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Abstract Ecologic patterns and community succession
are generally controlled by hydrologic mechanisms, espe-
cially for plant distributions which are sensitive to habitat
conditions. The hydrology characteristics of ecosystems
mainly influenced plant ecological processes in water and
salinity changes. In this paper, we analyzed the composi-
tion and characteristic of natural plant community, divided
the plant community classes and discussed the effect of
water and salinity gradients on plant species and commu-
nity classes in Ejina Desert Oasis. The results demonstrated
that Populus euphratica, Tamarix chinensis and Phrag-
mites communis were the most important plant species that
had the highest important values among forest, shrubs and
herbaceous. Six plant community patterns were classified
by cluster analysis in Ejina Desert Oasis. Species richness
and species diversity were the highest near West River and
East River channels of the core oasis area. The distribu-
tions of plant community were mainly influenced by the
following factors: distance from river channel, groundwa-
ter level, soil water content, soil salinity and groundwater
salinity. The water and salinity factors, which controlled
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the distributions of plant, were the main driving forces for
ecosystem succession. The plant community succession is
becoming toward the type of shrub + herb or low shrub
with very drought-tolerant from the type of forest +
shrub + herb with tall and high water consumption, when
habitat conditions change from good to poor. The water
gradients had more significant and more directed effect
than salinity gradients on plant species and communities.

Keywords Water and salinity gradients - Species
composition - Community succession - Ejina Desert Oasis

Introduction

Desert oasis is an important ecosystem in arid and semi-
arid areas, especially for desert riparian forest which
dominates the riparian ecosystems (Yang et al. 2009).
Desert riparian forest is quite important for us to maintain
the biodiversity of local ecosystem and also is the core
component of arid inland basin ecosystems where crucial
energy and matter cycles happen at all time (Li et al. 2013).
The desert riparian forest provides important habitats for
many plants and animals in arid or semi-arid region.
Water is a key factor for restoration of ecosystems in
arid regions (Zhou et al. 2010). Changes of hydrological
processes could cause the alterations of vegetation pattern
(Zhao et al. 2004; Hao et al. 2013). The key components of
hydrological process include rainfall (Devoto et al. 2009;
Mabharjan et al. 2011), surface water (Zenner et al. 2012;
Sun et al. 2012), groundwater (Chen et al. 2006; Fan et al.
2011) and soil water content (Laudicina et al. 2012;
Kammer et al. 2013), and any changes of them would
change current water gradients of habitat and further have
significant impact on plant communities. These effects are
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mainly manifested in the following aspects, such as chan-
ges of plant species diversity (Kammer et al. 2013), plant
species distribution (Nucci et al. 2012), plant community
(Zhang et al. 2013) and community composition (Wal-
bridge 1994). Above research results about the relation-
ships between plant communities and water gradients
would help to understand the present habitat conditions and
identify future changes (Mcllroy and Allen-Diaz 2012).

Generally, salinity shouldn’t be neglected as a factor
affecting plant community, especially in the ecology of
deserts and wetlands where its importance is obviously
given the prevalence of halophytes (Bui 2013). Soil salinity
reduces primary production of some natural grass ecosys-
tems and affects allocation of resources to plant repro-
ductive structures (Onkware 2000). The magnitude and rate
of plant community response to salinity fluctuations also
depended on the structure and composition of the existing
plant community (Wetzel et al. 2004). Several studies have
been carried out on the effect of salinity on plant species
(Gonzalez-Alcaraz et al. 2014), and the results showed that
salinity significantly affected the spatial distribution of
plant species in riparian area and desert region. Meanwhile,
the study about the relationships between soil salinity and
community structure has been carried out (Cardinale 2011),
the results revealed that each species had very specific
relations to different environmental variables, and these
relations were reflected in habitat status, ecological adap-
tations and stress tolerance degree of individual species
(Naz et al. 2010). Groundwater salinity was also identified
as an important factor affecting plant species composition
(Guha and Panday 2012). On the whole, it can be con-
cluded that salinity influences the distribution of species by
changing their habitats.

The environment has changed remarkably in recent
decades with cease to flow in the Heihe River, drying-up of
lakes, groundwater level declines, vegetation degeneration,
atrophy of natural oasis, desertification and frequent sand
storms in Ejina desert oasis of northwestern China under the
conditions of global climate change and human activities
intensified (Zhao et al. 2004). Significant changes have
taken place in salinity concentration and availability water
resource in Ejina Desert Oasis. The availability water
resource and salinity are the key factors that affect plant
growth and community succession at arid regions (Chen
et al. 2006; Zhang et al. 2013). The ecosystem of Ejina
Desert Oasis that has been severely vulnerable will face
enormous threatens (Fu et al. 2013). A number of studies
reported the impacts of water environmental factors on the
ecosystem in Ejina Desert Oasis (Wang et al. 2011). How-
ever, the study about plant community composition and
succession under water and salinity gradients is very little as
we know in this study area. There is also little research on the
combined effect of water and salinity on plant community.
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The objectives of the current study are to: (1) analyze
the major controlling factors on plant community succes-
sion; (2) improve understanding of plant community suc-
cession along water and salinity gradients in Ejina Desert
Oasis; (3) speculate the succession stages in present and
future so as to bring the different rehabilitation programs
for damaged ecosystem, thus to reverse the succession of
phenomena, to accelerate the succession process and to
restore the ecosystem. The study is to analyze the com-
position and characteristic of natural plant community,
divide the classes of plant community in study area and
discuss the effects of water gradients and salinity gradients
on plant species and community classes.

