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Abstract The Horqgin Sandy Land is one of the most
severely desertified regions in northern China. Plant com-
munities and soil conditions at five stages of grassland
desertification (potential, light, moderate, severe and very
severe) were selected for the study of vegetation pattern
variation relating to soil degradation. The results showed
that vegetation cover, species richness and diversity,
aboveground biomass (AGB), underground biomass, litter,
soil organic carbon (C), total nitrogen (N), total phosphorus
(P), electrical conductivity, very fine sand (0.1-0.05 mm)
content and silt (0.05-0.002 mm) content decreased with
the desertification development. Plant community succes-
sion presented that the palatable herbaceous plants gave
place to the shrub species with asexual reproduction and
sand pioneer plants. The decline of vegetation cover and
AGB was positively related to the loss of soil organic C
and total N with progressive desertification (P < 0.01). The
multivariate statistical analysis showed that plant commu-
nity distribution, species diversity and ecological
dominance had the close relationship with the gradient of
soil nutrients in the processes of grassland desertification.
These results suggest that grassland desertification results
in the variation of vegetation pattern which presents the
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different composition and structure of plant community
highly influenced by the soil properties.
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Introduction

Desertification means land degradation in arid, semi-arid
and dry sub-humid areas resulting from various factors,
including climatic variations and human activities (UNEP
1994; Rubio and Bochet 1998). Vegetation and soil deg-
radation are two important processes in land desertification
(Dregne 1998; Li et al. 2006a, b). The influence of
desertification on regional environmental change is one of
the most important research focuses in desertification
study. Charney et al. (1977) revealed that the drought and
dynamics of desert in the Sahara are controlled by a bio-
geophysical feedback mechanism. Li et al. (2003) assessed
the variation of sand transportation rate in sandy grasslands
at different levels of desertification in northern China. Li
et al. (2006a, b) reported that influence of desertification on
vegetation pattern variations in the cold semi-arid grass-
lands of Qinghai-Tibet Plateau, Northwest China.
However, ecologists have more focused on the following
ecological research in recent years: (1) changes in eco-
system structure and function (e.g., species diversity and
production) are examined in desertification processes
(Verstraete and Schwartz 1991; Cheng et al. 2007) and (2)
the degradation in desertified area usually accompanies a
decrease in soil quality together with a regression of eco-
logical succession (Rodriguez Rodriguez et al. 2005). In
addition, it has been reported that an increase in the het-
erogeneity of soil nutrient and vegetation may be linked
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with desertification processes (Schlesinger et al. 1990,
1996). The research focusing on the spatial distribution of
plants, soil nutrients and ecosystem functions is important
to understand the processes of grassland desertification
(Cheng et al. 2007).

Horgin Sandy Land (commonly called “Horqin sandy
grassland”) lies in the semi-arid area of southeast Inner
Mongolia. Primary landscape in Horgin Sandy Land is the
scattered tree grassland. This region has suffered severe
desertification over recent decades, due to the long-term
influence of extensive fuelwood gathering, heavy grazing
and reclamation (Zhu and Wang 1992; Li et al. 2003,
2005). Wang (2000) evaluated landscape changes from the
1960 s to the 1990 s in the Horqin region by interpreting
satellite images, historical maps, meteorological and
socioeconomic data. The mean annual rate of desertifica-
tion has risen from 1,142 km® in the 1960 s to 2,460 km®
in the 1990 s (Wang 2000; Li et al. 2005). To date, most
sandy grasslands have evolved into mobile, semi-mobile,
semi-fixed and fixed sandy lands corresponding to very
severe, severe, moderate and light desertification (Zhu and
Chen 1994; Li et al. 2003, 2005, 2006a, b). In recent years,
desertification and its impact on the Horqin region have
been intensively studied (Li et al. 2002, 2003, 2005; Zhao
et al. 2005; Zhang et al. 2005; Su et al. 2006; Liu et al.
2006; Zuo et al. 2007). However, the variation in vegeta-
tion pattern and the concomitant changes in soil properties
have not been clarified in the processes of grassland
desertification.

