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ABSTRACT

Groundwater-dependent vegetation (GDV) must have access to groundwater to maintain their growth and function. GDV
distribution patterns are an important issue in arid vegetation ecology. Using groundwater attributes to explore the distribution
patterns of GDV have been very limited. In this article, we selected the Ejina Desert Oasis as an area to investigate GDV and
groundwater attributes. Twenty plant species and 31 plant plots of data were collected. Two-way indicator species analysis
(TWINSPAN) was performed to determine GDV types. Detrended correspondence analysis (DCA) and detrended canonical
correspondence analysis (DCCA) were performed to analyse the relationships between GDV and groundwater attributes. The
results indicated that (1) six plant community types were classified by TWINSPAN; (2) DCA ordination analyses showed
that the groundwater depth (Dep) was the main factor restricting the distribution patterns of GDV, and the distribution of
the dominant species and corresponding vegetation types had strong similarities; (3) in the DCCA diagram, the first axis
represented variations of Dep, while the second axis was related to the pH values; (4) with increased Dep, the community
types made the transition from I to VI; and (5) the DCCA diagram was similar to the DCA. However, the distribution patterns
of GDV were more compact in the DCCA, while the DCA showed that each association group appeared within a limited
range and had a clear border against other communities. This study shows that ordination methods can be used to explain the
relationships between the distribution patterns of GDV and groundwater attributes. Copyright  2011 John Wiley & Sons,
Ltd.
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INTRODUCTION

The Heihe River is an extremely arid inland river where
the ecological environment is fragile. It is the second
largest river in northwestern China (Guo et al., 2009).
Due to the overexploitation of the water resources in the
middle reaches of the Heihe River in the 1960s, discharge
to the lower reaches decreased, resulting in degradation
of the ecological environment. For example, there has
been a decline in the groundwater level and degenera-
tion of water quality (Qi and Luo, 2005). The decline in
groundwater level has caused large changes in vegetation
patterns and led to ecological deterioration and desertifi-
cation of the Ejina Oasis, which plays a protective role
in blocking sandstorms in northwest China (Guo et al.,
2009). Several studies have examined changes in ground-
water level, which are likely to affect vegetation distribu-
tion patterns indirectly and directly (Sun et al., 1994; Li
et al., 2003). Zhang et al. (2005) showed that both biotic
and abiotic factors influence the distribution patterns of
plant communities in arid regions. Research focusing
on the relationships between plant communities and
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groundwater attributes has become increasingly impor-
tant in understanding the ecology of arid regions (Jiang
et al., 1994; Wang, 1997; Zhang et al., 2001).

Since the 1980s, the development of ecological the-
ory and application has led to vegetation patterns grad-
ually becoming a focus in vegetation ecology research
(Burke, 2001). Quantitative classification and ordina-
tion, which are effective multivariate techniques, have
been widely used for analyses of community structures
and understanding the relationships between communi-
ties and the environment in vegetation ecology (Zhang,
1995; Mucina, 1997; Leps and Šmilauer, 2003; Zhang
et al., 2008). Many studies have reported the relationships
between vegetation and the environment in the inland
river basin. Sun et al. (1994) indicated that groundwa-
ter depth (Dep), mineralization, soil salinity and Cl�

content, not pH values, were the main limiting factors
for the growth of Populus euphratica. Li et al. (2003)
revealed that the Dep, mineralization and salinity were
important factors that influenced vegetation composition
and patterns in the middle reaches of the Tarim River.
In addition, Zhang et al. (2005) suggested that the dom-
inating factors for vegetation distribution in the lower
reaches of the Tarim River were Dep, soil water content,
pH value, salinity and mineralization. Wang et al. (2007)
also showed that Dep was the determining factor for com-
munity distributions on the banks of the Ejina River. Gui
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et al. (2010) proposed that the main factors restricting the
distribution of communities in the Cele River Basin were
altitude and pH.

Because it affects both vegetation distribution and
species composition, a small change in groundwater
level can have major impacts on vegetation (Zhou et al.,
2007). The amount and frequency of rainfall is highly
variable and scarce in arid regions, and the direct
effects of precipitation on vegetation growth can be very
weak (Chen et al., 2004; Elmore et al., 2006). There-
fore, groundwater plays a predominant role in supporting
plant communities in arid regions (Chen et al., 2004).
There are groundwater-dependent ecosystems (GDEs)
and groundwater-dependent vegetation (GDV) in arid
regions (Eamus et al., 2006; Murray et al., 2006). To
date, there have been few attempts to study the distri-
bution patterns of GDV and its relationship with ground-
water attributes.

