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a b s t r a c t

To understand the status and roles of shrubs in recovery processes of desertified land in

the semi-arid areas of China, we investigated the effects of shrub canopy on soil properties,

organic litter, seed bank and understory herbaceous community properties in the Horqin

Sand Land, Mongolia. The results showed that in shifting sand dunes, content of very fine

sand, silt and clay, organic matter, total N and P, available P and soil moisture at 0–20 cm

depth was higher under remnant shrub canopies of Caragana microphylla and Salix gordejevii

than in open space. Soil seed density was nearly 12 times higher under Artemisia haloden-

dron canopy than in open space. The herbaceous perennial Pennisetum centrasiaticum, usually

restricted to fixed sand dunes, not only survived under shrub canopy in shifting sand dunes,

but also had higher plant densities, plant height, cover and aboveground biomass. After

fencing shifting sand dunes and establishing shrub plantings, fine soil particles, soil nutri-

ents, plant species richness, vegetation cover and aboveground biomass increased gradually

both under shrub canopy and in open spaces with increasing enclosure or plantation age,
nner Mongolia but the speed of restoration processes was significantly higher under canopy compared to

open spaces. These results suggest that shrubs created significant “islands of fertility” and

had an important role in maintaining or augmenting herbaceous species richness in shift-

ing sand dunes, and could improve soil properties and facilitate vegetation recovery for

controlling desertification processes.

greater drought hardiness and wind erosion resistance, and
. Introduction

esertification is one of the main types of land degradation
n arid and semi-arid areas. In particular, desertification of
andy areas driven by wind erosion often results in coarse,
oor soil and low land productivity, which can degrade the

uman living environment and impede socioeconomic devel-
pment. Thus in recent years, the study and control of
andy area desertification are receiving increased attention

∗ Corresponding author. Tel.: +86 931 4967860; fax: +86 931 4967201.
E-mail address: zhaohalin666@hotmail.com (H.-L. Zhao).

925-8574/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.ecoleng.2007.04.010
© 2007 Elsevier B.V. All rights reserved.

by the international community (Su et al., 2002; Zhao et al.,
2004).

Shrubland or shrub-hummock is one of the main vegeta-
tion types commonly found in arid and semi-arid areas (Facelli
and Temby, 2000). Some shrub species in these areas have
a few species are adapted to partial sand burial (Li et al., 1992),
some shrub species are thus retained during desertification
processes, even on shifting sand lands (Su et al., 2002; Li et al.,

mailto:zhaohalin666@hotmail.com
dx.doi.org/10.1016/j.ecoleng.2007.04.010
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Two sites were selected on shifting sand dunes. One, with
remnant shrubs C. microphylla and S. gordejevii, was fenced
at the end of 1990 to protect it from grazing by livestock.
2 e c o l o g i c a l e n g i n

2003). Such hardy shrub species are often used to construct
plantations for controlling land desertification (Su et al., 2002;
Zhao et al., 2004).

There is a great body of literature on shrub effects in grass-
land or desert ecosystems, including studies of shrub spatial
aggregation and its consequences (Belsky and Canham, 1994),
effects of shrubs on soil characteristics and annual-plant
communities (Facelli and Temby, 2000; Wezel et al., 2002),
seed bank and understory species composition (Pugnaire and
Lázaro, 2000), mechanisms of interaction between shrubs and
understory layers (Moro et al., 1997), and so on. Many results
show that in arid and semi-arid systems, herbaceous plants
are more abundant (Maestre and Cortina, 2002), and soil and
microclimatic conditions are improved beneath the canopies
of shrubs compared with open spaces (Titus et al., 2002). Char-
acteristics of shrub patches such as species identity, age and
size strongly influence seed banks, seedling recruitment, com-
munity composition and succession processes of understory
species (Facelli and Temby, 2000; Maestre and Cortina, 2005)
and strongly influence community structure and dynamics in
semi-arid ecosystems (Pugnaire and Lázaro, 2000). According
to the theory of island biogeography of MacArthur and Wilson
(1967), these shrub or hummock patches may be treated as
“islands” of woody vegetation within a sea of grassland or
desert vegetation, and may act as “resource islands” for under-
story herbaceous plants in recovery processes of degraded
vegetation (Reynolds et al., 1999; Maestre and Cortina, 2005).

Horqin Sand Land, located in the northeastern part of
China (42◦41′-45◦15′N, 118◦35′-123◦30′E), is one of the areas
of most serious concern for land desertification in China,
where desertified land comprises 57.8% of the total area (Zhao
et al., 2004). However, since the mid-1970s some successful
measures to combat desertification have been implemented,
such as planting indigenous trees, shrubs and grasses adapted
to sandy land, fencing grassland against grazing and using
minimum tillage (Su et al., 2002). These have decreased the
desertified area from 5163 km2 in 1987 to 4674 km2 in 2000
(Zhao et al., 2005). To understand the mechanisms of restora-
tion of desertified lands, researchers have investigated the
effects of several shrubs on soil chemical properties (Su et al.,
2002), changes in soil properties after afforestation (Shirato
et al., 2004) and effects of grassland enclosure on soil seed
bank and plant community structure in these areas (Li et al.,
2003). The main objectives of this study were: (1) to com-
pare several biotic and abiotic variables in the bare soil or
open spaces between shrubs versus under shrub canopies,
including herbaceous biomass, seed bank patterns and soil
physical and chemical properties; (2) to investigate changes
in soil properties and plant species composition in an age-
sequence of shrub plantations; (3) to evaluate the facilitative
effects of shrubs on restoration of desertified land.

