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Abstract. Runoff and nutrient loss in drylands are closely related to vegetation cover. Simulated rainfall experiments
with an intensity of 80 mm/h were conducted in sandy grassland and shrubland in the Tengger Desert, China, to investigate
the responses of runoff and associated carbon (C) and nitrogen (N) losses to the replacement of grassland by shrubland.
Times to ponding and to generate runoff, and the amount of rainfall for runoff commencement in bare, inter-shrub plots
were signiﬁcantly smaller than in shrub (ST) and grassland (GT) plots; no statistical differences were found for these
parameters between ST and GT. Overall, this indicated a higher soil water inﬁltration rate in grassland than in shrubland.
The volume-weighted concentrations of organic C (OC) and total N (TN) in runoff from shrubland (0.083 and 0.011 g/L,
respectively) were lower than those from grassland (0.103 and 0.012 g/L, respectively). The cover-weighted runoff
coefﬁcients, and sediment, OC, and TN losses from shrubland (34.46%, and 44.95 1.72, and 0.23 g/m2, respectively) were
greater than from grassland (15.22%, and 15.91, 0.94, and 0.11 g/m2). Vegetation degradation was accompanied by
reduced nutrient retention capacity; both soil OC and TN of grassland (8.97 and 0.62 g/kg, respectively) were greater than
those weighted values for shrubland (4.18 and 0.26 g/kg). Understanding of these processes suggests that decline or loss of
vegetation cover, with the appearance of biological soil crust patches, inevitably leads to increases in runoff and induced
soil loss, further accelerating desertiﬁcation.
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Introduction
Vegetation change is a crucial issue globally for desert
grasslands in arid and semi-arid regions. One of the most
serious challenges is the increase of shrub-dominated
communities in regions where herbage had formerly prevailed
(Biedenbender et al. 2004). The invasion of desert grasslands
by shrubs has been observed worldwide throughout the past
200 years (e.g. Graetz 1994; Schlesinger et al. 1999). Various
factors are believed to be responsible for this phenomenon.
Some authors stated that the replacement of grasslands by
shrubs indicates that limited water cannot support a dense
and homogeneous vegetation cover (e.g. Tongway and
Ludwig 1994). Some proposed that shrub invasion can be the
result of overgrazing (e.g. Schlesinger et al. 1990). Research
has shown that potentially responsible factors might include
Journal compilation  CSIRO 2013

changing climate, increasing atmospheric carbon dioxide,
livestock overgrazing, altered ﬁre regimes, and periodic
drought, as well as the variability of precipitation patterns
(e.g. Polley et al. 1997; Bates et al. 2006; Scott et al. 2006).
Although it is impossible to establish a speciﬁc causal
relationship between any of these factors and actual
vegetation change (Bhark and Small 2003), it has been
widely reported that shrub encroachments have resulted in
higher spatial–temporal heterogeneity of soil resources and
hydraulic conductivity (e.g. Glendening 1952; Schlesinger
et al. 1990), shallower distribution of soil moisture (e.g.
Glendening 1952; Li et al. 2008), and variation in
hydrothermal conditions (e.g. Moran et al. 2009; Kidron
2010). The direct effects of these alterations are to reduce
availability of soil water and nutrients, and as a consequence
www.publish.csiro.au/journals/sr
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to induce widespread changes to the structure and function of
ecosystems (Cross and Schlesinger 1999; Bhark and Small
2003; Howes and Abrahams 2003; Barger et al. 2006),
especially decreases in species richness and productivity,
changes in species composition and biomass allocation, and
decline or loss of biotic processes (e.g. Báez and Collins 2008).
Invasion of grassland by shrubs in arid and semi-arid
ecosystems is associated with the loss and redistribution of
resources (soil material, water, and nutrients) by wind and
water erosion (Schlesinger et al. 1990, 1996, 1999; Li et al.
2008), bringing about pronounced changes in the biogeochemical
cycles of such systems (Cross and Schlesinger 1999; Li et al.
2008). On the one hand, the resulting patchy distribution of
vegetation improves soil physicochemical characteristics and
biotic and ecohydrological processes as well as microclimate
under plant canopies compared with the bare patches, resulting
in the formation of so-called ‘islands of fertility’ (Schlesinger
et al. 1990; Rostagno et al. 1991; Bochet et al. 1999, 2000;
Kidron 2010). On the other hand, this transition induces a
signiﬁcant change in the nature of overland ﬂow (Howes and
Abrahams 2003; Wilcox et al. 2003). In general, grasslands have
higher hydraulic conductivity than shrubland, due to superior soil
structure, particularly the development of macropores from biotic
processes, e.g. root channels, animal burrows, and worm holes,
which facilitate inﬁltration. This, combined with dense vegetation
cover, provides resistance to overland ﬂow and results in lowvelocity ﬂow and decreased generation of runoff (Abrahams et al.
1994; Guebert and Gardner 2001; Ludwig et al. 2005). After
degradation into patchy shrubland habitats, however, the
efﬁciency of runoff ﬂow concentration on hillslopes is reduced
(Wilcox et al. 2003). Inﬁltration rates are higher beneath canopies
than between them, causing runoff in the inter-shrub areas to be
partly captured by shrub patches (Abrahams et al. 1995; Cross
and Schlesinger 1999; Barger et al. 2006). The runoff that is not
trapped by shrubby areas ﬂows downslope around the shrubs at
greater ﬂow velocities, causing more erosion than on grasslands,
so that overland ﬂow in shrubland habitats develops a complex
reticular pattern (Howes and Abrahams 2003; Wilcox et al. 2003).
Although shrub invasion of grasslands in dryland areas has
been extensively described, previous studies have focussed on
the spatial structure of the vegetation in order to gain an
understanding of the way that different factors affect shrub
invasion (Bhark and Small 2003), and on the resultant ‘fertile
islands’ (e.g. Rostagno et al. 1991; Bochet et al. 1998, 2000;
Cross and Schlesinger 1999). The only published studies have
been conducted in North America, for example in the
Chihuahuan Desert of New Mexico, and their focus was on
changes in inter-rill runoff, erosion, and soluble nutrients
loss following vegetation conversion (Abrahams et al. 1995;
Schlesinger et al. 1999, 2000). Consequently, limited
information is available in temperate desert areas, especially
those in China, where the natural conditions, particularly
vegetation composition and precipitation pattern, are different
from the regions that have been studied. In the south-eastern
fringe of the Tengger Desert, large areas of desert steppe have
been invaded by shrubs during the past 200 years, and
desertiﬁcation processes are a major concern for management
of the degraded region (Li and Jia 2005). In order to control
desertiﬁcation and to better manage ecosystems of this area, it is
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important to understand the changes that take place in the
biogeochemical processes. Li et al. (2008), for example,
reported smaller runoff, sediment, and nutrient losses from
shrub patches than from inter-shrub patches in shrubdominated areas of the Tengger Desert; however, few studies
have investigated the consequent resource losses (water, soil
material, and nutrients) following vegetation replacement.
The objective of the present study was to compare the
contents of water, sediment, carbon (C), and nitrogen (N) in
the runoff from grass-dominated and shrub-dominated areas
at the south-eastern fringe of the Tengger Desert, with the
additional purpose of contributing to an understanding of
the effects of resource losses due to desertiﬁcation and the
management of degraded ecosystem in this region.
Methods
Study area
This study was conducted at the long-term observation ﬁeld of
the Shapotou Desert Research and Experiment Station of the
Chinese Academy of Sciences, on the south-eastern fringe area
of the Tengger Desert in northern China (Fig. 1). The mean
elevation of the area is 1 339 m. Meteorological records show a
mean annual air temperature of 10.08C, with daily minimum and
maximum values of –25.18C and 38.18C, and mean annual
precipitation of 180.2 mm, ~80% of which falls between May
and September. Potential evapotranspiration during the growing
season was 2300–2500 mm.
The grassland selected for study was 26 km west of the
Shapotou Desert Research and Experimental Station.
Vegetation cover in this grassland was ~58%, dominated by
Stipa glareosa P. Smirn., S. breviﬂora Griseb., and Cleistogenes
squarrosa (Trin.) Keng. Cover of sporadic biological soil
crusts (BSCs) was ~7%, which comprised algae (e.g. Euglena
sp.), lichen (e.g. Collema tenax Ach.), and cyanobacteria
(e.g. Microcoleus vaginatus Gom). The topography drained