The Ejina Desert Oasis is an extremely arid oasis and
is the natural safeguard of the Hexi corridor in northwest
and North China. In recent years, the discharge of the
Heihe River has declined due to an increase in the Dep.
For the purpose of rehabilitating and reconstructing the
ecosystems in the Ejina Oasis, water diversions to the
lower reaches of the Heihe River were created in 2000,
which caused a large change in water resources. To eval-
uate the influence of the water diversions on GDV in this
region, it is necessary to understand the plant commu-
nity types and establish relationships between the GDV
and groundwater attributes (Dep and chemical character-
istics). In this article, TWINSPAN classification was used
to determine the GDV types. Detrended correspondence
analysis (DCA) and detrended canonical correspondence
analysis (DCCA) ordination methods were applied to
analyse the relationships between the GDV and ground-
water attributes.

MATERIALS AND METHODS

Experimental sites

The study area was located in the lower reaches of the
Heihe River, extending between latitudes 40°200 –42°300
N and longitudes 99°300 –102°000 E, in the county of
Ejina, Inner Mongolia, Northwest China, with an area of
3 ð 104 km2 (Li et al., 2001; Zhang et al., 2005). This
region has a continental climate; it is extremely hot in
the summer and severely cold in the winter. The mean
annual temperature is approximately 8 °C, with a maxi-
mum daily temperature of 41 °C (July) and a minimum of
�36 °C (January) (Xie, 1980). According to local mete-
orological data from 1957 to 2003, the annual average
precipitation at the study site was less than 42 mm and
scarcely recharged the groundwater, and the mean poten-
tial evaporation rate was 2300–3700 mm year�1 (Wen
et al., 2005). No perennial runoff is generated in this
region and the Heihe River sustains the only perennial
flow through the area (He and Zhao, 2006).

The Heihe River, which arises in the Qilian Mountain,
flows through the Ejina Basin and divides into two
branches at Langxinshan (Wang, 1997). The two branches
of the Heihe River mingle in the East and West Juyan
Lake, and the total length of these branches in the Basin
are approximately 240 km (Feng et al., 2001). Before
entering the terminal lakes, the East River and West
River form several tributaries, such as the Nalin River,
the Longzi River and the Andu River. The Heihe River
has been the main recharge source for the groundwater
system, and approximately 68% of the groundwater
recharged by vertical percolation from the Heihe River
(Wu et al., 2002; Feng et al., 2004; Wen et al., 2005).

In this region, plant biodiversity is low and plant
cover is very low. According to investigations and
statistics (Flora of Inner Mongolia, 1977–1979), 268
species belonging to 151 genera and 49 families are dis-
tributed in this area. Compositae (81), Chenopodiaceae
(47) and Gramineae (33) are the dominant families, with
30 or more species. Leguminosae (15), Polygonaceae
(11), Cyperaceae (11) and Tamaricaceae (10) represent
more than ten species. These seven families include 208
species, and account for 72% of the total species present.
Xerophytic, extremely xerophytic and salt-tolerant desert
species are widely distributed in this region. From the
distribution patterns, it can be seen that mesophytes and
hygrophytes, including arbours, bushes and herbs, have
grown in the Ejina river banks and flood plain, with
the dominant species being P. euphratica, Elaeagnus
angustifolia, Tamarix ramosissima, Phragmites commu-
nis, Achnatherum splendens, Sophora alopecuroides and
Glycyrrhiza uralensis. Various types of desert shrubs
and herbs, including Haloxylon ammodendron, Nitraria
tangutorum, Artemisia oxycephala and Agriophyllum are-
narium, are mainly distributed in the outer frontier of the
Oasis. Some sparse and drought-tolerant desert species,
such as Reaumuria soongorica, Ephedra przewalskii,
Zygophyllum xanthoxylon, Sympegma regelii, Anabasis
brevifolia and Calligonum mongolicunl, are mainly dis-
tributed in the low mountain hilly area and the Gobi
Desert (Si et al., 2005). The predominant vegetation in
the study area, such as P. euphratica, T. amosissiman
and S. alopecuroides, mainly depend on groundwater for
sustenance (Guo et al., 2009; Zhu et al., 2009).

