Yang, Z., Wanning, L., Heyang, H., and Guize, L. (2021). Soil
characteristics in wetland degradation areas and soil threshold calculation for
Suaeda salsa growth in liaohe estuary wetland. Chin. J. Soil Sci. 52 (05),
1085–1094. doi:10.19336/j.cnki.trtb.2021011401

Gabriel, d. B., Helios, S., Sanjuan, M. E., Rut, S. d. D., Jaime, M. V., and Alberto, R.
(2020). Abrupt fragmentation thresholds of eight zonal forest types in mainland
Spain. For. Ecol. Manag. 482, 118788. doi:10.1016/j.foreco.2020.118788

Guangcai, H., Zhenhong, Z., Xiao, yong W., Bei, G., and Lihe, Y. (2008).
Formation mechanism of inter ior drainage areas and closed drainage areas of
the Ordos Plateau in the middle reaches of the Yellow River , China based on an
analysis of the water cycle. Geol. Bull. China (08), 1107–1114. doi:10.3969/j.issn.
1671-2552.2008.08.002

Guo, W., Wang, R., Zhou, S., Zhang, S., and Zhang, Z. (2003). Genetic diversity
and clonal structure of Phragmites australis in the Yellow River delta of China.
Biochem. Syst. Ecol. 31 (10), 1093–1109. doi:10.1016/s0305-1978(03)00032-2

Guodong, C., Jiehua, C., Xia, J., Zhu, H., Yongchao, J., Zhang, X., et al. (2013).
Nalysis of soil physical properties under different vegetation types in the alluvial fan
area of Manas River watershed. Acta Ecol. Sin. 33 (01), 195–204.

Guoling, W. (2019). Characteristics of soil surfuce grain size along the agro-
pastoral transitional zone in Ordos plateau. Shanxi unversity. doi:10.7522/j.issn.
1000-694X.2019.00018

Haiyan, D., Zhibing, Z., Fengshan, L., and Bing, Y. (2013). Characteristics of
fractal variation of soil particle size in alar reclamation area during oasisization.Arid
zone Res. 30 (04), 615–622.

Hankins, J., Launchbaugh, K., and Hyde, G. (2004). Rangeland inventory as a tool for
science education. Rangelands 26 (1). doi:10.2458/azu_rangelands_v26i1_hankins

Iqbal, T. (2016). Rice straw amendment ameliorates harmful effect of salinity and
increases nitrogen availability in a saline paddy soil. J. Saudi Soc. Agric. Sci. 17 (4),
445–453. doi:10.1016/j.jssas.2016.11.002

Jianfeng, F., Chr, S. L., Olav, H. D., Zhiling, Z., Lin, Z., and Chr, S. N. (2021). A
threshold sea-surface temperature at 14°C for phytoplankton nonlinear responses to
ocean warming. Glob. Biogeochem. Cycles 35 (5). doi:10.1029/2020GB006808

Jie, P., Liyan, W., Hui, X., Wenjuan, C., and Yong, Y. (2015). Dynamic changes of
soil nutrients of salt-tolerant herbaceous plants in coastal saline soil. Chin. Agric. Sci.
Bull. 31 (18), 168–172.

Jingheng, G., Changjun, L., Fanjiang, Z., Bo, Z., Bo, L., and Zichun, G. (2016).
Relationship between root biomass distribution and soil moisture and nutrients of
two desert plants. Arid zone Res. 33 (01), 166–171. doi:10.13866/j.azr.2016.01.21

Jizhou, R., Dazhou, H., Ning, W., Xingyun, Z., and Zhenqing, L. (1995). Coupling
and modeling of desert-oasis grassland agricultural system. Acta prataculturae sin.
(02), 11–19.

Jizhou, R. (1997). Understanding the principle of sustainable development of
grassland agricultural system. Acta prataculturae sin. (04), 2–6.

Lei, D., and Qingfeng, L. (2014). Vegetation landscape pattern and interspecific
association of Chagannoor Lakeside in arid steppe region. Environ. Dev. 26 (05), 97–102.