Fig. 1. Map of China showing the extent of the Tengger Desert and the site
of the Shapotou Desert Research and Experiment Station of the Chinese
Academy of Sciences. Grassland and shrub experimental sites of the study
are 26 and 40 km west of Shapotou, respectively.
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southward with a slope of ~138 (Fig. 2a). The shrub-dominated
site was on a north-facing hillside 14 km west of the grassland,
dominated by Salsola passerina Bunge and Reaumuria
soongorica (Pall.) Maxim., scattered on soil mounds with a
coverage of ~11%. About 6% of the soil under canopies
and 74% of the soil between them was covered by BSCs,
dominated by algae (e.g. Euglena sp., Hantzschia amphioxys
var. capitata Grum), lichen (e.g. Collema tenax Ach.),
mosses (e.g. Bryum argenteum Hedw, Didymodon constrictus
(Mitt)), and cyanobacteria (e.g. Microcoleus vaginatus Gom,
Hydrocoleum violaceum Marten) (Li et al. 2008). The average
slope in the shrubland area was 108 (Fig. 2b). The zonal soils in
both grass- and shrub-dominated areas were grey desert soil
derived from colluvial–eluvial material according to Chinese
Soil Taxonomy, which is equivalent to the Camborthid in terms
of USDA Soil Taxonomy classiﬁcation (Shapotou Desert
Research Station 1980; Qiu et al. 2000; Soil Survey Staff
2010). The bulk density, clay and silt contents, and amounts
of organic C (OC) and total N (TN) indicated that soil quality
has been signiﬁcantly degraded following the vegetation
replacement (Table 1). Soil in the inter-shrub patch was
sandy, whereas both the shrub patch and grassland habitat
had loamy sand soil, according to the USDA Soil Taxonomy.
The entire grassland and shrubland site has been fenced for
>30 years to exclude grazing.