The vegetation is a good indicator of an ecosystem’s
overall function in arid and semi-arid areas. Alterations in
the vegetation pattern over time can result in changes on
the distributions of both living organism and soil resource.
Soil organic carbon, nitrogen and phosphorus are very
important to maintain ecosystem function because of their
direct roles in many ecosystem processes, e.g., plant
growth and carbon cycle (Robertson et al. 1988). Many
studies have suggested that plant distributions in arid
regions are strongly affected by soil resource variations
(Puignaire et al. 1996; Daiyuan et al. 1998; Maestre and
Cortina 2002). Some hypotheses for desertification in semi-
arid grasslands indicate that grassland desertification is
often characterized by vegetation replacement, e.g.,
perennial herbaceous species are often replaced by long-
lived woody shrubs (Schlesinger et al. 1990, 1996; Schle-
singer and Pilmanis 1998). Desertification results in the
change of vegetation pattern and structure e.g., change
from grassland to shrubland due to increasing spatial and
temporal variation of water, nutrient and other soil prop-
erties (Dunkerley 2000; Sperry and Hacke 2002). Thus, it
is necessary to understand the relationship between vege-
tation and soil along a grassland desertification gradient in
Horgin Sandy Land.
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The overall aim of this paper was to describe how sandy
vegetation and soil respond to grassland desertification in
Horqin Sandy Land. The specific objectives of this study
were: (1) to examine patterns and dynamics of plant spe-
cies composition and diversity along a desertification
gradient of sandy grassland; (2) to detect the relationship
between vegetation pattern and soil properties in the pro-
cesses of grassland desertification.

Materials and methods
Study area

This study was conducted in the south-western (42°55" N,
120°42' E; elevation approximately 360 m) Horgin Sandy
Land, Inner Mongolia, China. This area is a temperate zone
with the continental monsoon climate, receiving average
annual precipitation of 360 mm, with 75% of this in the
growing season of June to September. The annual mean
open-pan evaporation is about 1,935 mm. The annual mean
temperature is around 6.4°C with the minimum monthly
mean temperatures of —13.1°C in January and the maxi-
mum 23.7°C in July. The annual mean wind velocity is in
the range of 3.2—4.1 m s7! (Zhu and Chen 1994).

The distribution of vegetation patches and soil proper-
ties at relatively small scale within a degraded sandy
grassland show high degree of spatial heterogeneity (Su
et al. 2006). The zonal soils are identified as degraded
sandy chestnut soils, which are mostly equivalent to the
Orthi-Sandic Entisols of sand origin in terms of the
FAO-UNESCO system. These soils characterized by their
coarse texture and loose structure with high proportion of
sand (85-95%) and low organic matter content (0.15-0.5%
soil organic C), are highly susceptible to wind erosion.
A rapidly growing human population within the last
50-100 years has produced increasing impacts from
grazing and cultivation and has affected the grassland
desertification.

Desertification grades

There are many quantitative and/or qualitative criteria for
assessing the degree of grassland desertification (Mabbutt
1986; Dregne 1991; Zhu and Wang 1992; Zhu and Chen
1994; Li et al. 2003, 2005, 2006a, b). When wind erosion
and sand accumulation in the grassland are obvious, the
desertification process started. If vegetation cover is reduced
to 50-70% and area of shifting sand accounts for about 1—
2% of the total grassland area, grassland is regarded as
lightly desertified (LD) area, e.g., fixed sandy land. If veg-
etation cover is reduced to 30-50% and area of shifting sand
accounts for about 5-20% of the total grassland area, then
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grassland is regarded as moderately desertified (MD) area,
e.g., semi-fixed sandy land. If vegetation cover is reduced to
10-30% and area of shifting sand accounts for about 20-
50% of the total grassland area, then grassland is regarded as
severely desertified (SD) area, e.g., semi-mobile sandy land.
If vegetation cover is reduced to <10% and area of shifting
sand accounts for >50% area of the total grassland, then
grassland is regarded as very SD (VSD) area, e.g., mobile
sandy land. Also, researchers working in this area think that
if vegetation cover is >70%, grassland may be regarded as
the potentially desertified (PD) area. According to the level
grades of grassland desertification, this study was conducted
in different 15 plant communities chosen along a gradient
from potential to very severe desertification.

Vegetation survey

All data were collected in mid-August 2005. The chosen 15
plant communities at five desertification stages had the
similar topographic conditions (open and flat field site). In
each plant community, 50 x 50 m* plot was established
for this study. Quadrats in vegetation survey were
5 x 5 m? for shrubs and 1 x 1 m? for herbs. Ten random
quadrats shrubs and herbs were placed in each plant
community plot to measure plant height (maximum), spe-
cies abundance and cover, respectively. A total of 300
quadrats were assigned to investigate plant community
characteristics at five stages of grassland desertification. In
each quadrat of herb survey, the litter was carefully col-
lected, the aboveground biomass (AGB) of plant estimated
by harvest method and six replicated soil cores of the
underground biomass (UGB) were taken in 20 cm depth
with a soil auger (8 cm in diameter). This range was cho-
sen because most of the roots of herbs and semi-shrubs lie
in this depth in this area. In the laboratory, UGB collected
in each soil core was first carefully washed. The litter,
AGB and UGB were dried at 60°C in hot air oven for 48 h
and weighed.