Study area

The study area is located in the lower reaches of the Heihe
River Basin, northwest of China (Fig. 1), ranges from the
Langxin Mountain to the East Juyan Lake and West Juyan
Lake (40°00'—42°30'N; 99°30/'~103°00'E). The study area
belongs to the western Alashan highland, Inner Mongolia,
which is made up of a series of mid- or low denudation
mountains, proluvial fan dry delta and basin. Its altitude
above sea level ranges from 890 m to 1200 m. The site of
the lowest altitude is located in East Juyan lake of the study
area northeastern. The highest site is on the top of
Langxinshan mountain that locates in the southern part of
the study area. The streambed is wide and shallow with low
and ephemeral runoff. Typical desert riparian forest,
shrubbery and pratoherbosa meadow vegetation grow
along the Heihe River, and the vegetation patterns mainly
include Populus euphratica forest, P. euphratica—Tamarix
chinensis mixed forest and 7. chinensis forest.

The region is representative of extreme drought sub-
region with sparse precipitation and intense evaporation. It
is dry and cold in winter and spring, but becomes extre-
mely hot in summer and autumn. The region has long
sunshine duration and frequent sand storms. According to
observational data of Ejina weather station, the annual
average  precipitation is  approximately 34 mm
(1960-2012), with the maximum and minimum of 101 and
7 mm, respectively. The precipitation mostly occurs during
June to September. The average annual pan evaporation is
about 3218 mm (1960-2012).

Materials and methods

Collection and analysis of samples

The sampling plots were surveyed from July 5 to July 23,
2011, in Ejina Oasis, the lower reaches of the Heihe River
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Fig. 1 Location map of the study area showing the sampling locations

Basin. In total, 309 quadrats were sampled in 61 sampling  human disturbance conditions were also investigated in
plots (24 forest sample plots, 26 shrub sample plots and 11 each quadrats.

herbaceous sample plots) (Figs. 1, 2). It should be noted Soil physical and chemical properties were obtained
that the area of each forest sampling plot was  through soil survey. Soil section was divided into eight
100 m x 100 m where five 20 m x 20 m quadrats were  layers with 20-cm intervals from 0 to 160 cm. Soil samples
selected along diagonal of the sampling plot. The area of = were sampled from each layer for each sample plot. Lab-
shrubs sample plot is 50 m x 50 m where five  oratory analysis methods were used to obtain soil salinity.
10 m x 10 m quadrats were sampled same as forest  The details were shown as follows: Milli-Q water was used
quadrats. The area of herbaceous quadrats is 1 m x 1 m,  for cleaning containers and sample-processing equipment.
and total five quadrats were done randomly in each  Samples were diluted in closed polyethylene containers
herbaceous sample plot. The details of the sampling  and analyzed for cations (Na*, K, Ca?* and Mg*") and

methods can be found in Feng et al. (2013). anions (C1~, NO;~ and SO,>7) with a Dionex ICS-5000
The vegetation community was divided into forest layer, ion chromatograph. The analyzing columns used for the
shrub layer and herbaceous layer so as to facilitate mea-  cations and anions were AS11-HC and CS12A, and pro-

surements and analysis. For forest layer, the trees with  tecting columns were AG11-HC and CG12A, respectively.
diameter at breast height (DBH) larger than 5 cm were  The injected volume was 25 pL according to the concen-
investigated in sampling quadrats, while the shrubs whose  tration of sample. Eluents used for cations and anions were
basal diameter (BD) is less than 5 cm were sampled in ~ methanesulfonic acid and sodium hydroxide with concen-
shrub sampling quadrats. trations of 20 and 30 mM, respectively. Blanks were reg-

The parameters of diameter at breast height, height and  ularly monitored during the sample analysis, and all blanks
canopy area were investigated for forest layer. The cluster ~ were found to be lower than detection limits. Analytical
number, canopy area, basal diameter and height were  imprecision was calculated (by replicate measurements of

investigated for shrub layer. For herbaceous vegetation,  standards) to be within 10 % of the average concentration
cluster number, average coverage and height were sur-  levels found in the samples. Soil hydraulic properties such
veyed. Other data including longitude, latitude, elevation, as field capacity and saturated water content were mea-

aspect, slope position, gradient, thickness of soil layer,  sured by oven drying method. Groundwater depths were
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Fig. 2 a Desert riparian forest (P. euphratica + T. chinensis + S.
alopecuroides); b desert riparian forest (P. euphratica + P. commu-
nis); ¢ desert riparian shrubbery (7. chinensis); d desert riparian

observed through manual measuring and automatic
recording by Hobo U20.