(a)
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Experimental design
Ten plots 1 m by 1 m were set up in grassland (grassland
treatment, GT). Twenty experimental plots, each measuring
1 m by 1 m, were set up in shrubland: 10 plots on the BSCcovered bare soil between shrubs (bare soil treatment, BT);
and 10 plots with a natural mosaic of both shrubs and bare soil
(shrub treatment, ST), each with 20% of the surface covered by
shrubs and 80% BSC-covered bare soil. In order to minimise
differences in runoff, sediment, and C and N losses among
replicates in each treatment, and to ensure the comparability of
the data between treatments, the plots selected for each group
were kept with identical slope angle. The shrub patches in ST,
measuring 0.4 m by 0.5 m, were in the downslope part of the
1-m2 plots. A 15-cm-high steel sheet was carefully hammered
10 cm into the soil to enclose each plot, and a ﬂume and
measuring cylinder were attached at the lower end of each
plot for runoff and sediment collection and measurement.
Runoff samples were stored in separate polypropylene bottles
for each plot.
Simulated rain at an intensity of 80 mm/h was applied once to
each plot, with a portable sprinkler rainfall simulator. A high
intensity was adopted to highlight the differences between these
two habitats despite its infrequency in the Tengger Desert. The
simulator delivered water from a height of 2.0 m; droplet average
diameter was 2.0 mm and each drop produced a kinetic energy
of 1.35 J/m2.s. Each experiment lasted for 45 min, by which
time it was assumed that the values of both inﬁltration rate
and runoff outﬂow would have stabilised. The actual simulated
rainfall intensity on each plot was measured using four rain
gauges located at each corner of each plot.
Measurements

(b)

Once runoff started, samples of outﬂow were initially collected
at 1-min intervals, and then at 3-min intervals from 15 min after
the rainfall started. Samples were immediately frozen for storage
in the laboratory. When thawed, each sample was centrifuged
and ﬁltered through a 0.45-mm ﬁbreglass ﬁlter. Remaining
sediments were oven-dried at 608C. The ﬁltered runoff water
and sediments were analysed for TN with a Kjeltec System 1026
distilling unit (Tecator AB, Sweden), and for OC with the
Walkley and Black dichromate oxidation method (Nelson and
Sommers 1982). Yields of TN and OC were recorded as the
sum of their respective values in runoff and sediments; N and
C background values in the simulated rainfall water were
subtracted from their content in runoff water.

Table 1. Comparison of physiochemical properties of topsoil (0–10 cm)
in the study area
Within rows, means followed by the same letter are not signiﬁcantly different
at P = 0.05 (n = 10)
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Fig. 2. General view of (a) grassland and (b) shrubland at the experimental
sites.

Bulk density (g/cm )
Clay content (%)
Silt content (%)
Organic carbon (g/kg)
Total nitrogen (g/kg)

Bare soil patch

Shrub patch

Grassland

1.43 ± 0.21a
5.68 ± 1.13a
15.17 ± 2.49a
3.78 ± 1.03a
0.23 ± 0.08a

1.18 ± 0.11b
11.81 ± 2.06b
22.61 ± 3.74b
8.14 ± 1.12b
0.58 ± 0.14b

1.17 ± 0.14b
12.26 ± 1.87b
23.69 ± 2.88b
8.97 ± 0.94b
0.62 ± 0.12b
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The main parameters calculated for each simulated rainfall
event were as follows: time to ponding, which is the time for
water to accumulate over 60% of the plot surface; time to runoff;
amount of rainfall for runoff commencement; and runoff
coefﬁcient (i.e. runoff as a proportion of total applied water).
Statistical analyses
Differences in runoff, sediment, and C and N losses between
grassland and shrubland were quantiﬁed by analysis of variance
(ANOVA) in conjunction with Tukey’s range test to distinguish
between the means for the different plot types, using SPSS
Statistics 10th edition software (SPSS, Chicago, USA).
Results
Hydrological response
For the BT plots, time to ponding and time to runoff occurred
3.3 and 4.6 min after the rainfall started, respectively. In
comparison, time to ponding and time to runoff for both ST
(6.1 and 20.1 min) and GT (6.6 and 22.9 min) typically took
much longer (P < 0.05); no signiﬁcant difference was found
between ST and GT (P > 0.05; Table 2). The amount of
rainfall for runoff commencement for BT was 6.1 mm, which
was signiﬁcantly smaller than for both ST (26.9 mm) and GT
Table 2. Mean values (standard deviations in parentheses) of selected
hydrological parameters for different treatment plots (BT, inter-shrub
bare soil; ST, shrub; GT, grassland)
Within rows, means followed by the same letter are not signiﬁcantly different
at P = 0.05 (n = 10)
BT
Initial soil moisture (%)
Time to ponding (min)
Time to runoff (min)
Rainfall to produce
runoff (mm)

2.94
3.32
4.58
6.11

(0.18)a
(0.72)a
(1.88)a
(2.51)a

ST
2.82
6.12
20.14
26.86

(0.37)a
(0.61)b
(0.64)b
(3.04)b

GT
2.97
6.60
22.92
30.03

(0.31)a
(0.48)b
(1.96)b
(3.74)b
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(30.0 mm); however, we did not ﬁnd any statistical difference
in this parameter between ST and GT, all which conﬁrmed
that shrub patches and grasses both delay or decrease runoff
generation, and more rainwater inﬁltrated directly into the soil
than in the BT plots. On average, water took twice as long to
pond and four times longer to commence runoff for ST and
GT compared with BT, and the ST and GT plots required more
than four times as much rainwater as BT to produce runoff
(Table 2). All of these observations indicated lower inﬁltration
rates in shrubland than in grassland.
Runoff discharge and sediment loss
Runoff discharge in the BT plots generally peaked at ~10 min
after the simulated rainfall began, during which time the plots
received 13 mm of rain; the ST and GT maxima were reached
some 15–20 min later (Fig. 3a). In almost all cases, the discharge
rate was maintained for the remainder of the experiment for all
three treatments. Fluctuations of runoff discharge in the BT plots
were more pronounced than for either the ST or GT plots. Mean
runoff coefﬁcients were 53.33%, 15.22%, and 19.01% for BT,
GT, and ST, respectively. It was assumed that BSC-covered soil
patches in the ST and BT plots produced the same amount of
runoff per unit area, weighting the volume of runoff from these
two kinds of plots according to the proportion of shrub patches
(11%) and inter-shrub patches (89%), this gave a runoff
coefﬁcient of 34.46% for the shrubland habitat (Table 3),
indicating that runoff generated from shrubland would be
signiﬁcantly greater than from grasslands.
The maximum sediment discharge for BT usually occurred
~12 min after the start of the experiment, during which 16 mm
of rain was applied to the plots, whereas the sediment discharge
in the ST and GT plots peaked 18–20 min later (Fig. 3b). In
most cases, the rates of sediment discharge for ST and GT
were unchanged during the rest of the simulated rainfall, and
in a minority of cases, they decreased slightly during the last
part of the experiment. For almost the whole process, sediment
(b)