Soil sampling

Concurrently, three mixed soil samples for laboratory
analysis were randomly taken in each plot of 15 plant
communities. Each soil sample was a mixture of 15 ran-
dom soil cores (0-20 cm depth) using 3-cm-diameter soil
auger in order to reduce soil heterogeneity in each com-
munity. With the same auger, 45 additional replicate cores
were taken in each plot to measure soil water (SW) content
at depth of 0-20 cm. In addition, 45 soil bulk densities
(BD) in each plot were measured by the core method. Soil
samples were pretreated through a 2-mm screen to remove
roots and other debris. Soil particle size was measured by
the pipette method in a sedimentation cylinder, using

sodium hexamethaphosphate as the dispersing agent (ISS-
CAS 1978). Soil pH and electrical conductivity (EC) were
measured in a 1:1 soil-water slurry and in a 1:5 soil-water
aqueous extract (Multiline F/SET-3, Germany), respec-
tively. Soil organic carbon (C) was measured by the
dichromate oxidation method of Walkley and Black (Nel-
son and Sommers 1982), total nitrogen (N) by the Kjeldahl
procedure (ISSCAS 1978) and total phosphorus (P) by UV-
1601 spectrophotometer (Japan), after H,SO4-HCIO4
digestion (ISSCAS 1978). Soil available nitrogen (AN) was
measured by the alkaline diffusion method and available
phosphorus (AP) was measured by the Bray method
(ISSCAS 1978). Potassium (K) and available potassium
(AK) were measured by flame spectrophotometry (ISSCAS
1978).

Data analysis

The relative important value (IV) of species in each plot
was calculated from the mean of relative cover, relative
height and relative abundance (Zhang et al. 2005). Species
diversity was calculated by the Shannon—Wiener index (H).
Species ecological dominance was calculated by the
Simpson index (D). In order to study the relationship
between the vegetation pattern and soil properties, a
canonical correspondence analysis (CCA) (Ter Braak
1986) was used. Data matrices of the soil variables (mean
value in each plot) and plant IV based on 15 plant com-
munities were made (He et al. 2007; Zuo et al. 2008).
Significance of species—soil correlation was tested by the
distribution-free Monte Carlo test (1,000 permutations). In
the Monte Carlo test, the distribution of the test statistics
under the null hypothesis is generated by random permu-
tations of cases in the environmental data (Jafari et al.
2004).

Differences of vegetation characteristics and soil prop-
erties among the different desertification stages were
analyzed by the one-way analysis variance. Results were
checked by Tukey’s test. The statistical analyses were
calculated by SPSS (version 13.0). The analysis of rela-
tionships between the distribution of plant communities
and soil properties was performed using CANOCO v.4
software (Ter Braak and Smilauer 1998).

Results

Vegetation pattern variation in the processes
of grassland desertification

Differences in species number between the five stages of

desertification development were obvious (Table 1,
P < 0.01), except between PD and LD (P > 0.01). There
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Table 1 Changes on vegetation characteristics at the different grassland desertification stages

PD LD MD SD VSD
Species number 34 + 1.65° 32 + 2.45° 20 + 3.68° 12 + 2.64° 6 +257¢
Cover (%) 76.80 + 3.60° 64.60 + 4.66° 51.13 + 0.58° 28.14 + 7.64¢ 9.55 + 0.57°
AGB (g m™?) 294.21 + 20.65° 207.24 + 19.20° 152.84 + 20.04° 60.38 + 8.05° 16.21 + 7.21¢
UGB (g m™?) 74832 + 394.21° 557.32 + 236.93" 355.63 & 159.56° 180.45 + 3.04° 78.14 + 15.25¢
Litter (g m™?) 208.42 + 131.15% 142.4 + 32.11° 66.03 =+ 5.55° 4773 + 1.14° 3.75 + 0.75°
H 227 £ 0.15° 245 £+ 0.15% 1.98 4+ 0.45° 1.80 £ 0.04° 1.24 4 0.24°
D 0.14 + 0.03* 0.12 £ 0.02° 0.21 £ 0.01° 0.25 £ 0.01° 0.39 + 0.10°

Values represent mean + SE

PD potential desertification, LD light desertification, MD moderate desertification, SD severe desertification, VSD very severe desertification,
AGB aboveground biomass, UGB underground biomass, H Shannon—Wiener index, D Simpson index

The different letters from mean values indicate statistical difference among different desertification stages (P < 0.01)

was no significant difference in the species diversity index
(H) and ecological dominance index (D) between PD and
LD, nor between MD and SD (P > 0.01), but there were a
decreasing trend in species diversity index and an
increasing trend in ecological dominance index in the
processes of grassland desertification. The values of veg-
etation cover, AGB, UGB and litter also showed a
decreasing trend form PD to VSD, and the significant
differences were obvious between the different grassland
desertification stages (P < 0.01) except AGB, UGB and
litter between PD and LD (P > 0.01).