Plots and measurements

Natural vegetation investigations were carried out from
June to August in the Ejina Desert Oasis. Five transects
were positioned along the river course. At the five
transects, 31 sites were selected for water table and
salinity monitoring. Thirty-one (400 m2 plots) plant plots
and 217 squares (31 tree squares, 93 shrubs squares
and 93 herb squares) were established randomly around
the water table monitoring sites (Figure 1). The breast
height, coverage and diameter of the trees (½5 m) were
recorded individually. Three (25 m2) shrub squares and
three (1 m2) herb squares were established randomly
in each plot. The species present and the frequency,
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Figure 1. The location of study area, water channels and plant plots
(400 m2).

height and canopy cover percentage were determined
for each square. Vegetation cover data were recorded
using the ordinal scale of Van-der-Marrel (1979). The
location of the sites, including altitude, longitude and
latitude, were determined by Navigation Satellite Timing
and Ranging Global Position System (GPS). The Dep
was measured every 3 days in 31 wells between June
and August. In addition, three groundwater samples were
collected at each site. Chemical components, including
HCO3

�, CO3
2�, SO4

2�, Cl�, Ca2C, Mg2C, NaC and KC,
were measured at the Institute of Geography Sciences
and Natural Resources Research, CAS. Levels of SO4

2�
and Cl� were analysed by ion chromatography (IC),
and HCO3

� anions were analysed by titration (0Ð01 N
H2SO4). Cations were analysed by inductively coupled
plasma (ICP). The total dissolved solids (TDS) represent
the sum of cations and anions in the water. The major ions
in water chemistry contribute to the total salinity (SAL),
electrical conductivity (EC) and pH values that were
measured in situ using a HANNA HI 98188 waterproof,
portable Conductivity Meter as well as CyberScan PC300
Waterproof Portable pH/ORP/Conductivity Meters.

Statistical analyses

Using the importance value as the index of dominance,
the function status and distribution patterns of different
species were evaluated for each plant community. Calcu-
lations were made according to the formulas (Zhang and
Oxley, 1994)

Tree IV D �RDen C RF C RDom�/300 �1�

Shrub-Grass IV D �RDen C RF C RC�/300 �2�

where Tree IV is the tree importance value, RDen the
relative density, RF the relative frequency, RDom the
relative dominance and RC the relative coverage.

Twenty-nine species were recorded in 217 squares.
Considering the effects of the dominant species and com-
mon species on plant communities, species whose fre-
quency was less than 5% were removed and species
whose frequency was equal or more than 5% were pre-
served (Leps and Šmilauer, 2003). The average impor-
tance values of trees, shrubs and herbs were calculated
individually in each plant plot. Finally, a group from the
original matrix (31 ð 20) between plots and species was
obtained. Environmental data included Dep, SAL, TDS,
EC, pH and HCO3

�, SO4
2�, Cl�, Ca2C, Mg2C, NaC and

KC concentrations. Using these data, a group from the
original matrix (31 ð 12) between plots and groundwater
attributes was obtained.

The plant community types in the Ejina Desert Oasis
were classified by two-way indicator species analysis
(WinTWINSPAN, version 2.3) (Hill and Šmilauer, 2005).
The distribution patterns in this study area were anal-
ysed by CCA, DCA and DCCA. The CCA, DCA and
DCCA were constrained unimodal ordination methods
that stressed patterns in relative abundance (Leps and
Šmilauer, 2003) and have been widely used to analyse the
relationships between vegetation distributions and envi-
ronmental factors (da Silva and Batalha, 2008; Zuo et al.,
2009). The importance value of each species in each
square was used for the CCA, DCA and DCCA. To test
whether the important environmental factors were omit-
ted, the ordination eigenvalues of the DCA and DCCA
were compared (Liu, 1996). Due to the influence of
redundant variables, CCA exhibited an obvious ‘bowing
effect’ (Leps and Šmilauer, 2003). To avoid the effects of
redundant variables, a forward selection method and the
Monte Carlo test (1000 permutations) were used (Jafari
et al., 2004; Franklin et al., 2006). A group of proxy vari-
ables was determined for further analyses. The forward
selection, Monte Carlo test, CCA, DCA and DCCA were
performed using CANOCO 4Ð5 (ter Braak and Šmilauer,
2002).