Data analysis methods
In this study, important value index was used, and it can be

defined as (Giliba et al. 2011):

Importance value index
= Relative abundance + Relative frequency

+ Relative dominance (or Relative basal cover)

where Relative dominance (or Relative basal cover) is
calculated following as the diameter at breast height (DBH)
for tree, the basal diameter (BD) for shrub and herbaceous.
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meadow (S. alopecuroides); e wet grassland (P. communis); f N.
tangutorum shrub island

Species richness and diversity

Four kinds of species diversity index were selected,
according to the application extent and the reflection ability
of species diversity index (Simpson 1949):

Margalef abundance index (R,):R,, = (S—1)/InN
Simpson, diversity index (Ds): Ds = 1 — ZPi

Shannon-Weiner diversity index (H'): H' = — Z P;InP;

Pielou evenness index (Jsw):Jsw = H'/InS

where N is total number of individuals observed; S is the
species in the community or samples; P; is the ratio of the
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ith kind number and the total number of samples (in
accordance with abundance), or the relative important
values for the ith (according to the important value).

Plant community composition and gradients analysis

Species cluster analysis method was used to classify the
plant community of study area based on the important
values of species for all sample plots (Sun et al. 2011) by
PC-ORD 4.0. Detrended canonical correspondence analy-
sis (DCCA) and partial detrended canonical correspon-
dence analysis (partial DCCA) were chosen to study the
relationships between the community composition and
water and salinity gradient factors by the ordination pro-
gram CANOCO 4.5 Software (Centre for Biometry,
Wageningen, Netherland, Braak and Smilauer 2002).
Monte Carlo test with 1000 permutations was employed to
determine the significance of the canonical axes (Lep and
Smilauer 2003). The analysis method of spatial interpola-
tion was also performed on groundwater level data
obtained from Xi et al. (2010a) with the ArcMap 10.

Results
Analysis of plant community composition
Plant composition of Ejina Desert Oasis

The plant composition of Ejina Desert Oasis was classified
as forest, shrub and herbage (Table 1). Thirty-seven spe-
cies were identified in the samples, including 2 forest
species, 9 shrub species and 26 herbaceous species. They
belong Asclepiadaceae (1 species), Chenopodiaceae (9
species), Compositae (6 species), Elaecagnaceae (1 species),
Ephedraceae (1 species), Gramineae (5 species), Legumi-
nosae (5 species), Polygonaceae (1 species), Salicaceae (1
species), Solanaceae (1 species), Tamaricaceae (2 species)
and Zygophyllaceae (4 species). Eight herbaceous species
appeared only once when we investigated, so they were
eliminated from all species in this study. The results
showed that the relative abundance, relative frequency and
relative basal cover of P. euphratica were far larger than
the Elaeagnus angustifolia in tree layer, and the important
value of P. euphratica was 294.718 %. In shrub layer, the
important value of T. chinensis was 157.427 %, ranked No.
1 in all shrub species, and its relative abundance, frequency
and basal cover were also the largest; the important values
of Nitraria tangutorum and Lycium ruthenicum ranked
second and third, respectively. The species whose impor-
tant values ranked top three were Phragmites communis,
Sophora alopecuroides and Glycyrrhiza uralensis in
herbaceous layer. Although the relative frequency of

Peganum harmala ranked third, its relative abundance and
relative basal cover ranked ninth, so that the important
value of P. harmala occupied the fifth.

The main classification of plant community

Six plant community classes were classified by cluster
analysis in Ejina Desert Oasis (Fig. 3; Table 2): Class I: P.
euphratica + T. chinensis + S. alopecuroides, G. uralen-
sis, P. harmala (P. communis or Achnatherum splendens).
It was shown that P. euphratica (main storey) and 7. chi-
nensis (understory shrubs) were the constructive species of
the plant community, with the addition of herbaceous layer.
Class I included six subclasses with 19 sample plots (99
quadrats) (Table 2) that were mainly distributed in the core
oasis area near river channel (Fig. 3). The results of species
diversity index for Class I showed that the averages of
Shannon—Wiener, Margalef’s and Simpson’s diversity (1-
Dominance) were all the largest in all of plant community
classes; they were about 0.522 £ 0.301, 0.279 &£ 0.148
and 0.300 £ 0.169, respectively. The average of Simp-
son’s Diversity (1/Dominance) was the second largest in all
classes with 1.638 £ 0.473. The Evenness of Class I was
0.679 £+ 0.205, the Richness’s was 2.689 £ 1.129, ranked
fourth and first respectively in all classes (Fig. 4).

Class II: P. euphratica + S. alopecuroides or P.
euphratica as constructive species with the addition of
herbaceous layer. It included two subclasses with 6 sample
plots (30 quadrats) (Table 2). These sample plots were
mainly distributed in the core oasis area near East river
(Fig. 3). The average values of Shannon—Wiener, Mar-
galef’s, Simpson’s Diversity (1/Dominance) and Simpson’s
Diversity (1-Dominance) for Class II were 0.216 4 0.125,
0.137 &+ 0.080, 1.227 & 0.122 and 0.135 % 0.076 respec-
tively, ranked fifth, fourth, fifth and fifth, respectively. The
Evenness of Class II was 0.631 £ 0.245, the Richness’s
was 2.133 £ 0.873, ranked fifth and fourth in all classes
(Fig. 4).