The relative IV for dominant species in plant commu-
nities at the different desertification stages are shown in
Table 2. The dominance of palatable herbaceous plants and
semi-shrubs in grassland decreased with the development
of grassland desertification, e.g., Cleistogenes squarrosa,
Lespedeza davurica, Eragrostis pilosa and Artemisia frig-
ida. Whereas, dominance of some psammophytes and
indicator species adapted to the semi-mobile dunes and
mobile dunes, Artemisia halodendron, Ixeris denticulata,
Agriophyllum squarrosum, Inula salsoloides and Sonchus
oleraceus, increased in the processes of grassland deserti-
fication. At the same time, a decrease in species numbers of
perennial grasses, and an increase in dominance of shrub
with asexual reproduction occurred from PD to SD. At the
end of the degradation sequence (VSD) there were the
pioneer sand plants.

Changes on soil physicochemical properties
in the processes of grassland desertification

Soil water content, BD and particle size distributions at
the different stages of grassland desertification are
shown in Table 3. The SW content that is a dynamic
variable influenced by plant and precipitation, had no
clear differences (P > 0.01) between the different grass-
land desertification stages. Soil BD increased from
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1.51 + 0.45 g cm > in PD to 1.64 + 0.01 g cm™> in VSD,
and the significant differences were obvious (P < 0.01)
except between LD and MD, and between SD and VSD
(P > 0.01). Generally, soil texture becomes coarser with
the development of grassland desertification. In this study,
very fine sand content and silt content declined from
28.00 £ 9.98 and 24.33 £+ 6.74% in PD to 0.96 + 0.42
and 1.43 + 0.49% in VSD, respectively, and there were
differences in very fine sand content (F' = 15.02, P < 0.05)
and silt content (F = 6.82, P < 0.05) among the different
desertification stages.

Soil chemical characteristics greatly varied in the
grassland desertification processes (Table 4). EC, soil
organic C, total N and total P showed an apparent
decreasing trend, e.g., they declined from 69.33 +
28.04 dSm™', 6324 0.81, 0454 0.05 and 0.39 £
0.12 g kg~' in PD to 19.67 £ 2.890 dS m™', 49 + 0.11,
0.13 £ 0.01 and 0.08 + 0.01 g kg~ in VSD respectively.
Therefore, the very SD grassland stored the less soil
organic C, total N and total P. Also, AN and AK decreased
floatingly in the desertification processes, and they were
significant differences in AN (P <0.01) and AK
(P < 0.01) among the different desertification stages. The
change of soil potassium was relatively unclear in the
processes of desertification, and no significant differences
(F = 0.33, P>0.05) were found among the different
desertification stages.

Relationship between vegetation pattern
and soil properties

Correlation analysis of plant community characteristics and
soil physicochemical properties are shown in Table 5.
Correlation analysis indicated that there was a significant
positive correlation (P < 0.01) between soil organic C,
total N, cover and AGB. In addition, there were a signifi-
cant positive correlation (P < 0.01) between total N, total
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Table 2 Changes on important values (IV, mean) for dominant species in plant communities at the different grassland desertification stages

Species Life- Potential Light desertification Moderately ~ Severe Very severely
form  desertification desertification desertification desertification
Cl c2 C3 €4 G5 c6 C7 C8 (9 Cio Cl1 Cl12 CI13 Cl4 C15
Artemisia halodendron S 1.81 17.10 1435 2258 20.52 0.86
Lespedeza davurica SS, 13.65 16.45 1557 230 122 7.39 099 0.84 0.31
PL
Artemisia frigida SS 19.31 16.03 23.48 11.22 12.05
Ixeris denticulata AF 1.98 217 3442 17.52
Corispermum AF 2.63 242 124 375 435 433 11.13 7.80 7.69 3.72
elongatum
Setaria viridis AG 10.84 16.99 9.39 12.86 1826 9.33 627 975 9.79 1736 945 2.85 2498 12.51
Agriophyllum AF 1.52 60.02 14.66 13.31
squarrosum
Chenopodium AF 1.79 1.70 1640 6.71 11.71
aristatum
Sonchus oleraceus L. AF 11.25 50.01
Inula salsoloides AF 9.30 38.02 7.13
Aristida adscensionis AG 598 396 3.16 11.53 4.13 850 5.61 2.14 418 1.58
Eragrostis pilosa AG 2.32 2240 446 3.68 6.16 1539
Euphorbia humifusa AF 048 041 273 1398 1.10 290 148 2097 949 1759 0.76
Bassia dasyphylla AF 145 3.17 293 195 4.02 3086 524 123 044 1.82
Digitaria ciliaris AG 526 3.80 7.39 15.10 3.58 11.06 20.02 1.71
Chloris virgata AG 0.89 7.86 11.07 0.79 176 029 1.96
Tribulus terretris AF 0.58 0.77 2.09 7.59 0.24
Cleistogenes PG 3259 7.61 846 2.07 242 201 3.56 2.15
squarrosa
Tragus mongolorum AG 26.37 0.68
Phragmites communis PG 21.71 1.13 1.62 23.97
Artemisia scoparia AF 13.48 29.51 28.80 10.48 12.85 4.82 6.34 6.68
Melissitus ruthenicus PL 6.52 5.13 12.86 4.48 21.27 18.45 10.28