2. Materials and methods

2.1. Study area
The study area is located at Yaoledianzi village (42◦55′N,
120◦41′E, elevation 345 m), Naiman county, in the southwest-
ern end of Horqin Sandy Land, Inner Mongolia, China, and
Fig. 1 – Shifting sand dunes typical of the study area.

belongs to a monitoring area of the Naiman Desertification
Research Station (NDRS), Chinese Ecosystem Research Net-
work. The climate of this region is a temperate continental
semi-arid monsoon regime. The annual mean precipitation is
366 mm, annual mean potential evaporation is 1935 mm and
annual mean temperature is 6.8 ◦C. The average annual wind
velocity is 3.4 m s−1, with mean spring-season wind speed of
4.3 m s−1. The landscape is characterized by gently undulating,
shifting and semi-shifting dunes and fixed dunes, as shown
in Figs. 1 and 2. The vegetation consists largely of low, open
shrubland dominated by Caragana microphylla, Salix gordejevii
and Artemisia halodendron, with a herbaceous stratum domi-
nated by Pennisetum centrasiaticum, Corispermum macrocarpum
and Setaria viridis (Zhao et al., 2005).

2.2. Soil and vegetation properties in open spaces and
under shrub canopies
Fig. 2 – Fixed sand dunes in study area.
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east (186 seeds/m2). In open space outside the canopy, seed
e c o l o g i c a l e n g i n e

oil samples were collected at 0–5 cm depth, and herbaceous
ommunity properties were investigated under three C. micro-
hylla and three S. gordejevii shrubs and in associated open
paces at this site in early September of 1990, 1996 and 2003.
t the second site, C. microphylla plantations were established
, 13 and 21 years ago on land with similar soil properties.
ithin each plantation (5, 13 and 21 years) and in an adja-

ent site of shifting sand dunes with no plantation (“age 0”,
ables 4 and 5), three shrubs and associated open spaces were
elected for sampling (three replicates). Soil samples were
ollected at 0–5 cm depth, and herbaceous community prop-
rties were investigated in early 2002. Each soil sample was
btained by mixing five sub-samples collected from beneath
ach plant and from each open space. Samples were placed
n sealed plastic bags and sent to the NDRS laboratory. Herba-
eous vegetation properties including plant species present,
lant density, plant height, percent cover and aboveground
iomass were measured in four replicate quadrats, each
0 cm × 20 cm.

.3. Seed bank analyses in open spaces and under
hrub canopies

e assessed the viable soil seed bank (i.e., the seeds that
eadily germinate under favorable moisture conditions) under
ndividuals of A. halodendron and in open spaces. This mea-
ure provides estimates of the potential plant community,
ut it is not a complete assessment of the seed populations,
ecause seeds of some species may not germinate, or the
ermination fractions of the various species may be differ-
nt (Simpson et al., 1989). Soil samples were collected from
he study area in March 2002, before any spring germination
ccurred. We chose five A. halodendron plants with approx-

mately 100 cm height and 150 cm canopy diameter in the
hifting sand dune area. From open spaces outside each shrub
nd from beneath each shrub canopy we collected the soil
rom nine regularly spaced quadrats (20 cm × 20 cm × 5 cm)
t four different aspects (NE, NW, SW and SE). In the labo-
atory, the soil from each sample was thoroughly sieved to
mm to remove organic litter, and then the soil was placed

nto plastic trays in the greenhouse. The trays were watered
t least three times a week, or as needed, to keep the soil
oist without waterlogging it. Seedlings were identified and

ounted weekly until emergence ceased. Once a seedling
as identified, it was removed to minimize possible density-
ependent effects on further germination (Facelli and Temby,
000).

.4. Soil sample and data analyses

n the laboratory, each soil sample was thoroughly sieved to
mm to remove roots and incorporated litter. Part of each
ieved sample was air-dried for determining particle size dis-
ribution and selected chemical properties. Soil particle size
istribution was determined by the pipette method in a sed-

mentation cylinder, using Na-hexamethaphosphate as the

ispersing agent (Day, 1965). Soil pH and electrolytic con-
uctivity were determined with a combination pH electrode

Multiline F/SET-3, Germany) in a 1:1 soil–water slurry and
:5 soil–water aqueous extract, respectively. Soil organic mat-
g 3 1 ( 2 0 0 7 ) 1–8 3

ter was measured by the K2Cr2O7–H2SO4 oxidation method
(ISSCAS, 1978), total N by the Kjeldahl procedure (UDK 140
Automatic Steam Distilling Unit, Automatic Titroline 96,
Italy) (ISSCAS, 1978) and total P by UV-1601 Spectropho-
tometer (Japan), after H2SO4–HCIO4 digestion (ISSCAS, 1978).
Soil available N was determined by the alkalisable dif-
fusion method, and available P determined by the Bray
method (ISSCAS, 1978).