Liu, Y., Wentao, C., Liming, L., Jihua, Z., Lianhe1, J., and Yuanrun, Z. (2018).
Characteristics of soil nutrients in abandoned croplands at different abandoned
years in the Ordos Plateau. Sci. Soil Water Conservation 16 (02), 39–46. doi:10.
16843/j.sswc.2018.02.006

Lu, T., Ma, K. M., Zhang, W. H., and Fu, B. J. (2006). Differential responses of shrubs
and herbs present at the Upper Minjiang River basin (Tibetan Plateau) to several soil
variables. J. Arid Environ. 67 (3), 373–390. doi:10.1016/j.jaridenv.2006.03.011

Mark, W., Brian, W., and Imanuel, N. (1989). Opportunistic management for
rangelands not at equilibrium. J. Range Manag. 42 (4), 266–274. doi:10.2307/3899492

May, R. M. (1977). Thresholds and breakpoints in ecosystems with a multiplicity
of stable states. Nature 269, 471–477. doi:10.1038/269471a0

Michelle, D., Suzanne, P., and Mike, B. (2007). Setting nutrient thresholds to
support an ecological assessment based on nutrient enrichment, potential primary
production and undesirable disturbance. Mar. Pollut. Bull. 55 (1-6), 65–73. doi:10.
1016/j.marpolbul.2006.08.030

Muge, C., Maosun, L., Zheng, H., Bin, C., Mingjuan, M., and Chi, X. (2009).
Distribution pattern of root biomass and inter-specific relationship in achnatherum

Frontiers in Environmental Science frontiersin.org13

Zhao et al. 10.3389/fenvs.2022.1050757

https://www.editsprings.com/
https://doi.org/10.13292/j.1000-4890.20131220.0001
https://doi.org/10.13292/j.1000-4890.20131220.0001
https://doi.org/10.1016/S0378-3774(01)00166-4
https://doi.org/10.7606/j.issn.1000-4025.2018.02.0324
https://doi.org/10.7606/j.issn.1000-4025.2018.02.0324
https://doi.org/10.1111/j.1654-1103.2003.tb02210.x
https://doi.org/10.1111/j.1654-1103.2003.tb02210.x
https://doi.org/10.13292/j.1000-4890.202005.037
https://doi.org/10.5846/stxb201909161918
https://doi.org/10.1016/j.rse.2019.111536
https://doi.org/10.1002/eco.1772
https://doi.org/10.19336/j.cnki.trtb.2021011401
https://doi.org/10.1016/j.foreco.2020.118788
https://doi.org/10.3969/j.issn.1671-2552.2008.08.002
https://doi.org/10.3969/j.issn.1671-2552.2008.08.002
https://doi.org/10.1016/s0305-1978(03)00032-2
https://doi.org/10.7522/j.issn.1000-694X.2019.00018
https://doi.org/10.7522/j.issn.1000-694X.2019.00018
https://doi.org/10.2458/azu_rangelands_v26i1_hankins
https://doi.org/10.1016/j.jssas.2016.11.002
https://doi.org/10.1029/2020GB006808
https://doi.org/10.13866/j.azr.2016.01.21
https://doi.org/10.16843/j.sswc.2018.02.006
https://doi.org/10.16843/j.sswc.2018.02.006
https://doi.org/10.1016/j.jaridenv.2006.03.011
https://doi.org/10.2307/3899492
https://doi.org/10.1038/269471a0
https://doi.org/10.1016/j.marpolbul.2006.08.030
https://doi.org/10.1016/j.marpolbul.2006.08.030
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1050757


splendens-sophora alopecuroides community in northwest China. Chin. J. Plant
Ecol. 33 (04), 748–754. doi:10.3773/j.issn.1005-264x.2009.04.013

Odland, A., Reinhardt, S., and Pedersen, A. (2015). Differences in richness
of vascular plants, mosses, and liverworts in southern Norwegian alpine
vegetation. Plant Ecol. Divers. 8 (1), 37–47. doi:10.1080/17550874.2013.
862751

Pan, K., Xu, Z., Blumfield, T. J., Totua, S., and Lu, M. (2008). In situmineral 15N
dynamics and fate of added 15NH4+ in hoop pine plantation and adjacent native
forest in subtropical Australia. J. Soils Sediments 8, 398–405. doi:10.1007/s11368-
008-0037-x