Class III was N. tangutorum, Haloxylon ammodendron,
L. ruthenicum (Karelinia caspica) + S. alopecuroides, A.
cristatum, Kalidium foliatum, P. harmala. There were in
total four subclasses with eight sample plots (40 quadrats)
(Table 2). These sample plots were mainly distributed in
the lower reaches of East river and West river, as well as
Gurinai and Guaizi lakes (Figs. 1, 3). The average values
of Shannon—Wiener, Simpson’s Diversity (1/Dominance)
and Simpson’s Diversity (1-Dominance) for Class III were
0.263 £ 0.319, 1.307 &+ 0.371 and 0.157 % 0.188 respec-
tively, all of them ranked the fourth largest in all classes.
The average of Margalef’s was 0.102 £ 0.128 and ranked
fiftth in all classes. The Evenness of species was
0.840 + 0.188, ranked second in all classes. The Richness
was 1.75 £ 0.906, ranked fifth (Fig. 4).
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Table 1 Importance value

index (IVI/%). relative No. Species RA RF RBC VI Rank

abundance (RA/%), relative Populus euphratica Oliv. 99.435 96364 9892 294718 1

frequency (RF/%), relative basal o

cover (RBC/%) and rank of 2 Elaeagnus angustifolia L. 0.565 3.636 1.08 5.282 2

species in study area Tree layer 100 100 100 300
1 Tamarix chinensis L. 4433 45.455 67.643 157.427 1
2 Ephedra przewalskii Stapf 0.161 1.347 0.399 1.907 8
3 Nitraria tangutorum Bobr. 28.221 16.835 17.101 62.158 2
4 Haloxylon ammodendron Bge. 2.343 8.418 6.343 17.104 4
5 Calligonum mongolicum Turcz 1.074 6.397 2.489 9.961 6
6 Sarcozygium xanthoxylum Bge. 0.537 3.704 0.526 4.767 7
7 Lycium ruthenicum Murr. 21.722  9.428 4.701 35.85 3
8 Reaumuria soongorica Maxim. 1.558 8.081 0.768 10.406 5
9 Salsola arbuscula Pull 0.054 0.337 0.03 0.421 9

Shrub layer 100 100 100 300
1 Sophora alopecuroides L. 10.217 25.402 29.217 64.836 2
2 Peganum harmala L. 1.054 11.576 0.888 13.517 5
3 Achnatherum splendens Nevski 0.253 6.752 1.723 8.728 7
4 Phragmites communis Trin. 69.387 15.756 40.298 125.44 1
5 Glycyrrhiza uralensis Fisch. 6.493 7.395 11.993 25.881 3
6 Alhagi sparsifolia Shap. Ex Kell. Et Shap.  0.275 6.431 0.231 6.937 10
7 Karelinia caspica Less. 1.169 5.788 9.823 16.78 4
8 Artemisia arenaria DC. 0.011 1.286 0.658 1.955 15
9 Kalidium foliatum Moq. 0.088 1.929 0.074 2.092 13
10 Artemisia annua L. 0.002 0.322 0.001 0.324 17
11 Suaeda glauca Bge. 0 0.322 0 0.322 18
12 Swainsonia salsula Taub. 0.396 0.643 0.332 1.371 16
13 Zygophyllum fabago L. 0.377 8.682 0.35 9.408 6
14 Agropyron cristatum Gaertn. 3.276 2.251 1.729 7.256 8
15 Oxytropis glabra DC. 0.079 1.929 0.066 2.074 14
16 Sonchus oleraceus L. 3.644 2.251 1.284 7.179 9
17 Cynanchum chinense R.Br. 1.467 0.643 1.231 3.342 11
18  Aeluropus littoralis Parl.var. 1.812 0.643 0.102 2.557 12
Herb layer 100 100 100 300

Class IV included Calligonum mongolicum, H.
ammodendron (Reaumuria soongorica, N. tanguto-
rum) + Zygophyllum  fabago. It was shown that
shrubs + herbaceous (Z. fabago) was the main pattern in
the plant communities. It included four subclasses with five
sample plots (25 quadrats) (Table 2). These sample plots
were mainly distributed around of Gurinai (Fig. 3). The
four kinds of species diversity index for Class IV were all
ranked third in six classes. The Evenness of Class IV was
0.546 + 0.191 that was in last place in six classes (Fig. 4).

Class V was (N. tangutorum, R. soongorica, H.
ammodendron, C. mongolicum) + P. communis (Z.
fabago). It included four subclasses with nine sample plots
(45 quadrats) (Table 2). They were mainly scattered
around Gurinai and Guaizi Lake (Fig. 3). The four kinds of
species diversity index for Class IV were all the smallest in

@ Springer

six classes except Evenness. The Evenness of Class IV was
0.924 + 0.161 that was the largest in all classes’ (Fig. 4).