Community abbreviations are shown in the appendix

AF annual forbs, AG annual grass, PF perennial forbs, PG perennial grass, PL perennial legume, S shrub, SS semi-shrub

Table 3 Soil physical properties at the different grassland desertification stages

PD LD MD SD VSD F-value P-value

SW (%) 478 + 1.10* 3.25 +£ 0.33* 3.00 + 0.10* 3.23 £ 0.10* 3.67 +£ 0.18* 4.37 0.03
BD (g cm™) 1.51 £+ 0.45° 1.58 + 0.01° 1.60 + 0.02° 1.62 £+ 0.02° 1.64 +£ 0.01° 12.24 0.00
Particle size (%)

Coarse sand (0.5-0.25 mm) 16.31 + 8.95% 29.99 + 7.15* 36.78 £ 0.62* 33.22 + 1.15* 33.35 £+ 5.81* 341 0.05

Fine sand (0.25-0.10 mm) 28.06 + 11.517  54.06 + 6.11° 48.73 4+ 0.86° 60.17 + 0.95° 61.66 + 4.76" 7.51 0.00

Very fine sand (0.1-0.05 mm) 28.00 & 9.98* 7.7 £+ 2.67° 6.89 + 0.15" 3.09 £+ 0.10° 0.98 + 0.41¢  15.02 0.00

Silt (0.05-0.002 mm) 24.33 4+ 6.74* 533 + 1.13° 5.03 + 0.08" 2.77 £ 0.44° 1.41 + 0.51¢ 6.82 0.01

Clay (<0.002 mm) 2.37 + 0.34* 2.58 + 0.42°% 2.68 + 0.15* 2.29 + 0.07* 1.98 + 0.04* 0.97 0.47

Values represent mean + SE

PD potential desertification, LD light desertification, MD moderate desertification, SD severe desertification, VSD very severe desertification

The different letters from mean values indicate statistical difference among different desertification stages (P < 0.01)

P, AN, silt and soil organic C, and a significant negative

correlation (P < 0.01) between soil BD, sand (>0.05 mm),

and soil organic C. Moreover, regression analyses of the

relationship between soil organic C, total N and particle
size proportions showed that soil organic C and total N
tended to be associated with fines (<0.1 or <0.05 mm)
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Table 4 Soil chemical properties at the different grassland desertification stages

PD LD MD SD VSD F-value P-value
PH 8.28 & 0.16 8.04 & 0.13 7.91 + 0.04° 8.28 4 0.01* 7.96 0.17° 3.75 0.04
EC @S m™")  69.33 +28.04*  31.80 + 2.59° 29.33 + 0.58" 28.00 + 0.02° 19.67 & 2.89° 6.79 0.01
C(gkg™ 6.32 + 0.81° 3.36 + 0.31° 1.64 + 0.25° 1.02 + 0.02¢ 0.49 + 0.11° 77.55 0.00
N(gkg™ 0.45 £ 0.05° 031 + 0.02° 0.21 + 0.03¢ 0.15 + 0.02 < 0.13 £ 0.01%  81.65 0.00
P(gkg™ 0.39 £+ 0.12° 0.19 £ 0.02° 0.14 £ 0.01% 0.12 £ 0.02% 0.08 £ 0.01° 15.31 0.00
K (g kg™h) 29.17 + 4.76* 25.00 + 8.47° 28.33 + 1.44° 29.16 + 1.44° 27.50 + 0.00° 0.33 0.85
AN (gkg™)  20.63 + 4.54° 15.10 + 1.13° 9.14 + 0.83¢ 6.23 &+ 0.21° 7.70 + 0.96° 19.42 0.00
AP (g kg™ 7.00 + 2.20° 13.84 4+ 3.27° 8.45 + 2.08* 8.69 & 0.55% 821 + 0.61° 6.15 0.01
AK (g kg™ 86.67 + 5.77° 110 + 14.14°  86.67 + 0.02° 70 + 0.01° 50 + 0.01° 15.01 0.00

Values represent mean £+ SE

PD potential desertification, LD light desertification, MD moderate desertification, SD severe desertification, VSD very severe desertification, EC
electrical conductivity, C soil organic carbon, N total nitrogen, P total phosphorus, AN available soil nitrogen, AP available phosphorus, K

potassium, AK available potassium

The different letters from mean values indicate statistical difference among different desertification stages (P < 0.01)

rather than with sands (>0.1 or >0.05 mm) in the grassland
desertification processes (Table 6).