Panpan, W., Yanghong, L., and Xiaomen, Z. (2015). Responses of plant diversity
changes in the wetland of lake ebinur to salinity environment gradient. Ecol.
Environ. Sci. 24 (01), 29–33. doi:10.16258/j.cnki.1674-5906.2015.01.005

Qiang, H., Bao-Shan, C., XinSheng, Z., Hua-Ling, F., and Xiao-Lin, L. (2009).
Relationships between salt marsh vegetation distribution/diversity and soil
chemical factors in the Yellow River Estuary. Acta Ecol. Sin. 29 (02), 676–687.
doi:10.3321/j.issn:1000-0933.2009.02.016

Qiao, C. (2021). Study on vegetation distribution and driving factors of ordos
lake beach wetland master. Ningxia unversity. doi:10.27257/d.cnki.gnxhc.
2021.000202

Qiao, C., Tonghui, H., Xiaosai, Q., Yanqiong, F., Xiangquan, C., and Yushi, H.
(2020). Soil salinity characteristics and plant community diversity of lakeside salt
marshes in Haotong Yinchagannur and Subeinur. Wetl. Sci. 18 (04), 475–481.
doi:10.13248/j.cnki.wetlandsci.2020.04.012

Qiao, C., Tonghui, H., Anning, Z., Xiaosai, Q., Yanqiong, F., Xiangquan, C., et al.
(2021). Effects of soil salinity characteristics on three habitats in inland salt marshes.
J. Plant Res. 134 (5), 1037–1046. doi:10.1007/s10265-021-01328-x

Richardson, C. J., King, R. S., Qian, S. S., Vaithiyanathan, P., Qualls, R. G., and
Stow, C. A. (2007). Estimating ecological thresholds for phosphorus in the
Everglades. Environ. Sci. Technol. 41 (23), 8084–8091. doi:10.1021/es062624w

Ruihong, Z., Wentao, C., Ming, L., Lianhe, J., Yongji, W., and Yuanrun, Z. (2018).
Dynamics of soil physicochemicalproperties in shrub and grass communites in
Ordos plateau. Chin. J. Plant Ecol. 35 (06), 1352–1360. doi:10.11829/j.issn.1001-
0629.2017-0425

Shan, L., Song, C., Zhang, X., Wang, X., and Luan, Z. (2020). Responses of above-
ground biomass, plant diversity, and dominant species to habitat change in a
freshwater wetland of northeast China. Russ. J. Ecol. 51 (1), 57–63. doi:10.1134/
S1067413620010051

Shen, R., Lan, Z., Chen, Y., Leng, F., Jin, B., Fang, C., et al. (2019). The effects of
flooding regimes and soil nutrients on lakeshore plant diversity in a pristine lake
and a human managed lake in subtropical China. J. Freshw. Ecol. 34 (1), 757–769.
doi:10.1080/02705060.2019.1687340

Sim, L. L., Chambers, J. M., and Davis, J. A. (2006). Ecological regime
shifts in salinised wetland systems. I. Salinity thresholds for the loss of
submerged macrophytes. Hydrobiologia 573 (1), 89–107. doi:10.1007/
s10750-006-0267-0

Stéfano, Z.-A., and Oliveira, F. V. d. (2021). Ecological thresholds of periphytic
communities and ecosystems integrity in lower Doce River basin. Sci. Total Environ.
796, 148965. doi:10.1016/j.scitotenv.2021.148965

Tao, S., Fang, J., Zhao, X., Zhao, S., Shen, H., Hu, H., et al. (2015). Rapid loss of
lakes on the Mongolian Plateau. Proc. Natl. Acad. Sci. U. S. A. 112 (7), 2281–2286.
doi:10.1073/pnas.1411748112

Ting,W., Yongchao, Z., and Zhichong, Z. (2020). Characteristics of the vegetation
community and soil nutrient status in a degraded alpine wetland of qinghai-tibet
plateau. Acta prataculturae sin. 29 (04), 9–18.

Tonghui, H., Naizhou, W., Yinzhou, H., and Hongyi, C. (2010). Changes of
surface water environment retrieved from the ancient city of mu us sandy land.
J. desert Res. 30 (03), 471–476.