Class VI was consisted of (E. angustifolia) + T. chi-
nensis (L. ruthenicum, S. xanthoxylum, R. soongorica, N.
tangutorum) + A. sparsifolia, S. alopecuroides, K. caspica
(A. splendens, P. harmala, P. communis). It was shown that
T. chinensis (understory shrubs) was the constructive spe-
cies in the plant community with the addition of herba-
ceous layer. It included eight subclasses with 14 sample
plots (70 quadrats) that were mainly distributed in the core
oasis area near river channel, East Juyan Lake and Swan
Lake (Table 2; Fig. 3). The species diversity index of Class
VI showed that the averages of Shannon—Wiener, Mar-
galef’s, and Simpson’s Diversity (1-Dominance) were all
the second largest in all of classes’, were about
0.501 + 0.448, 0.229 +£0.215 and 0.275 £ 0.238
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Fig. 3 Spatial distribution of sample plots for different plant community classes in Ejina Desert Oasis

respectively. The average of Simpson’s Diversity (1/
Dominance) was the largest in all classes, with
1.639 + 0.666. The Evenness of Class VI was
0.733 £ 0.214, and the Richness of Class VI was
2.700 £ 1.588; the Evenness and Richness of Class VI
ranked separately third and first in all classes’ (Fig. 4).

These results indicated that the species of plant com-
munities were rich relatively for Class I and Class VI;
especially for Class I, the structure of plant community was
made up of tree + shrub 4 herbaceous and its constructive
species were P. euphratica and T. chinensis. These plant
communities distributed near river where the water condi-
tions were very suitable for plant growth. The Evenness of
plant communities of Class V and Class III was higher than
other classes, this is because there are less species even
single species that grew in those plots under the conditions
of either poorer water or higher salinity conditions.

The relationship between water gradients
and species

In order to quantitatively research the relationships of
water gradients and plant species in Ejina Desert Oasis,
DCCA method was performed in this study. Distance from
the river channel (DistR), groundwater level (GWL) and
soil water content (SWC) were chosen as the water gra-
dient factors. As shown in Fig. 5, hollow triangles repre-
sent species, and red arrow lines represent water gradient

factors. The angles between the arrow lines could be used
to calculate the correlations between the water gradient
factors. The correlation coefficient is equal to the cosine
value of the angles. The distance between the hollow tri-
angles approximates the Chi-square distance between the
species distributions in the biplot scaling, and the larger the
distance was between hollow triangles, the more different
the species distribution was (Jan leps and Petr Smilauer
2003). Through projecting the species onto the arrow lines,
we can get approximate orders of those species’ optima
relative to different water gradients.

The results of species—environment variables (i.e., water
gradients) biplot ordination are shown in Fig. 5a, and the
species—environment correlation was 0.721 in first canon-
ical axis, Monte Carlo test of all canonical axes F-ra-
tio = 2.011, p value = 0.004. The factor of distance from
river channel was significantly negatively correlated with
the factors of groundwater level depth as well as soil water
content. The factor of GWL showed a positive correlation
with the factor of SWC. The species of A. splendens, A.
sparsifolia and S. alopecuroides had smaller difference of
distribution relative to constructive species of P. euphrat-
ica and T. chinensis than the species of A. cristatum, P.
communis, K. caspica, C. mongolicum, R. soongorica with
the constructive species. The difference in distribution
between T. chinensis and P. enphratical was smaller than
the difference between other kinds of species in shrub layer
with P. enphratical.

@ Springer



138 Page 8 of 16

Environ Earth Sci (2016) 75:138

Table 2 Plant community classification, community composition and including plots

Community classification Subclasses Name Sample plots
Class I i Pop eup + Tam chi + Sop alo 1, 7, 32, 47, 24, 40
il Pop eup + Tam chi 2,4, 16, 22
iii Pop eup + Tam chi + Ach spl, Peg har, Sop alo 14
iv Pop eup + Tam chi + Phr com 21
v Pop eup + Tam chi + Peg har, Sop alo 9, 33, 41
vi Pop eup + Tam chi + Gly ura 10, 11, 12, 13
Class II i Pop eup + Sop alo 18, 44, 19, 48
ii Pop eup 23, 43
Class III i Lyc rut +Peg har 3,35
ii Kar cas 8
iii Hal amm, Nit tan + Kal fol 38, 50
iv Nit tan + Sop alo, Agr cri 26, 59, 61
Class IV i Rea soo, Hal amm + Zyg fab 52
ii Nit tan, Cal mon + Zyg fab 55
iii Cal mon + Zyg fab 56
iv Cal mon, Hal amm + Zyg fab 57, 58
Class V i Phr com 28, 36, 37, 53, 54, 60
ii Phr com, Zyg fab 51
iii Nit tan, Rea soo + Phr com 34
iv Hal amm, Cal mon + Phr com 49
Class VI i Tam chi + Kar cas, Alh spa 5, 31
ii Tam chi, Lyc rut + Ach spl, Peg har 25
il Tam chi 27, 42, 29
v Tam chi + Alh spa, Phr com 17, 30, 39
v Tam chi, Sar xan, Rea soo + Alh spa, Ach spl 20
vi Ela ang + Tam chi, Nit tan 4+ Sop alo 6
vii Tam chi + Sop alo 15, 46
viii Sop alo 45

For species in herbaceous layer, there was smaller dif-
ference among A. splendens, S. alopecuroides and A.
sparsifolia with P. enphratical than other herbaceous spe-
cies with P. enphratical. It can be seen that P. enphratical
was predicted to have its optimum with respect to envi-
ronmental variable SWC at higher values than other spe-
cies based on the results of relationship between species
with environmental variables. The species of 7. chinensis
and P. enphratical were predicted to have their optima with
respect to environmental variable GWL at higher values
than other species. The species of N. tangutorum, E.
angustifolia, G. uralensis and L. ruthenicum would reach
their optima as the distance increases away from river
channel (Fig. 5a).