RESULTS

TWINSPAN classification

Using the results of the TWINSPAN classification com-
bined with practical ecological significance, six plant
community types were obtained in the Ejina Desert Oasis
(Figures 2 and 3). Community I (1) contained P. com-
munis and weeds and includes plots 30 and 31. This
community type was mainly distributed on both sides
of the Ejina River and the regions of lower Dep, which
included the river, lake, marsh wetland and meadow land-
scapes. Hygrophytic and halophytic herb species existed
in this ecosystem, which included P. communis, A. splen-
dens, Leymus secalinus, Calamagrostis epigeios, Elymus
breviaristatus and Kalimeris indica, among others. The
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Figure 2. TWINSPAN classification results of plant communities in Ejina
Desert Oasis. Note: The top of the classification matrix is the plot num-
ber and the bottom is the classification results of the plots. The left is
the species number and the right is the classification results of species.
The species: S1, K. caspica; S2, T. ramosissima; S3, N. tangutorum; S4,
A. oxycephala; S5, S. alopecuroides ; S6, R. soongorica; S7, E. przewal-
skii ; S8, C. mongolicunl ; S9, A. sparsifolia; S10, A. splendens ; S11, O.
glabra; S12, S. collina; S13, B. dasyphylla; S14, P. euphratica; S15,
G. uralensis ; S16, E. angustifolia; S17, P. communis ; S18, L. secalinus ;

S19, C. epigeios; S20, E. breviaristatus .

total community coverage at the higher level was usually
in the range of 70–90%.

Community II (0111) was composed of P. euphratica,
T. ramosissima and weeds and included plots 3, 12, 13,
21 and 22. Plot 14 (0010) was also placed in Community
II according to the practical conditions. This community
type was mainly distributed in the East River banks
and the lake delta. The forest of P. euphratica mostly
presented strip and plaque distribution characteristics on
both sides of the Ejina River. There was an abundance
of aeolian sand under the forest and was present in
the formation of dunes. Some herb species, such as
S. alopecuroides, P. communis, Oxytropis glabra and
Karelinia caspica, were grown under the forest canopy.
T. ramosissima was the only shrub. The total community
coverage in the higher levels was usually in the range of
40–70%.

Community III (0101) was composed of E. angustifo-
lia, T. ramosissima and weeds and included plots 19 and

30, 31 

1, 2, 5, 7, 18, 20, 26

4, 6, 8, 9, 10, 16, 17, 28 

11, 15, 23, 25, 27, 29

19, 24 

3, 12, 13, 14, 21, 22 

D1 N=31

D2 N=29

D3 N=15 

D4 N=7 

VI V IV III II I

D4 N=8

D2 N=2

D3 N=14

D4 N=8 D4 N=6 

D5 N=6 D5 N=2

Figure 3. Dendrogram of the TWINSPAN classifications of 31 plant plots
(217 squares) in the Ejina Desert Oasis.

24. This community type was mainly distributed in the
lower reaches of the West River. The shrubs, including
T. ramosissima and C. mongolicunl, were predominant
under the forest canopy. Herbaceous companion species
mainly included S. alopecuroides, G. uralensis, Alhagi
sparsifolia and K. caspica. The total community cover-
age was usually in the range of 40–70%.

Community IV (0100) was composed of T. ramosis-
sima and weeds and included plots 11, 15, 23, 25, 27
and 29. This community type was mainly distributed on
the beaches of the Ejina River. The major soil types
were sandy soil, meadow soil and grey brown desert
soil. T. ramosissima had absolute predominance in this
community. The companion species, N. tangutorum and
Lycium ruthenicum, were mainly distributed in the region
of higher soil salinization, while A. oxycephala and
S. alopecuroide were mainly distributed in the region of
higher desertification. The total community coverage is
usually in the range of 40–60%.

Community V (0011) was composed of K. caspica,
N. tangutorum, A. oxycephala and C. mongolicunl and
included plots 4, 6, 8, 9, 10, 16, 17 and 28. This
community type was mainly distributed at the outer
margin of the Ejina Oasis, which consisted of desert
plant communities and Gobi landscapes. The composition
and structure of the plant communities were simple. The
natural vegetation cover was lower. The total community
coverage was usually in the range of 15–30%.