Sediment discharge (g/min)

(a)

Runoff discharge (cm3/s)
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Time (min)
Fig. 3. Changes in (a) runoff and (b) sediment discharge during simulated rainfall experiments on grassland (GT), shrub (ST), and inter-shrub bare soil (BT)
plots. Plots GT2, ST5, and BT9 are presented as examples.
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Table 3. Mean values (standard deviations in parentheses) of total resource yields and concentrations from different types of
treatment plots (BT, inter-shrub bare soil; ST, shrub; GT, grassland)/habitats
Within rows, means followed by the same letter are not signiﬁcantly different at P = 0.05 (n = 10)

Runoff coefﬁcient (%)
Sediment loss (g/m2)
Organic carbon (OC) loss (g/m2)
Total nitrogen (TN) loss (g/m2)
Volume-weighted conc. of OC (g/L)
Volume-weighted conc. of TN (g/L)

GT

BT

ST

Shrubland

15.22 (0.37)a
15.91 (3.86)a
0.94 (0.03)a
0.11 (0.04)a
0.103
0.012

53.33 (1.95)b
80.34 (17.89)b
2.82 (0.79)b
0.29 (0.09)b
0.088
0.009

19.01 (3.60)a
16.00 (7.98)c
0.82 (0.34)c
0.09 (0.03)c
0.072
0.007

34.46 (2.86)c
44.95 (13.89)d
2.06 (0.49)d
0.23 (0.07)b
0.083
0.011

discharge for the BT plots showed greater ﬂuctuation than the
other two plot types. Sediments collected from different plots
represented total soil material eroded by rain splash and runoffdriven processes. Average sediment yields in BT, GT, and
ST were 80.34, 15.91, and 16 g/m2, respectively (Table 3).
Weighted by the average cover of shrub patches and intershrub patches, sediment yield in runoff from shrubland was
44.95 g/m2, which was 2.8 times more than from grassland.
In most cases, time-dependent sediment concentrations of all
three treatments increased quickly in the initial period of runoff
generation, and peaked for BT plots ~10 min after the simulated
rainfall began and for both ST and GT ~15 min later. In all cases,
sediment concentrations declined sharply soon after their
maxima were reached (Fig. 4).
Carbon and nitrogen yields and concentrations

Sediment concentration (g/L)

The maximum discharge of OC for BT plots generally occurred
~15 min after the start of the experiment, during which ~20 mm
of simulated rain was applied to the plots. For the GT and ST
plots, however, the peak was observed 25 min later, during
which these plots have received >53 mm of simulated
precipitation (Fig. 5a), and in most cases, the OC discharge
remained more-or-less constant for the remainder of the
simulated rainfall. Mean OC yields for BT, GT, and ST were
2.82, 0.94, and 0.82 g/m2, respectively. The cover-weighted

value for shrubland was 2.06 g/m2. Volume-weighted
concentrations of OC (total OC loss divided by the total
amount of runoff) were 0.088, 0.103, and 0.072 g/L for BT,
ST, and GT, respectively. By the same estimation, the weighted
OC concentration for the shrubland was 0.083 g/L, which meant
that the concentration of OC in the runoff from grassland was
1.24 times higher than from shrubland (Table 3).
The patterns of TN discharge were similar to those for OC
(Fig. 5b). Average TN losses were 0.29, 0.11, and 0.09 g/m2 for
BT, GT, and ST, respectively. The cover-weighted value for
shrubland was 0.23 g/m2, which was 2.09 times higher than
from grassland. Volume-weighted concentrations of TN (TN
loss divided by the total runoff volume) were 0.009, 0.012, and
0.007 g/L for BT, GT, and ST, respectively. The cover-weighted
N concentration was 0.011 g/L for shrubland, which was slightly
less than for grassland (Table 3).
For most of the BT and ST plots, the time-dependent
concentrations of OC rose brieﬂy and peaked shortly after the
start of runoff, and then declined immediately. For the GT plots,
OC concentrations decreased dramatically with time for the
duration of runoff (Fig. 6a). Concentrations of OC in runoff
were highest in GT and lowest in BT for the duration of each
simulated experiment. The data for GT plots also showed greater
ﬂuctuation than for the other two plot types. A similar pattern
was found for time-dependent concentrations of TN; that is,
in all plots of BT, ST, and GT, the N concentration steadily
decreased with time throughout almost the entire experiment,
except for a brief rise in the ST and GT plots shortly after runoff
began (Fig. 6b).
For all the samples collected from each treatment, negative
linear correlations were found between OC concentrations and
runoff discharge (Fig. 7a–c), and similar patterns were found for
TN concentrations (Fig. 7d–f).
Discussion

Time (min)
Fig. 4. Changes in sediment concentration during simulated rainfall
experiments on grassland (GT), shrub (ST), and inter-shrub bare soil
(BT) plots. Plots GT2, ST5, and BT9 are presented as examples.