In order to eliminate the influence of salinity gradient on
species changes, partial DCCA was used to analyze the
influence of water gradients on plant communities. The
species—environment correlation was 0.691 in first canon-
ical axis, Monte Carlo test of all canonical axes F-ra-
tio = 1.907, p value = 0.01 (seeing Fig. 5b; Table 3). The
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results showed that the species of A. cristatum, A. splen-
dens and S. alopecuroides were predicted to have their
optimums than P. enphratical when the environmental
variable SWC reached at higher values, and the species of
P. enphratical, S. alopecuroides and T. chinensis were
deemed to have optima with larger value of GWL. The
species G. uralensis and N. tangutorum had the optima
than other species’ with higher value of environmental
variable DistR.

The distribution characteristic of plant species
along salinity gradients

In order to quantify the influence of salinity gradients on
the plant community, groundwater salinity (GW Salt) and
soil salinity (Soil Salt) were chosen as the salinity gradient
factors in Ejina Desert Oasis. The results of species—envi-
ronment variables (salinity gradients) biplot ordination are
shown in Fig. 6. The species—environment correlation
coefficient was 0.612 in first canonical axis, Monte Carlo
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(a species diversity index—Shannon—-Wiener, b species diversity
index—Margalef’s, ¢ species diversity index—Simpson’s diversity

test of all canonical axes F-ratio = 1.815, p value = 0.004.
The relation between two salinity gradient factors was not
significant. The species of N. tangutorum was predicted to
have its optimum than other species with respect to larger
values of environmental variable Soil Salt. P. communis
was predicted to have its optimum than other species rel-
ative to higher GW Salt (Fig. 6a). When eliminating the
influence of water gradient factors on species, the species—
environment correlation coefficient was 0.570 in first
canonical axis, Monte Carlo test of all canonical axes F-
ratio = 1.674, p value = 0.018 (see Fig. 6b; Table 3). The
results showed that the species of N. rangutorum, G.
uralensis and K. foliatum were predicted to have their
optima than other species when environmental variable
Soil Salt was at higher values, and the species of H.
ammodendron and P. harmala were deemed to have
optima than other species relative to higher GW Salt.

Plant community characteristic under the condition
combined water and salinity gradients

There are some overlaps among the spatial distribution of
different classes (Fig. 7). However, the environmental

Claésl ClaésH Cla;sHI ClaésIV ClaésV Cla;sVI

Community Category

(1/Dominance), d species diversity index—Simpson’s diversity (1-
dominance), e species evenness, f species richness)

variables varied remarkably in different classes. Class III,
IV and V were mainly affected by the factor of DistR,
Class VI was mainly influenced by GWL, SWC and Soil
Salt, while Class I and II were affected by all of the water
and salinity gradient factors.

Impact factors of the sample classes (test of significance
of first canonical axis: F' = 4.362, p = 0.002; test of sig-
nificance of all canonical axes: F = 1.904, p = 0.002,
Table 3) were represented by the correlations between the
sample classes with Ax1 and Ax2 of DCCA (Fig. 7). The
factor that showed a positive correlation with ordination
axes was DistR, while the factors that showed negative
correlation with ordination axes were GWL, SWC, Soil
Salt and GW Salt. Therefore, the GWL, SWC, DistR and
Soil Salt were the key factors which controlled and affected
the distribution of sample classes.

The positions of samples and species points shown in
Fig. 7 allowed us to estimate the relative abundances in the
species points. When species are near the positions of
samples, it means that the species could occur with the
highest relative abundance in the samples, and similarly, if
the sample positions are distributed near the positions of
species, the species are tended to occur in those samples. It
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Fig. 5 Species—environment variables (water gradient) biplot ordi-
nation diagrams based on detrended canonical correspondence
analysis (DCCA) (a) and partial DCCA (b salinity gradients including
groundwater salinity and soil salinity variables as the covariables).
Species are shown as triangles and labeled with their first three letters

of the generic name and the first three letters of the specific name, and
environmental variables are shown as arrows [where the DistR is the
distance from the river channel to the sample plot (L, km), GWL is the
groundwater level in sample plot (L, m), and SWC is the average soil
water content of soil layers within 1 m in sample plot (%)]

Table 3 Ordination results of different canonical axes between species—environmental variables and unrestricted permutation Monte Carlo test

Environment factors Analysis types  Explanatory  Axes Monte Carlo test
variables - - - -
2 3 4 First canonical axis All canonical axes
F-ratio p value F-ratio p value
1. Water gradient DCCA R* 072 024 024 O 4.352 0.002 2.011 0.004
a* 624 677 0 0
Salinity as covariables Partial DCCA  R* 0.69 043 026 O 3.775 0.004 1.907 0.01
a* 615 754 0 0
2. Salinity gradient DCCA R* 0.61 048 O 0 2.364 0.012 1.815 0.004
a* 58 893 0 0
Water factors as covariables Partial DCCA  R* 0.57 057 O 0 2.081 0.026 1.674 0.018
a* 608 103 0 0
3. Water and salinity gradient =~ DCCA R* 073 063 057 05 4362 0.002 1.904 0.002
a* 435 631 O 0

R*, species—environment correlations; a*, cumulative percentage variance of species—environment relation

was shown (Fig. 7) that P. euphratica was most likely to
occur in Class I and II, and in other words, it was predicted
that the P. euphratica would have higher relative abun-
dance in Class I and II than in other classes. The relative
abundance of species of T. chinensis was higher near Class
I and VI. Similarly, the species of H. ammodendron, R.
soongorica, P. communis and K. foliatum were most likely
appeared in samples of Class V.