Tonghui, H., Zhi, C., Yufeng, Z., Juanhong, Z., Rui, L., and Yongquan, Z.
(2013). Characteristics and influencing factors of plant diversity in ditches in
Yinchuan Plain. Wetl. Sci. 11 (03), 352–358. doi:10.3969/j.issn.1672-5948.
2013.03.008

Waksman, S. A. (1930). Impressions of certain soil conferences in europe, during
the summer of 1929, and some plans for the Second international congress of soil
science in 1930. Soil Sci. 29 (1), 85. doi:10.1097/00010694-193001000-00007

Wang, C., Ren, F., Zhou, X., Ma, W., Liang, C., Wang, J., et al. (2020). Variations
in the nitrogen saturation threshold of soil respiration in grassland ecosystems.
Biogeochemistry 148, 311–324.

Xiaojiang, C. (2016). Dynamic and mcosystem function research of the lakes in
ordos plateau. inne rmongolia unversity. doi:10.7666/d.Y3027181

Xingshi, Z. (1994). The ecological background of the Mu Us Sandy Land and the
principles and optimization modes of its grassland construction. Acta phytocologica
sin. (01), 1–16.

Yanqiong, H., Tonghui, H., Xiangqun, C., Qiao, C., and Yushi, H. (2020). Study
on the relationship between plant diversity and soil texture and sality of saline
meadow community. Acta agresstia sin. 28 (06), 1682–1689. doi:10.11733/j.issn.
1007-0435.2020.06.023

Yara, S., Piero, V., and Ken, N. (2021). Detecting ecological thresholds for
biodiversity in tropical forests: Knowledge gaps and future directions. Biotropica
53 (5), 1276–1289. doi:10.1111/btp.12999

Yingjuan, Z., Yinyue, H., and Si-qinhua, W. (2012). Soil nutrition in rhizosphere
of four desert rare shrub species in western Ordos. Bull. Soil Water Conservation 32
(02), 52–55.

Yuefei, X., Yixi, Cuomu, Hao, C., Yanjun, M., Jun, c., Tianming, H., et al.
(2012). Response of plantdiversity and soil nutrient to grazing intensity in
kobresia pygmaea meadow of Qinghai-Tibet plateau. Acta agrestia sin. 20 (06),
1026–1032.

Zengming, K., Lihui, M., Feng, J., Xiaoli, L., Zheng, L., and Zhanli, W. (2021).
Multifractal parameters of soil particle size as key indicators of the soil moisture
distribution. J. Hydrology 595, 125988. doi:10.1016/j.jhydrol.2021.125988

Zhang, Y. H. (2019). Life science research - ecology; reports outline ecology
findings from nanjing Institute of geography and limnology (research on ecosystem
health assessment indices and thresholds of a large yangtze-connected lake, poyang
lake). Ecol. Environ. Conservation.

Zhao, H.-L., Yi, X.-Y., Zhou, R.-L., Zhao, X.-Y., Zhang, T.-H., and Drake, S.
(2005). Wind erosion and sand accumulation effects on soil properties in Horqin
Sandy Farmland, Inner Mongolia. Catena 65 (1), 71–79. doi:10.1016/j.catena.2005.
10.001

Zhen, H., Shiyan, W., Xiaobo, L., Wenqi, H., Gang, G., and Aiping, H. (2019).
Ecological thresholds of vegetation in the dominant wetlands of Poyang Lake based
on the gradient of flooding duration. J. hydraulic Eng. 50 (02), 252–262. doi:10.
13243/j.cnki.slxb.20181052

Zhenchao, Z., Yu, L., Jian, S., and Gao-Lin, W. (2021). Suitable duration of
grazing exclusion for restoration of a degraded alpine meadow on the eastern
Qinghai-Tibetan Plateau. Catena 207. 105582, doi:10.1016/J.CATENA.2021.
105582

Zhitun, S., Chunyan, W., Tonghui, H., Bin, Q., Yanqiong, F., and Xiaoping, W.
(2019). Soil nutrient characteristics and plant response in meadow wetland of
yinchuan plain. Arid zone Res. 36 (04), 816–823. doi:10.13866/j.azr.2019.04.04