Degradation of grasslands in arid and semi-arid desert regions is
a worldwide phenomenon (e.g. Humphrey 1958; Polley et al.
1997; Scott et al. 2006). It is broadly believed that degradation
will eventually result in vegetation cover loss and severe
alteration of ecohydrological processes (Milton et al. 1994).
Since the early 19th Century, the occurrence of various shrubs
and subshrubs have signiﬁcantly increased in former grasslands
on the south-eastern fringe of the Tengger Desert, due mainly
to overgrazing by livestock and the expansion of the desert
(Li and Jia 2005). This has led to a sparse patchy distribution of
vegetation, characterised by a mosaic of BSC-covered patches
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(b)

Organic carbon discharge (mg/s)

Total nitrogen discharge (mg/min)

(a)

129

Time (min)

(a)

(b)
Total nitrogen concentration (mg/L)

Organic carbon concentration (mg/L)

Fig. 5. Changes in the discharge of (a) organic carbon and (b) total nitrogen during simulated rainfall on grassland (GT), shrub (ST), and
inter-shrub bare soil (BT) plots. Plots GT2, ST5, and BT9 are presented as examples.

Time (min)
Fig. 6. Changes of (a) organic carbon and (b) total nitrogen concentration during simulated rainfall experiments on grassland (GT),
shrub (ST), and inter-shrub bare soil (BT) plots. Plots GT2, ST5, and BT9 are presented as examples.

and distinct patches of perennial vegetation, typically shrubs,
and a decrease in vegetation coverage. This has inevitably
modiﬁed runoff and induced erosion and nutrient losses (Li
et al. 2008).
In the rainfall simulation experiments, it took much longer
for the plots of both ST and GT to pond and to generate runoff
than the BT plots, and the amounts of simulated rain required
to produce runoff were signiﬁcantly greater for ST and GT
(Table 2). Times to ponding and to runoff and amount of
rainfall for runoff commencement were slightly greater for
GT than for ST, although the measured differences were not
signiﬁcant. However, the actual values for ST would be much
smaller than the experimental data indicated once the actual
proportions of shrub patches (11%) and inter-shrub, crustoccupied patches (89%) were accounted for, and would be
much smaller than those for the GT plots, indicating lower
soil-water inﬁltration in shrubland than in grassland. The GT
plots also produced about the same amount of runoff as ST plots,
but less than BT plots and also less than the estimated value
for shrubland (Fig. 3a, Table 3), conﬁrming changes to the

hydrological processes induced by vegetation replacement.
Many similar results have been reported in the literature,
including greater runoff on shrubland habitats and greater
hydraulic conductivity in grasslands (e.g. Abrahams et al.
1995; Castillo et al. 1997; Schlesinger et al. 1999; Braud
et al. 2001; Gimeno-García et al. 2007).
For a given rainfall event, runoff generation time and amount
are determined to a large degree by soil inﬁltration capacity,
which is inﬂuenced by soil porosity and the duration of rain
water on the soil surface (Barger et al. 2006). Compared with
original grasslands, the appearance of large areas of bare soil
following woody plant invasion results in the decrease or even
loss of many biotic processes in these areas, such as root growth
and animal digging, that create macropores and facilitate soil
water inﬁltration in saturated conditions (Guebert and Gardner
2001; Ludwig et al. 2005). Consequently, this kind of vegetation
change is associated with decreased hydraulic conductivity and
increased runoff (e.g. Castillo et al. 1997). More importantly,
previous research has shown that the colonisation of biological
soil crusts on the surface of inter-shrub areas results in reduced
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Fig. 7. Relationship between the concentration of (a, b, c) organic carbon and (d, e, f) total nitrogen, and runoff discharge volume at the time of each sampling.
Treatments: GT, grassland; ST, shrub; BT, inter-shrub bare soil. Circles represent paired values for each sample; solid lines are ﬁtted curves, assuming that
concentration is a function of the discharge rate.

inﬁltration rate (Eldridge et al. 2002; Li et al. 2008), mainly due
to the cementing of soil particles by polysaccharides secreted
by cyanobacteria (Mazor et al. 1996; Mager and Thomas 2011),
as well as dust falling on the crust and organisms comprising
BSCs expanding when exposed to rainwater (e.g. George et al.
2003; Chamizo et al. 2012). Other researchers have shown that
BSCs have a negative impact on inﬁltration in coarse-textured
soils, to control runoff, and thereby affect runoff-erosion and
sedimentation (Yair 1990; Kidron and Yair 1997); this was ﬁrst
demonstrated by Yair (1990) in the western Negev Desert, Israel.
Kidron and Yair (1997, 2001) found that no runoff was
generated from plots devoid of biological soil crust in the
Negev Desert, due to the high porosity and inﬁltration rate of
the soil, whereas signiﬁcant runoff was produced from plots
with >95% crust cover. Hence, it is not surprising that greater
runoff and sediment were produced from shrubland than from
grassland in our study (Figs 3 and 4, Table 3).
In our simulated rainfall experiments, both time-dependent
concentrations and volume-weighted concentrations of OC and
TN in runoff were greater in GT plots than in BT and ST plots
(Fig. 6, Table 3), and the cover-weighted concentration of GT
plots was also greater than in BT and ST (Table 3). Despite this,
C and N discharges and yields in runoff were smaller from GT
than from BT and ST (Fig. 5, Table 3), and total C and N losses
from grassland were lower than the cover-weighted values for
shrubland (Table 3). These results do not agree with those of