Community VI (0001) was composed of E. przewal-
skii, R. soongorica, N. tangutorum and A. sparsifolia and
included plots 1, 2, 5, 7, 18, 20 and 26. This community
type was mainly distributed in the wide Gobi plain. The
major soil types included desert soil, sandy soil and saline
soil. In this community, only one plant species existed in
a partial section, and other plots were absolutely bare. The
ground surface was usually covered with gravel and peb-
bles. The Gobi desert environment often supported low
vegetative cover. This community coverage was usually
less than 10%.
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Figure 4. Two-dimensional DCA ordination diagram of 31 plant plots in
the Ejina Desert Oasis.

DCA ordination

Species-plot dates were analysed using DCA. Then the
lengths of the gradient (the first axis) were compared.
If the value was larger than 4, a single peaked model
was selected; if the value was situated between 3 and 4,
both a single peaked and linear model were selected; if
the value was less than 3, a linear model was selected
(RDA, PCA) (Leps and Šmilauer, 2003). In our study,
the value (8Ð071) was greater than 4, and a single peaked
model was thus selected (CCA, DCA and DCCA).

The distribution patterns of plant communities were
analysed by DCA. The eigenvalues of the four ordination
axes were 0Ð954, 0Ð411, 0Ð083 and 0Ð041. The cumulating
contribution rates of the first 2 axes were 76Ð5%. The
basic outlook of one variable could be well reflected
if the cumulating contribution rate was larger than
70% (Zhang and Zhang, 2000). This indicated that
the results of the DCA ordination were good. The
eigenvalues of the first axis was the maximum, and most
of ecological information was reflected; this was followed
by the second axis. Therefore, a two-dimensional DCA
ordination diagram was made according to the first 2 axes
(Figure 4). The results of the TWINSPAN classification
were almost consistent with the results of the DCA
ordination. Six plant community types were classified by
WinTWINSPAN in the Ejina Desert Oasis.

In terms of ordination axes, the plant communities
clearly changed along the first axis. The vegetation types
in this region included marsh meadow, desert riparian
trees, desert riparian shrubs, drought desert shrubs and
extremely drought desert shrubs. This indicated that the
first axis mainly represented variations of Dep and SAL.
From right to left, Dep increased gradually along the
first axis, and SAL changed correspondingly. The natural
landscapes made the transition from marsh meadow to
the Gobi desert. Along the second axis, Communities I,
III, V and VI were approximately located on the same
horizontal line (Figure 4). Their pH values presented the
same trend. Among them, the pH value of Community
IV was the highest and that of Community II was the
lowest. Therefore, we concluded that the second axis
mainly represented variations in pH value.

On the basis of the plant community types, the
various communities were distributed regularly in the
DCA ordination diagram. Six plant communities varied

Figure 5. Two-dimensional DCA ordination diagram of the main plant
species in the Ejina Desert Oasis.

sequentially from right to left (Figure 4). Community I,
IV, V and VI were distributed at both ends. Community II
and III were located in the centre. Moreover, Community
I, III and VI were far apart from each other. The results
showed that obvious changes in species composition
and environmental gradients took place among these
communities. Community II together with III belonged
to the desert riparian trees, and they had many common
characteristics in species composition and environmental
gradients. Due to the components of the drought that
appeared in Community IV, the differences between IV,
V and VI were relatively small. For this reason, the three
communities were mainly distributed in the left, and they
were located in close proximity to one another (Figure 4).

The distribution of the dominant species in the DCA
ordination diagram is presented in Figure 5. This shows
that the distribution patterns of the dominant species
and corresponding vegetation types have good similarity.
For instance, Community I, with the dominant species
(S10 and S17) and S10 and S17 are all distributed on
the right of Figure 4. Other dominant species and their
corresponding communities were also distributed near the
same location in the DCA ordination diagram.