The diagram originated by first two axes of the CCA
(Fig. 1, Table 7) showed that the important soil variables
affecting plant community distribution were included in
the survey. In CCA ordination diagram, plant community
types are represented by circles and codes, and soil vari-
ables are represented by vectors. A Monte Carlo
permutation test indicated that all the canonical axes were
significant (P < 0.005). The first axis highly correlated
with the soil organic C (r = —0.73, P < 0.01), total N
(r=-0.75, P <0.01), AN (r = —0.65, P <0.01) and
AK (r = —0.80, P < 0.01), which showed the gradient of
soil nutrients in the processes of grassland desertification.
The second axis was highly correlated with SW content
(r =0.70, P < 0.01), sand content (r = —0.66, P < 0.01)
and silt content (r = 0.64, P < 0.01). The two axes
explained 25.40 and 16.00% of cumulative percentage
variance, respectively. The first axis represented the key
factors in soil properties affecting plant community
distribution.

Relationship between characteristic of community
structure and soil properties

The species diversity and ecological dominance are two
important ecological indexes for describing the structure
and function of plant community (Liu and Zhou 1996). In
order to study the relationship between the characteristics
of plant community structure and soil properties in the
processes of grassland desertification, Shannon—Wiener
diversity index (H) and Simpson dominance index (D)
were used in this paper. The correlation analysis indicated
that the H and D were not correlated to soil properties
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(P > 0.01) except AK (Table 5). However, the results of
regression analysis from Table 8 showed that the first axis
component (Y;) had significant linear relationships with H
and D, respectively. Moreover, Y, had a multivariate linear
relationship with H and D. These results also showed that
the changes on species diversity and ecological dominance
had a close relationship with the gradient of soil nutrients
in the processes of grassland desertification.

Discussion

Horqgin Sandy Land, with its wind-sandy environment and
poor sandy soils, has undergone the severe land desertifi-
cation in the past decades due to excessive removal of
natural vegetation for fuel, overgrazing and extensive
cultivation of the natural grasslands (Zhao et al. 2005).
Consequently, the physical structure and chemical com-
ponent of soil are changed in the desertification processes,
reducing soil nutrients, making land barren and decreasing
land productivity (Li et al. 2006a, b). Our results showed
that the vegetation cover, species number and diversity
indices, biomass, litter, soil nutrient, fine sand content and
very fine sand content decreased in the processes of
grassland desertification. The result is consistent with the
previous studies, supporting the conclusion that desertifi-
cation process greatly changed the vegetation pattern and
soil properties of sandy grassland (Li et al. 2006a, b; Zuo
et al. 2007). In particular, desertification process resulting
in the changes on soil nutrient levels in sandy grasslands,
promotes the composition and structure of grassland eco-
system to evolve the different spatial allocations of
production (Cheng et al. 2007). Our studies indicate that
plant communities in potential and light desertification
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Table 6 Relationship between soil organic C, total N and particle
proportion

Table 7 Cumulative percentage variance, eigenvalue and species—
soil correlation coefficients for the first two axes of CCA

Particle size Linearity regression P-value R* N

(mm) equation
C >0.1 C = —0.0913X; 4+ 10.1620 0.000 0.8060 15
<0.1 C = 0.0925X, + 1.0216 0.000 0.7996 15
<0.05 C = 0.1821X5 + 0.9636 0.000 0.7250 15
N >0.1 N = —0.51X; + 0.6687 0.000 0.7308 15
<0.1 N =0.51X, + 0.1611 0.000 0.7188 15
<0.05 N = 0.0100X5 4 0.1587 0.000 0.644 15
C soil organic carbon, N total nitrogen
3 & Vegetation Types
\.§ Potential desertification ©
r - ] Light desertification o
éb PE%‘!_“ \d Moderate desertification ¢
N by Severe desertification A
. \ i Very severe desertification ¥
(o]
-
<
AK
<
n
-1.0 AX1 1.0

Fig. 1 Canonical correspondence analysis two-dimensional ordina-
tion diagram of 15 communities based on plant important values and
soil variables (EC electrical conductivity, SW soil water content, BD
soil bulk density, C soil organic carbon, N total nitrogen, P total
phosphorus, AN available soil nitrogen, AP available phosphorus, K
potassium, AK available potassium, Sand sand content of >0.05%.
Community abbreviations are shown in the appendix)

stages support the higher productivity than that of shrub-
dominated communities in moderate and severe desertifi-
cation stages.