Schlesinger et al. (1999), who, using higher intensity rainfall
simulation than was adopted here, reported that nutrient losses
from grassland were greater than those from shrubland. They
attributed this to the lower nutrient content in shrubland
(Schlesinger et al. 1996). However, in our work, runoff
coefﬁcients for ST and BT, as well as the weighted values
for shrubland habitat, were larger than those from GT plots
(Table 3), indicating that the higher yields of OC and N from
shrubland largely stemmed from the greater quantity of runoff
from this habitat (Fig. 3). On the other hand, the higher OC
and N yields from inter-shrub plots and shrubland were mainly
derived from well-developed BSCs, which have been recognised
as a vital contributor of soil C and N in arid and semi-arid
ecosystems (Housman et al. 2006; Su et al. 2011). Further,
greater sediment yield from shrubland than from grassland was
one of the important causes for higher C and N loss, owing to the
higher erosivity of rain resulting from the decline or even loss of
the physical protection provided by shrub canopies against
splash erosion and overland ﬂow (Bochet et al. 1998).
In our rainfall simulation experiments, the concentrations of
OC and TN show a negative linear correlation with the amount
of runoff discharge (Fig. 7), suggesting similarity in C and N
production with the increasing runoff. The discharge of C and N
in BT declined steadily with time, whereas the peak values were
maintained for the remainder of the experiment in ST and GT
(Fig. 5). These results imply that the decreases in C and N
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concentrations in runoff with time in ST and GT plots were due
to dilution by the increasing runoff discharge, while the
decreases in concentration in runoff from BT can be
attributed to the combined effects of increases in runoff
amount and decreasing capacity in C and N supply.
In the present study, the differences in runoff, sediments, and
C and N loss between these two habitats are compromised
somewhat by the slightly steeper slope of the grassland plots;
nevertheless, it was still found that the runoff from shrubland,
and from grasslands that have suffered long-term degradation,
carried large amounts of sediment and resulted in the loss of both
C and N. It also showed the expected increased nutrient losses
following vegetation degradation. If this general trend is allowed
to continue without intervention, then natural rainwater,
sediment, and nutrients will no longer be efﬁciently captured
and stored within the ecosystem and the landscape will become
degraded, non-conserving, and dysfunctional (Eldridge et al.
2002; Ludwig et al. 2005), leading to continuous desertiﬁcation
(Avni et al. 2006).
Conclusions
Grassland degradation, typically characterised by invasions
of woody plants, is a widely recognised phenomenon in the
Tengger Desert. Understanding the effects of vegetation change
on hydrological processes is helpful for devising strategies or
practices for the prevention of desertiﬁcation in these areas.
Simulated rainfall experiments indicated that ponding and runoff
occurred more quickly in inter-shrub bare soil than in shrub plots
and desert grassland, while the volume of rainfall for runoff
commencement in both shrub and grassland plots was greater
than in inter-shrub plots, with greater runoff and sediments being
produced from shrubland than from grasslands. Likewise,
runoff-induced OC and TN losses from shrubland were both
greater than from grasslands, despite both lower time-dependent
concentrations in inter-shrub and shrub plots and lower weighted
mean concentrations of C and N for shrubland than grassland.
The increased runoff and nutrient losses following degradation
of grasslands into patchy shrublands will inevitably result in a
dysfunctional ecosystem and an increased vulnerability to
further desertiﬁcation.
Acknowledgments
This work was supported by the Main Direction Program of Knowledge
Innovation of Chinese Academy of Sciences (KZCX2-EW-301-2), the
Chinese National Natural Scientiﬁc Foundation (Grant Nos 41171078,
31070415), and the Western (China) Lighting Foundation of the Talent
Training Program of Chinese Academy of Sciences.

References
Abrahams AD, Parsons AJ, Wainwright J (1994) Resistance to overland ﬂow
on semi-arid grassland and shrubland hillslopes, Walnut Gulch, southern
Arizona. Journal of Hydrology 156, 431–446. doi:10.1016/0022-1694
(94)90088-4
Abrahams AD, Parsons AJ, Wainwright J (1995) Effects of vegetation
change on interrill runoff and erosion, Walnut Gulch, southern Arizona.
Geomorphology 13, 37–48. doi:10.1016/0169-555X(95)00027-3
Avni Y, Porat N, Plakht J, Avni G (2006) Geomorphic changes leading to
natural desertiﬁcation versus anthropogenic land conservation in an arid