@ Springer

Discussion
Effect of water gradients on plant community

Water is one of the important factors that influence the
plant community and ecosystems at arid regions, and the
changes of hydrological system strongly affect the struc-
ture, dynamics and composition of plant community (Zhou
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Fig. 7 Ordination of plant sampling plots of different classes and
impact factors on first two axes of DCCA. Species are shown as solid
triangles, sample plots are shown as solid circles, and environmental
variables are shown as arrow lines. The samples are divided into six
classes (same as Table 2)

et al. 2010). The water gradients that mainly include pre-
cipitation (Brenes-Arguedas et al. 2009), surface runoff
(Carling et al. 2013) and groundwater (saturated and
unsaturated) (Nérhi et al. 2010) could influence the growth
and distribution patterns of plant species. Due to the dif-
ference and limitation of surface runoff in spatial and
temporal distribution, in most cases the plants mainly grow
by using precipitation and groundwater in arid region
(Lamontagne et al. 2005). The mean annual precipitation is
42 mm, and event precipitation >10 mm is rare in Ejina

munities changed from Class III, IV, V to Class VI, II, 1,
along the arrow directions of groundwater level and soil
water content (Fig. 8a). When the effect of salinity gradi-
ents was excluded, the plant species changed from 7. chi-
nensis, S. alopecuroides and P. euphratica to S.
xanthoxylum, N. tangutorum, L. ruthenicum and Z. fabago
to H. ammodendron, K. foliatum and P. communis along
the arrow direction of DistR. But the plant species would
change from S. xanthoxylum, C. mongolicum and Z. fabago
to N. tangutorum, L. ruthenicum and K. caspica to S.
alopecuroides, P. euphratica and P. harmala (Fig. 5b), and
the plant communities transform from Class IV, III to Class
I, I, VI, V along soil water content gradient (Fig. 8b).
Thus, it can be seen that the water gradients significantly
impact the distribution of species and plant communities,
and the trend of plant community succession is from the
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Fig. 8 Samples—water gradient variables biplot diagrams from
DCCA (a) and partial DCCA (b other salinity variables as the
covariables) summarizing differences in samples classes along the
water gradient (the classes same as Table 2)

type of forest 4+ shrub 4 herb that is tall plants and high
water consumption to the type of shrub 4 herb or low
shrub that is very drought-tolerant as the water conditions
changing from good to poor. Other studies also found
similar results. For example, Mcllroy and Allen-Diaz
(2012) recorded that the plant communities showed strong
connections with water table variables, and they found
significant differences among community types for differ-
ent water table variables. The groundwater level was
apparently one of the major attributes to the plant species
diversity in arid region (Chen et al. 2006).

Effect of salinity gradients on plant community

The salinity factors (soil salinity and groundwater salinity)
were also important factors for plant growth and distribution
except the water conditions. The salinity would affect the
niche of plant by changing the physical and chemical prop-
erties of soil. With the wide application of Niche Theory
among species relations, biodiversity, community structure,
succession and population evolution, it became one of the very
active fields in ecology (Lawton 1985; Cardinale 2011). Due
to the little precipitation and strong evaporation of ground-
water, the soil salinity and groundwater salinity continuously
increased in the Ejina Desert Oasis. An excess of salinity
could inhibit the growth of plants and threaten the survival of
the vegetation (Kang et al. 2004). Therefore, understanding
the relationship between salinity changes with the community
of desert riparian forest and population, identifying species
response mechanism for salinity changes are essential for
protecting the ecological environment in arid areas.

The effect of groundwater salinity on plant communities
was different from soil salinity. With increasing
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groundwater salinity, the plant community classes changed
from Class IV, VI, II, T to Class III, V, but along the
direction of increasing soil salinity, the plant community
classes didn’t show an obvious change trend (Fig. 9a).
When only considering the effect of salinity gradients on
plant community (eliminating the water gradients effec-
tive), the trend of plant community succession was from
Class IV, II, VI, I to Class V, III along the arrow direction of
groundwater salinity (Fig. 9b). This demonstrated that the
effect of groundwater salinity on plant community classes
was more evident than the soil salinity. This is mainly
because the majority of the desert oasis plants have deeper
roots enabling them access to the groundwater table. Hence
the effect of groundwater salinity on the plant communities
became more significant than the soil salinity’s sampled
within 1 m depth. It can be seen in Fig. 9 that Class V of
plant community has the greatest tolerance in the gradient
of groundwater salinity. Class VI has maximum tolerance in
the gradient of soil salinity. Class IV of plant community
has minimal tolerance for groundwater salinity and soil
salinity. The main reason is that Class VI and Class V have
higher biodiversity than Class IV (Fig. 4). This is consistent
with the results (Khan et al. 1976) about salt tolerance of
species in the similar arid area.