Degradation of an ecosystem usually results in a
decrease in soil quality together with a regression of the
ecological succession (Rodriguez Rodriguez et al. 2005).
According to the state-and-transition model as described by
Westoby (1989) and Milton and Hoffman (1994), we
provided simple state-and-transition models giving the
vegetation characteristics to describe the situation of sandy
grasslands degradation in semi-arid area (Fig. 2). Our

@ Springer

Axis

AX1 AX2
pH —0.34 0.34
EC —0.52% 0.58*
BD 0.59* —0.38
SW —0.03 0.70%%*
C —0.73%%* 0.55*
N —0.75%%* 0.55*
P —0.61%" 0.59%
K 0.05 0.06
AN —0.65%* 0.60%*
AP —0.24 -0.19
AK —0.80%* —0.17
Sand 0.45 —0.66**
Silt —0.44 0.64*%*
Clay 0.28 0.14
Eigenvalue 0.68 0.43
Species—soil correlations 1.00 1.00
Cumulative percentage variance (%) 25.40 41.40

EC electrical conductivity, SW soil water content, BD soil bulk
density, C soil organic carbon, N total nitrogen, P total phosphorus,
AN available soil nitrogen, AP available phosphorus, K potassium, AK
available potassium, Sand sand content of >0.05%

* Correlation is significant at the 0.05 level (2-tailed)

** Correlation is significant at the 0.01 level (2-tailed)

Table 8 Regression analysis between CCA axis values and plant
community structure

Axis  Community  Coefficient Regression P
structure ———  coefficient, R®
BO B]
Y, H —1.49 821 0.63 0.000
Y D 434 =206 0.68 0.000
Y, H —0.46 2.58  0.08 0.320
Y, D 1.55 =073  0.11 0.230

Y, =4.29 4+ 0.07 H — 2.04 D, R* = 0.68, P < 0.005; Y, = 4.50 —
441 H - 175D, R*=0.13, P < 0.5

H Shannon—Wiener index, D Simpson index, Y; the first axis com-
ponent, Y, the second axis component

results indicate that the palatable grass and leguminous
plant have given place to the shrub vegetation with asexual
reproduction and pioneer sand plants that are tolerant to
sand burial and barren soils in the processes of grassland
desertification. With progressive desertification, the eco-
logical replacement of unpalatable semi-shrub and
shrub was obvious, such as Artemisia frigida semi-shrub
and Artemisia halodendron shrub. The unpalatable plant
of Artemisia frigida replaced gradually Cleistogenes
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Light desertification (LD) < Potential desertification (PD)
grasses decrease and bush increase > grasses and patchy bush
Moderate desertification IMD)
asexual reproduction bush < Frosion
encroachment
4 4
1
1
]
Severe desertification (SD) :
asexual reproduction bush ,
corraunity :
Y |
1
y o
Very severe desertification (VSD) Desert
pioneer sand plant no vegetation

Fig. 2 Simple state-and-transition models for vegetation degradation
in semi-arid sandy grasslands

squarrosa and L. davurica with the development of
grassland desertification and eventually became the domi-
nant plant in LD. At the same time, due to strong wind
erosion, sand burial phenomena emerge in desertification
processes. Sand burial is an environmental stress factor
commonly encountered in arid and semi-arid desertified
grasslands (Maun and Lapierre 1986; Brown 1997). As
desertification continued, some burial-tolerant plants, such
as Artemisia halodendron with asexual reproduction could
survive this environment to increase its dominance and
became the dominant in SD. These results, in a certain
degree, support the hypothesis that grassland desertification
is often characterized by vegetation replacement, e.g.,
perennial herbaceous species are often replaced by long-
lived woody shrubs (Schlesinger et al. 1990, 1996; Schle-
singer and Pilmanis 1998). At very severely desertification
stage, Agriophyllum squarrosum of pioneer sand plant was
adapted to barren soils and grew vigorously in VSD
(Nemoto and Lu 1992; Zhang et al. 2005).

Climate, topography and soil exert important influences
on the plant distribution (Huerta-Martinez et al. 2004;
Jafari et al. 2004). However, soil is very important for plant
growth and is a function of climate, organisms, topography,
parent material and time (Jafari et al. 2004). Commonly,
the sandy grasslands in this area are characterized by a
great number of over stocking management (overgrazing)
(Zhao et al. 2005). The main driving force of grassland
desertification in Horqin Sandy Land is wind erosion. The
decline of vegetation cover caused by overgrazing distur-
bance accelerates directly sand ground erosion by wind
(Zhao et al. 2005). Wind erosion results in the enlargement
of bare patches on dunes, and at the same time it sorts the
soil materials by removing fine size fractions and leaving a
more coarse-textured soil behind (Su et al. 2004).