Soil Research

131

environment, the Negev Highlands, Israel. Geomorphology 82, 177–200.
doi:10.1016/j.geomorph.2006.05.002
Báez S, Collins SL (2008) Shrub invasion decreases diversity and alters
community stability in northern Chihuahuan Desert plant communities.
PLoS ONE 3, e2332. doi:10.1371/journal.pone.0002332
Barger NN, Herrick JE, Zee JV, Belnap J (2006) Impacts of biological soil
crust disturbance and composition on C and N loss from water erosion.
Biogeochemistry 77, 247–263. doi:10.1007/s10533-005-1424-7
Bates JD, Svejcar T, Miller RF, Angell RA (2006) The effects of
precipitation timing on sagebrush steppe vegetation. Journal of Arid
Environments 64, 670–697. doi:10.1016/j.jaridenv.2005.06.026
Bhark EW, Small EE (2003) Association between plant canopies and the
spatial patterns of inﬁltration in shrubland grassland of the Chihuahuan
Desert, New Mexico. Ecosystems 6, 185–196. doi:10.1007/s10021-0020210-9
Biedenbender SH, McClaran MP, Quade J, Weltz MA (2004) Landscape
patterns of vegetation change indicated by soil carbon isotope
composition. Geoderma 119, 69–83. doi:10.1016/S0016-7061(03)
00234-9
Bochet E, Rubio JL, Poesen J (1998) Relative efﬁciency of three
representative matorral species in reducing water erosion at the
microscale in a semi-arid climate (Valencia, Spain). Geomorphology
23, 139–150. doi:10.1016/S0169-555X(97)00109-8
Bochet E, Rubio JL, Poesen J (1999) Modiﬁed topsoil islands within patchy
Mediterranean vegetation in SE Spain. Catena 38, 23–44. doi:10.1016/
S0341-8162(99)00056-9
Bochet E, Poesen J, Rubio JL (2000) Mound development as an
interaction of individual plants with soil, water erosion and
sedimentation processes on slopes. Earth Surface Processes and
Landforms 25, 847–867. doi:10.1002/1096-9837(200008)25:8<847::
AID-ESP103>3.0.CO;2-Q
Braud I, Vich AIJ, Zuluaga J, Fornero L, Pedrani A (2001) Vegetation
inﬂuence on runoff and sediment yield in the Andes region: Observation
and modeling. Journal of Hydrology 254, 124–144. doi:10.1016/S00221694(01)00500-5
Castillo VM, Martinez-Mena M, Albaladejo J (1997) Runoff and soil
response to vegetation removal in a semiarid environment. Soil
Science Society of America Journal 61, 1116–1121. doi:10.2136/
sssaj1997.03615995006100040018x
Chamizo S, Cantón Y, Rodríguez-Caballero E, Domingo F, Escudero A
(2012) Runoff at contrasting scales in a semiarid ecosystem: A complex
balance between biological soil crust features and rainfall characteristics.
Journal of Hydrology 452–453, 130–138. doi:10.1016/j.jhydrol.
2012.05.045
Cross AF, Schlesinger WH (1999) Plant regulation of soil nutrient
distribution in the northern Chihuahuan Desert. Plant Ecology 145,
11–25. doi:10.1023/A:1009865020145
Eldridge DJ, Zaady E, Shachak M (2002) Mircophytic crusts, shrub patches
and water harvesting in the Negev Desert: The Shikim system. Landscape
Ecology 17, 587–597. doi:10.1023/A:1021575503284
George DB, Roundy BA, St Clair LL, Johansen JR, Schaalje GB, Webb BL
(2003) The effects of microbiotic soil crusts on soil water loss. Arid
Land Research and Management 17, 113–125. doi:10.1080/153249803
01588
Gimeno-García E, Andreu V, Rubío JL (2007) Inﬂuence of vegetation
recovery on water erosion at short and medium-term after
experimental ﬁres in a Mediterranean shrubland. Catena 69, 150–160.
doi:10.1016/j.catena.2006.05.003
Glendening GE (1952) Some quantitative data on the increase of Mesquite
and Cactus on a desert grassland range in Southern Arizona. Ecology 33,
319–328. doi:10.2307/1932827
Graetz D (1994) Grassland. In ‘Changes in land use and land cover: A global
perspective’. (Eds WB Meyer, BL Turner) (Cambridge University Press:
Cambridge, UK)