Effect combined water and salinity on plant
community

In general, with the runoff reducing, groundwater level
declining and salinity gradually increasing in soil root zone,
a series of plant community succession would happen,
especially in arid regions. The hydrology characteristics of
ecosystems mainly show the effect of water and salinity on
plant ecological processes simultaneously. The hydrologic
mechanisms control the most basic ecologic patterns and
processes (Rodriguez-Iturbe 2000), especially for basic
pattern of plant distribution. They are the main driving
forces of succession of ecosystem. The adjustment of
hydrological process is a good way to control the vegetation
changes. For example, hydrological processes can be used
to adjust and deploy the “flow” within the landscape (in-
cluding nutrients, pollutions, minerals and organic matter).
The deterioration of water quality, the change of water level
(especially shallow groundwater), water chemical charac-
teristics and their changes would impact the plant com-
munity structure, dynamic, distribution and succession.
Glaser et al. (1990) researched the response of vegetation to
chemical and hydrological gradients, the results showed
that the vascular plant and bryophyte data indicated a close
relationship between the vegetation and both moisture and
chemical gradients. Baldwin and Mendelssohn (1998)
analyzed the effects of salinity and water level on coastal
marshes and found that salinity and water level had
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Fig. 9 Samples—salinity
gradient variables biplot
diagrams from DCCA (a) and
partial DCCA (b other water
variables as the covariables)
summarizing differences in
samples classes along the water
gradient (the classes same as
Table 2)

2.5

GW Salt -

Axis 2

SoilSalt

-0.5

ENV. VARIABLES

2.5

SAMPLES
O — Classl
[0 — ClassIl
<& —  Classll
0 Class IV
® — Clhsv
|

Class VI
GW Salt

VARIABLES

Axis 2
m
vz

SAMPLES

—  Class 1

—  Class I

Class 1T
— Class IV
—  Class V
— Class VI

me - o0O
|

SoilSalt b

-0.5

-0.5 Axis 1

Fig. 10 Plant community succession in Ejina Desert Oasis

significant effects on species richness only following dis-
turbance and that similar patterns occurred for aboveground
biomass of dominant and subdominant species.

Ejina Desert Oasis is located in the lower reaches of
Heihe River basin; in recent decades, water resources have
been overexploited for agricultural irrigation and industrial

C Successions occurred from shrubs to herb

2.5 -0.5 Axis 1 2.5

Y R

aceous

production in the upper and middle reaches of the Heihe
River, and the flow entering into the lower reaches has been
continuously reduced since the 1990s. The average annual
runoff was larger than 1 billion m? before the 1990s, but the
annual runoff fell sharply in recent years, which cause the
river and lakes to dry up, and the groundwater level quickly
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declining (Xi et al. 2010b). The water and salinity envi-
ronment has changed dramatically, which caused the vege-
tation degeneration (Xiaohui et al. 2007; Jiang and Liu
2010). This study concluded the processes of plant com-
munity succession in Ejina Desert Oasis (Fig. 10), when
water and salinity changed in historical period (for example,
river migration, groundwater level declining). Figure 10a
uncovered the successions from forest of P. euphratica to
shrubs of N. tangutorum due to the shift of river channel.
Figure 10b revealed the successions from the high shrubs to
low shrubs. From Fig. 10c, it can be obviously seen that the
succession occurred from shrubs to herbaceous because of
the groundwater level declining. To some extent, the chan-
ges of water gradients would have more significant and
direct effect than salinity gradients on plant species and
communities in this study area (Fig. 7).

Conclusions

This study investigated thoroughly and systematically the
distribution of natural vegetation as well as the water and
salinity characteristic of natural vegetation habitat in Ejina
Desert Oasis. The plant community classes were divided by
cluster analysis method. For revealing the quantitative
relationships between species and environmental variables,
the gradient analysis methods were used to study the
effects of water gradients and salinity gradients on plant
species. The results indicated that the different species had
their optima under different water and salinity character-
istic in their habitat. Different plant communities’ succes-
sion would happen significantly along the directions of
different water gradients and salinity gradients in spatial. In
that case, we can speculate the trend of plant communities’
succession, while one or some environmental variables
happen to change. This will help to recognize the present
classes of plant communities and determine the directions
of plant communities’ succession in future. This study can
also provide important theoretical basis for ecosystem
restoration and protection of Ejina Desert Oasis.
Although the relationships between plant species and
water and salinity environment factors have been quanti-
fied, there are still other environmental factors that are not
being considered in this study, such as topography, soil
texture and soil nutrient, which also maybe impact on the
plant communities’ characteristic and distribution. For
providing technological support to make strategies of
ecosystem restoration and protection, next, we hope to
predict the possible plant communities’ succession in the
future by continuous investigation and model simulation
methods under different scenarios that are the changes of
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one or several environmental variables in Ejina Desert
Oasis.
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