Moreover, the rapid soil erosion can cause the topographic
changes which can be partly attributed to the soil redistri-
bution resulting from erosion of bare soil openings and
from the trapping of windblown soil by grasses (deposi-
tional process) as plant growth occurs (Martinez-Turanzas
et al. 1997). Topography may influence the accumulation
and export of nutrients and soil particles (Sebastia 2004), as
well as the redistribution of soil resources on sand dune
(Zuo et al. 2008). Our study indicate that desertification
process results in the vegetation degradation and the
changes of physical structure and chemical component of
soils in sandy grasslands, consequently, the changes of soil
nutrients further influence the plant distribution.

The conceptual model presented by Sala et al. (1997)
hypothesizes that the dominance of shrubs or grasses is
related to soil texture. Our results showed that the removal
of fine particle fractions directly resulted in the decrease in
soil organic C and total N in the processes of desertifica-
tion, supporting the previous study that wind erosion can
cause a loss of soil fine particles and increase soil coarse-
ness in sandy grassland (Su et al. 2004). However, we do
not fully support the hypothesis because plant distribution
is also determined by the effects of disturbance (e.g., wind
erosion) and resource heterogeneity (e.g., soil nutrient) on
the competitive advantages of both bush and grasses (Li
et al. 2006a, b). In addition, desertification processes can
not only promote changes in soil texture, but also lead to
the burial phenomena. Owing to the decline of vegetation
cover and litter accumulation disturbed by overgrazing, the
long-term wind erosion results in soil coarsening and loss
of soil nutrients and increases the spatial and temporal
variation of soil properties. Consequently, there had the
different levels of soil nutrients at different grassland
desertification stages in Horqin Sandy Land.

Although there is much literature that has studied the
distribution of vegetation patches in desert and arid zones
in relation to soil properties that condition an unequal
distribution of the soil moisture regime (Schreiber et al.
1995; Puigdefabregas et al. 1999; Domingo et al. 2001;
Rodriguez Rodriguez et al. 2005), we consider that our
situation is not comparable. There were no significant
differences in SW contents at different stages of grassland
desertification (Table 3). Therefore, they are not expected
to have different soil moisture regimes and vegetation
growth after the rains. However, soil nutrient has directly
affected plant growth and is one of the most important
factors affecting the pattern of grassland plant communities
(Maestre et al. 2003). Moreover, the shrublands are vul-
nerable to losses of soil nutrients resulting in a progressive
degradation of productive capacity of the ecosystem over a
long period (Schlesinger et al. 1990; Huenneke et al. 2001).
The variation in species diversity can be linked to the
ecological gradients of environment (Palmer 1992). Thus,

@ Springer



1236

Environ Geol (2009) 58:1227-1237

the decline of biomass or species diversity is also related to
the loss of soil nutrients from the ecosystem with pro-
gressive desertification.

Conclusions

It has been established that the degradation of the sandy
grassland resulted from desertification shows a regression
of the ecological succession accompanied by the processes
of soil degradation causing a decrease in soil quality.
Grassland desertification in Horqin Sand Land promotes
changes in the vegetation pattern, e.g., shrub species and
sand pioneer plants replace herbaceous plants in vegetation
composition. Meanwhile, the occurrence of grassland
desertification also results in soil property changes, e.g.,
coarsened soil texture and exhausted soil nutrients. Chan-
ges in soil properties are strongly related to vegetation
pattern, including vegetation cover, diversity and biomass.
In particular, grassland desertification process results in the
changes on soil nutrient levels which further promote the
composition and structure of plant community in degraded
sandy grassland environments. In our restoration and
management practices, much effort should be made to
preserve sandy grassland with protected measures, to avoid
the soil degradation and to enhance the natural restoration
succession.
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Appendix: Community abbreviations
at the different grassland desertification stages

Cl, Cleistogenes squarrosa + Tragus mongolorum
community; C2, Artemisia scoparia + Phragmites com-
munis + L. davurica community; C3, Artemisia
scoparia + Setaria viridis + L. davurica community; C4,
Eragrostis pilosa + Artemisia frigida community; CS5,
Artemisia frigida + Euphorbia humifusa community; C6,
Artemisia  frigida + Setaria community; C7,
Digitaria ciliaris + Melissitus  ruthenicus + Artemisia
frigida community; C8, Bassia dasyphylla + Eragrostis
pilosa + Artemisiafrigida community; C9, M. ruthenicus +

viridis

@ Springer

Euphorbia humifusa + Artemisia halodendron commu-
nity; C10, D. ciliaris + M. ruthenicus + Artemisia
halodendron community; Cl11, denticulata +
Artemisia halodendron community; C12, P. communis +
Artemisia halodendron + Ixeris denticulata community;
C13, Agriophyllum squarrosum community; Cl4, Inula

Ixeris

salsoloides + Agriophyllum  squarrosum  community;
C15, Sonchus oleraceus + Agriophyllum squarrosum
community
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