132

Soil Research

X. Li et al.

Guebert MD, Gardner TW (2001) Macropore ﬂow on a reclaimed surface
mine: Inﬁltration and hillslope hydrology. Geomorphology 39, 151–169.
doi:10.1016/S0169-555X(00)00107-0
Housman DC, Powers HH, Collins AD (2006) Carbon and nitrogen
ﬁxation differ between successional stages of biological soil crusts in
the Colorado Plateau and Chihuahuan Desert. Journal of Arid
Environments 66, 620–634. doi:10.1016/j.jaridenv.2005.11.014
Howes DA, Abrahams AD (2003) Modeling runoff and runon in a desert
shrubland ecosystem, Jornada Basin, New Mexico. Geomorphology 53,
45–73. doi:10.1016/S0169-555X(02)00347-1
Humphrey RR (1958) The desert grassland: a history of vegetational change
and an analysis of causes. Botanical Review 24, 193–252. doi:10.1007/
BF02872568
Kidron GJ (2010) Under-canopy microclimate within sand dunes in the
Negev Desert. Journal of Hydrology 392, 201–210. doi:10.1016/
j.jhydrol.2010.08.011
Kidron GJ, Yair A (1997) Rainfall-runoff relationships over encrusted dune
surfaces, Nizzana, western Negev, Israel. Earth Surface Processes and
Landforms 22, 1169–1184. doi:10.1002/(SICI)1096-9837(199712)
22:12<1169::AID-ESP812>3.0.CO;2-C
Kidron GJ, Yair A (2001) Runoff-induced sediment yield over dune slopes in
the Negev Desert. 1: quantity and variability. Earth Surface Processes
and Landforms 26, 461–474. doi:10.1002/esp.191
Li XR, Jia XH (2005) Association between vegetation patterns and soil
properties on the southeastern edge of the Tengger Desert. Acta
Agrestia Sinica 13, 37–43. [in Chinese with English abstract]
Li XJ, Li XR, Song WM, Gao YP, Zheng JG, Jia RL (2008) Effects of crust
and shrub patches on runoff, sedimentation, and related nutrient (C, N)
redistribution in the desertiﬁed steppe zone of the Tengger Desert,
Northern China. Geomorphology 96, 221–232. doi:10.1016/j.geomorph.
2007.08.006
Ludwig JA, Wilcox BP, Breshears DD, Tongway DJ, Imeson AC (2005)
Vegetation patches and runoff-erosion as interacting ecohydrological
processes in semi-arid landscape. Ecology 86, 288–297. doi:10.1890/030569
Mager DM, Thomas AD (2011) Extracellular polysaccharides from
cyanobacterial soil crusts: a review of their role in dryland soil
processes. Journal of Arid Environments 75, 91–97. doi:10.1016/
j.jaridenv.2010.10.001
Mazor G, Kidron GJ, Vonshak A, Abeliovitch A (1996) The role of
cyanobacterial exopolysaccharides in structuring desert microbial
crusts. FEMS Microbiology Ecology 21, 121–130. doi:10.1111/
j.1574-6941.1996.tb00339.x
Milton SJ, Dean WRJ, du Plessis MA, Siegfried WR (1994) A conceptual
model of arid rangeland degradation: The escalating cost of declining
productivity. Bioscience 44, 70–76. doi:10.2307/1312204
Moran MS, Scott RL, Keefer TO, Emmerich WE, Hernandez M, Nearing
GS, Paige GB, Cosh MH, O’Neill PE (2009) Partitioning
evapotranspiration in semiarid grassland and shrubland ecosystems
using time series of soil surface temperature. Agricultural and Forest
Meteorology 149, 59–72. doi:10.1016/j.agrformet.2008.07.004

Nelson DW, Sommers LE (1982) Total carbon, organic carbon, and organic
matter. In ‘Methods of soil analysis II. Chemical and micro-biological
properties’. (Eds AL Page, DR Miller) (American Society of Agronomy:
Madison, WI)
Polley HW, Mayeux HS, Johnson HS, Tischler CR (1997) Viewpoint:
Atmospheric CO2, soil water, and shrub/grass ratios on rangelands.
Journal of Range Management 50, 278–284. doi:10.2307/4003730
Qiu MX, Liu JQ, Shi QH (2000) ‘Vegetation in central desert of China.’
(Gansu Cultural Press: Lanzhou, China)
Rostagno CM, del Valle HF, Videla L (1991) The inﬂuence of shrubs on
some chemical and physical properties of an aridic soil in north-eastern
Patagonia, Argentina. Journal of Arid Environments 20, 179–188.
Schlesinger WH, Reynolds JF, Cunningham GL, Huenneke LF, Jarrell WM,
Virginia RA, Whiteford WG (1990) Biological feedbacks in global
desertiﬁcation. Science 247, 1043–1048. doi:10.1126/science.247.4946.
1043
Schlesinger WH, Raikes JA, Hartley AE, Cross AF (1996) On the spatial
pattern of soil nutrients in desert ecosystem. Ecology 77, 364–374.
doi:10.2307/2265615
Schlesinger WH, Abrahams AD, Parsons AJ, Wainwright J (1999) Nutrients
losses in runoff from grassland and shrubland habitats in Southern New
Mexico: I. Rainfall simulation experiments. Biogeochemistry 45, 21–34.
doi:10.1007/BF00992871
Schlesinger WH, Ward TJ, Anderson J (2000) Nutrient losses in runoff from
grassland and shrubland habitats in southern New Mexico: II. Field plots.
Biogeochemistry 49, 69–86. doi:10.1023/A:1006246126915
Scott RL, Huxman TE, Williams DG, Goodrich DC (2006) Ecohydrological
impacts of woody-plant encroachment: seasonal patterns of water and
carbon dioxide exchange within a semiarid riparian environment. Global
Change Biology 12, 311–324. doi:10.1111/j.1365-2486.2005.01093.x
Shapotou Desert Research Station (1980) ‘Lanzhou Institute of Desert
Research, Chinese Academy of Sciences: Sand stabilization principle
and measures in the Shapotou section of Baotou–Lanzhou Railway.’
(Ningxia People’s Publishing House: Yingchuan, China)
Soil Survey Staff (2010) ‘Keys to Soil Taxonomy.’ 11th edn (USDA-Natural
Resources Conservation Service: Washington, DC)
Su YG, Zhao X, Li AX, Li XR, Huang G (2011) Nitrogen ﬁxation in
biological soil crusts from the Tengger Desert, northern China. European
Journal of Soil Biology 47, 182–187. doi:10.1016/j.ejsobi.2011.04.001
Tongway DJ, Ludwig JA (1994) Small scale resource heterogeneity in
semiarid landscapes. Paciﬁc Conservation Biology 1, 201–208.
Wilcox BP, Breshears DD, Allen CD (2003) Ecohydrology of a resourceconserving semi-arid woodland: Effects of scale and disturbance.
Ecological Monographs 73, 223–239. doi:10.1890/0012-9615(2003)
073[0223:EOARSW]2.0.CO;2
Yair A (1990) Runoff generation in a sandy area-the Nizzana sands, Western
Negev, Israel. Earth Surface Processes and Landforms 15, 597–609.
doi:10.1002/esp.3290150703

www.publish.csiro.au/journals/sr