Zhu, Q., Castellano, M. J., and Yang, G. (2018). Coupling soil water processes and
the nitrogen cycle across spatial scales: Potentials, bottlenecks and solutions. Earth-
Science Rev. 187, 248–258. doi:10.1016/j.earscirev.2018.10.005

Zuoming, S., Shirong, L., and Ruimei, C. (2004). Characteristics of soil carbon and
nitrogen of four plant community types in erdos inner Mongolia. Sci. silvae Sin.
(02), 21–27. doi:10.3321/j.issn:1001-7488.2004.02.004

Frontiers in Environmental Science frontiersin.org14

Zhao et al. 10.3389/fenvs.2022.1050757

https://doi.org/10.3773/j.issn.1005-264x.2009.04.013
https://doi.org/10.1080/17550874.2013.862751
https://doi.org/10.1080/17550874.2013.862751
https://doi.org/10.1007/s11368-008-0037-x
https://doi.org/10.1007/s11368-008-0037-x
https://doi.org/10.16258/j.cnki.1674-5906.2015.01.005
https://doi.org/10.3321/j.issn:1000-0933.2009.02.016
https://doi.org/10.27257/d.cnki.gnxhc.2021.000202
https://doi.org/10.27257/d.cnki.gnxhc.2021.000202
https://doi.org/10.13248/j.cnki.wetlandsci.2020.04.012
https://doi.org/10.1007/s10265-021-01328-x
https://doi.org/10.1021/es062624w
https://doi.org/10.11829/j.issn.1001-0629.2017-0425
https://doi.org/10.11829/j.issn.1001-0629.2017-0425
https://doi.org/10.1134/S1067413620010051
https://doi.org/10.1134/S1067413620010051
https://doi.org/10.1080/02705060.2019.1687340
https://doi.org/10.1007/s10750-006-0267-0
https://doi.org/10.1007/s10750-006-0267-0
https://doi.org/10.1016/j.scitotenv.2021.148965
https://doi.org/10.1073/pnas.1411748112
https://doi.org/10.3969/j.issn.1672-5948.2013.03.008
https://doi.org/10.3969/j.issn.1672-5948.2013.03.008
https://doi.org/10.1097/00010694-193001000-00007
https://doi.org/10.7666/d.Y3027181
https://doi.org/10.11733/j.issn.1007-0435.2020.06.023
https://doi.org/10.11733/j.issn.1007-0435.2020.06.023
https://doi.org/10.1111/btp.12999
https://doi.org/10.1016/j.jhydrol.2021.125988
https://doi.org/10.1016/j.catena.2005.10.001
https://doi.org/10.1016/j.catena.2005.10.001
https://doi.org/10.13243/j.cnki.slxb.20181052
https://doi.org/10.13243/j.cnki.slxb.20181052
https://doi.org/10.1016/J.CATENA.2021.105582
https://doi.org/10.1016/J.CATENA.2021.105582
https://doi.org/10.13866/j.azr.2019.04.04
https://doi.org/10.1016/j.earscirev.2018.10.005
https://doi.org/10.3321/j.issn:1001-7488.2004.02.004
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1050757

	Soil characteristics and response thresholds of salt meadow on lake beaches of the Ordos platform
	Introduction
	Research methods
	Overview of the study area
	Experimental design and determination methods
	Data statistics and analysis

	Analysis of results
	Main community of meadow vegetation on lake beaches
	Diversity of salt meadow on lake beaches
	Physical and chemical properties of salt meadow soil on lake beaches
	Water content, pH value and total salt content of soil
	Salt composition of soil
	Particle size of soil
	Nutrient characteristics of soil

	Correlation between physical and chemical properties of soil and vegetation on salt meadow soil on lake beaches
	Ecological threshold of salt meadow soil on lake beaches
	Ecological thresholds of water, salt, and sand in the salt meadow soil on lake beaches
	Ecological response threshold of nutrients in salt meadow soil on lake beaches


	Discussion
	Diversity and significance of salt meadow vegetation on lake beaches
	Physical and chemical properties of salt meadow soil on lake beaches
	Ecological response threshold of key influencing factors of salt meadow soil on lake beaches

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