Distribution pattern of the plant communities

To examine the relationships between the distribution pat-
terns of plant communities and groundwater attributes,
CCA ordination was used. CCA is a constrained uni-
modal ordination method and has been widely used as
an analytical method (Leps and Šmilauer, 2003; da Silva
and Batalha, 2008). In particular, the ordination diagram
of samples, species and environmental variables derived
from the CCA optimally displayed the variation of the
object composition in connection with the environmen-
tal factors (Zuo et al., 2009). An obvious ‘bowing effect’
from Figure 6 can be seen due to the effects of redundant
variables. To eliminate the effects of redundant variables,
a forward selection method and a Monte Carlo test (1000
permutations) were used for 12 groundwater environmen-
tal variables. We obtained a group of proxy variables
for the DCCA. Marginal and conditional effects of vari-
ous variables were determined through the Monte Carlo
test in the process of forward selection. Meanwhile, the
statistical correlation was deeply understood between var-
ious variables and plant communities (Leps and Šmilauer,
2003).
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Figure 6. Two-dimensional CCA ordination diagram of 31 plant plots in
the Ejina Desert Oasis.

Table I shows the changing conditions of marginal and
conditional effects of 12 variables under the Monte Carlo
test in the process of forward selection. Marginal effects
reflected the effects of the environmental variables on
the species composition. However, conditional effects
reflected the effects of the environmental variables on
the community after the anterior variable was eliminated.
Both marginal and conditional effects were expressed
by canonical eigenvalues (Leps and Šmilauer, 2003).

The Dep variable had the largest influence on the plant
communities. The Dep conditional effects were also the
highest (0Ð86). Thus, the Dep variable was the first among
the environmental variables. The marginal effects of the
SAL variable were in second place (0Ð85). After the Dep
variable was put forward under the Monte Carlo test, the
conditional effects of SAL immediately dropped to 0Ð35.
This indicated that a strong correlation existed between
SAL and Dep. The conditional effects of other variables
also dropped significantly after the Dep variable was
put forward. This also indicated that a strong correlation
existed between other variables and Dep. Nevertheless,
pH, SAL, TDS, EC and HCO3

� still passed the Monte
Carlo test in the process of forward selection (P < 0Ð05).
These six groundwater attributes were composed of a
group of proxy variables (Table II). A total of 78% of
the environmental information was extracted, and the Dep
variable offered the most information (27%) (Table I).

DCCA is a constrained unimodal ordination method
that eliminates the ‘bowing effect’ and calculates ordina-
tion values combined with vegetation and environment
data. DCCA could be more beneficial when interpret-
ing the ecological significance of ordination axes and has
become the most advanced technology of multivariate
analysis in regards to the relationships between vegeta-
tion and the environment (Zhang and Oxley, 1994; Shen
et al., 2000). Figure 7 shows the relationships between
vegetation patterns and groundwater attributes through
DCCA after six proxy variables were determined. The

Table I. Marginal and conditional effects obtained from the summary of forward selection.

Marginal effects Conditional effects P value R value F value

Environmental factors � 1 Environmental factors � 2

Dep 0.86 Dep 0.86 0.002a 0.27 8.49
SAL 0.85 pH 0.71 0.002a 0.23 8.12
TDS 0.79 SAL 0.35 0.002a 0.11 3.15
EC 0.78 TDS 0.31 0.005a 0.06 3.41
pH 0.75 EC 0.27 0.036b 0.06 1.58
HCO3

� 0.64 HCO3
� 0.18 0.032b 0.05 1.98

SO4
2� 0.64 Ca2C 0.12 0.226 — 1.29

NaC 0.61 NaC 0.11 0.318 — 1.13
Ca2C 0.52 SO4

2� 0.08 0.284 — 1.23
Mg2C 0.35 Cl� 0.08 0.698 — 0.62
Cl� 0.18 Mg2C 0.07 0.682 — 0.67
KC 0.07 KC 0.06 0.716 — 0.64

R value represents relative percentage.
�1, the eigenvalues of marginal effects; �2, the eigenvalues of conditional effects. a The impact of environmental factors on community types is
significant at the 0Ð01 level. b The impact of environmental factors on community types is significant at the 0Ð05 level.

Table II. Variation characteristics of six groundwater environmental proxy variables.

Type Dep (m) pH value SAL (%) TDS (mg l�1) EC (µs cm�1) HCO3
� (mg l�1)

I 1Ð10–1Ð85 7Ð22–7Ð42 1Ð32–1Ð65 583Ð15–753Ð85 635Ð72–894Ð25 114Ð37–146Ð52
II 2Ð28–3Ð56 7Ð38–7Ð8 1Ð80–2Ð52 947Ð64–1385Ð37 856Ð21–1285Ð36 173Ð85–233Ð42
III 2Ð33–4Ð25 7Ð32–7Ð65 1Ð75–2Ð30 665Ð42–1063Ð55 774Ð55–1095Ð36 135Ð25–196Ð73
IV 2Ð81–5Ð15 7Ð46–7Ð9 2Ð41–3Ð25 1223Ð58–1745Ð26 1130Ð83–2216Ð15 201Ð36–347Ð70
V 3Ð32–5Ð54 7Ð55–8Ð25 3Ð15–3Ð87 1574Ð54–2512Ð75 1578Ð86–2653Ð24 279Ð09–382Ð15
VI 4Ð25–6Ð86 7Ð64–9Ð29 3Ð70–5Ð15 1885Ð35–3643Ð71 2156Ð33–3497Ð56 315Ð48–457Ð50
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Figure 7. Two-dimensional DCCA ordination diagram of 31 plant plots
in the Ejina Desert Oasis.

eigenvalues of the first 2 axes were 0Ð925 and 0Ð247.
The contribution rates were 59Ð5 and 17Ð8%, respectively.
The cumulating contribution rate of the first 2 axes was
77Ð3%. This meant that the first 2 axes could represent
77Ð3% of the environmental information. This indicated
that the results of DCCA ordination were also good. The
relationships between the plant communities and envi-
ronmental factors are shown in Figure 7. Plots could be
interpreted quantitatively using the length of the arrow to
indicate how much variance was explained by that factor;
the direction of the arrows for an individual environmen-
tal factor indicated an increasing weighting of that factor;
the angle between the arrow and ordination axis reflected
the correlation of that factor and the environmental fac-
tor. The smaller the angle, the higher the correlation was
between the axis and the environmental factor (Zhang
and Zhang, 2000).

Figure 7 shows that the Dep arrow is pointed in
approximately the same direction as the SAL, TDS and
EC arrows, in contrast to the pH and HCO3

� arrows
Moreover, the length of Dep arrow was the longest, and
the angle was the smallest. Among all environmental
factors, Dep exhibited the greatest influence on com-
munity distributions, followed by pH, SAL, TDS, EC,
and HCO3

�. In the DCCA ordination diagram, the first
axis represents the variations of Dep conditions, while
the second axis is related to pH values. As a result, it is
not difficult to show that Dep is the most important fac-
tor influencing community distributions. With increased
Dep, SAL and TDS, there was also an obvious increasing
trend along the first axis. From right to left, distribution
patterns of plant communities varied along the first axis,
and the community types made the transition from I to VI.
There were significant differences in pH levels in com-
munity I, II and VI; these differences were mainly in the
second axis. Conclusively, the DCCA ordination diagram
was similar to the DCA diagram. However, distribution
patterns of the communities were more compact in the
DCCA ordination diagram, while the DCA ordination
diagram showed that each association group appeared
within a limited range and had a clear border against
other communities.

DISCUSSION

Six plant community types were classified by Win-
TWINSPAN in the Ejina Desert Oasis, including
P. communis and weeds; P. euphratica, T. ramosissima
and weeds, E. angustifolia, T. ramosissima and weeds,
T. ramosissima and weeds, K. caspica, N. tangutorum,
A. oxycephala and C. mongolicunl, and E. przewalskii,
R. soongorica, N. tangutorum and A. sparsifolia. The
vegetation types in these regions were marsh meadow,
desert riparian trees, desert riparian shrubs, drought desert
shrubs and extreme drought desert shrubs. The results
of the TWINSPAN classifications reflected the chang-
ing trends in vegetation types. This study expanded on
the quantitative classification and ordination of the natu-
ral vegetation of the P. euphratica forest, which grew
on the banks of the Ejina River (Wang et al., 2007).
In this study, the vegetation types were investigated on
a regional scale. Vegetation classifications qualitatively
reflected the relationships between vegetation types and
the environment. The Ejina Desert Oasis belongs to the
dry continental climate of the warm temperate zone, and
the zonal vegetation type is arid desert. Due to the effects
of the water from the upper reaches of the Heihe River,
intrazonal vegetation appeared in the Ejina Desert Oasis,
such as saline meadows, saline marsh, P. euphratica
forests and E. angustifolia forests, and finally the for-
mation of the intrazonal forest.

The results of the TWINSPAN classifications were
almost consistent with the DCA ordination. The ratio-
nality of TWINSPAN classifications were well verified
in this study. The results showed that each association
group appeared within a limited range and had a clear
border against other communities in the two-dimensional
ordination diagram. This indicated that the relationships
between the plant communities and environment could
be well reflected through DCA ordination, which is in
agreement with previously reported DCA ordinations for
this area (Zhang et al., 2003; Gui et al., 2010). Figure 5
shows that the dominant species and their correspond-
ing communities are essentially distributed at the same
location in DCA ordination diagram. For instance, Com-
munity I with the dominant species (S10 and S17) and
S10 and S17 were all distributed to the right of the dia-
gram. This indicated that the distribution patterns of the
dominant species determined the distribution of the com-
munity types to some degree (Zhang et al., 2003).

The results of the DCA ordination suggested that Dep
was an important factor that influenced the distribution
patterns of species and communities in the Ejina Desert
Oasis. Wang et al. (2007) also concluded that Dep
played a determinative role on the distribution of plant
communities. In addition, in the arid inland river basin,
similar conclusions were also obtained by other scholars
(Sun et al., 1994; Li et al., 2003; Zhang et al., 2005).

Studies on the relationships between vegetation and
environment showed that considering more environmen-
tal factors was not necessarily better. Because there
were complex correlations among the environmental fac-
tors, even collinearity relationships appeared (Li et al.,
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2008). Due to the effects of redundant variables, results
appeared with large deviations. Therefore, it was nec-
essary to choose decisive environmental variables for
community distribution patterns to study the relation-
ships between the communities and the environment. Li
et al. (2003) adopted correlation coefficient methods to
eliminate redundant environmental variables; Qian et al.
(2004) and Liu et al. (2010) used principal component
analysis (PCA) to avoid the problem of collinearity. How-
ever, Gui et al. (2010) suggested that a forward selection
method and the Monte Carlo test could determine the
environmental factors efficiently while eliminating the
problem of collinearity. In this study, a forward selec-
tion method was used for 12 groundwater attributes. We
obtained a group of proxy variables (Dep, pH, SAL,
TDS, EC and HCO3

�) that influenced community distri-
bution patterns significantly. Seventy-eight percent of the
environmental information was extracted from six proxy
variables. The Dep variable offered the most information
(27%). Furthermore, the Monte Carlo test also indicated
that it was reasonable to select the group of proxy vari-
ables. Forward selection combined with the Monte Carlo
test was a reliable and practical method to study vegeta-
tion distribution patterns (Gui et al., 2010). The DCCA
ordination diagram was similar to the DCA ordination
diagram. However, distribution patterns of the communi-
ties were more compact in the DCCA ordination diagram,
while the DCA ordination diagram showed that each
association group appeared within a limited range and
had a clear border against other communities (Zhang,
1995; Gui et al., 2010). Dep exhibited the largest influ-
ence on plant community distributions in the first axis.
The variation in pH values caused the differentiations in
the second axis (Zhang et al., 2003). The influence of
the other four proxy variables on community distribution
patterns was relatively weak. This can be seen from the
conditional effects and in the DCCA ordination diagram
(Gui et al., 2010).

Zhang et al. (2005) proposed that both biotic and abi-
otic factors influence the distribution patterns of plant
communities. Inter-relationships between plant commu-
nities and environmental factors are complex, reflecting
simultaneous changes in factors such as Dep, soil mois-
ture, salt content and soil stability; it is thus necessary to
quantitatively examine their relationships (Zhang et al.,
2001; Jafari et al., 2004). In this study, only groundwater
attributes such as Dep, SAL, TDS and others were used
for investigating the relationships between the distribu-
tion patterns of the GDV and, to a certain degree, explain-
ing the relationships between the GDV and groundwater
attributes. However, more work will be done with soil
environmental interpretation in future research.

Few attempts have been made to explain the dis-
tribution patterns of GDV in the Ejina Desert Oasis.
Understanding GDV types and the relationships between
the distribution pattern of the GDV and groundwater
attributes can provide guidance to rational water trans-
port, vegetation restoration and construction in the Ejina
Desert Oasis. In this study, these results increase our

understanding of the relationships between the distribu-
tion patterns of the GDV and groundwater attributes in
this region. The results will also provide a theoretical base
for evaluating the influence of water diversions on the
GDV in this region or other similar inland river basins.
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