All data were analyzed using the SPSS program for Win-
dows Version 11.5 (Su et al., 2002). Multiple-comparison and
one-way analysis of variance (ANOVA) procedures were used
to compare the differences among the treatments (Sokal and
Rohlf, 1995). Least significant difference (LSD) tests were per-
formed to determine the significance of treatment means at
P < 0.05.

3. Results

3.1. Soil properties in open spaces and beneath shrub
canopies

Independent of shrub species, most of the analyzed soil
parameters showed that differences exist between the soils
under shrubs and those in the nearby open spaces (Table 1).
Generally, coarse sand content, fine sand content, bulk density
and available N were lower, while very fine sand con-
tent, clay + silt content, soil moisture, organic matter, total
N and P and available P were higher under the canopies
than in the open spaces. However, different shrub species
influenced soil parameters to different degrees. The enrich-
ment ratios of organic matter and total N and P were
significantly greater for C. microphylla compared with S. gorde-
jevii, and the enrichment ratios of available N and P were
somewhat greater for the former compared to the latter,
but the enrichment ratio of silt + clay was similar between
the two.

3.2. Soil seed bank in open spaces and beneath shrub
canopies

Overall, the viable soil seed bank under shrubs was sig-
nificantly richer than in open spaces (P < 0.05) (Table 2).
Average seed density was 598 seeds/m2 under the shrubs,
and 50 seeds/m2 in the open spaces nearby, a 12-fold dif-
ference. There was a significant decreasing trend in soil
seed density from the center of the shrub canopy to the
open space outside the shrub canopy (P < 0.05). The seed
quantity decreased rapidly from 918 seeds/m2 in the cen-
ter to 277 seeds/m2 at the margin of the shrub canopy,
to only a few seeds at 4–5 m distance from the shrub
canopy. Soil seed distribution showed great differences at
different orientations under and outside the shrub canopy.
Beneath the shrub canopy, average seed density was highest
in the southwest (1135 seeds/m2), and least in the north-
density was highest in the southeast (109 seeds/m2), and
least in the northwest (7 seeds/m2). This distribution may be
related to the prevailing north and northwest winds (Zhao
et al., 2004).
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Table 1 – Soil properties in open spaces and under remnant shrub canopies on shifting sand dunes

Items Shrub species Caragana microphylla Salix gordejevii

Position Canopy Open Canopy Open

Soil particle size
distribution (%)

Coarse sand 0.18 ± 0.06 0.60 ± 0.19 0.23 ± 0.03 0.42 ± 0.03
Fine sand 7.78 ± 1.05 20.96 ± 1.42a 17.24 ± 1.23 21.78 ± 1.33a
Very fine sand 83.35 ± 2.74 71.03 ± 1.18a 73.75 ± 0.43 71.29 ± 2.05a
Silt + clay 8.63 ± 1.09 7.41 ± 1.04 7.66 ± 0.50 6.51 ± 0.16
Enrichment ratio 1.16 1.17

Soil bulk density (g/cm3) 1.56 ± 0.10a 1.64 ± 0.02a 1.63 ± 0.01a 1.65 ± 0.02
Soil moisture(%) 4.01 ± 1.70a 3.62 ± 0.60a 1.55 ± 0.11 1.21 ± 0.10

OM (%)
Values 0.23 ± 0.05 0.16 ± 0.04 0.12 ± 0.02 0.10 ± 0.02
Enrichment ratio 1.44 1.20

Total N (g/kg)
Values 0.14 ± 0.03 0.10 ± 0.02 0.07 ± 0.02 0.06 ± 0.02
Enrichment ratio 1.40 1.17

Total P (g/kg)
Values 0.16 ± 0.02 0.13 ± 0.02a 0.13 ± 0.01a 0.12 ± 0.01a
Enrichment ratio 1.23 1.08

Available N (mg/kg)
Values 25.52 ± 5.26a 26.82 ± 7.62a 18.09 ± 5.16b 21.73 ± 5.01b
Enrichment ratio 0.95 0.83

Available P (mg/kg)
Values 9.01 ± 1.60 7.75 ± 2.00 3.34 ± 1.27a 3.02 ± 1.23a

not
Enrichment ratio 1.16

Values are means ± S.D. Values with the same letters within rows are

3.3. Herbaceous vegetation change under shrub
canopies

Shrubs had significant effects on the herbaceous community
under the canopy (Table 3). Although there were no herba-
ceous plants in open lands outside shrub canopies on the
shifting sand dunes (year 0), the herbaceous perennial P. cen-
trasiaticum survived under C. microphylla canopy. Plant density,
height, cover and aboveground biomass for P. centrasiaticum
reached up to 107 plants/m2, 42.0 cm, 41.0% and 219 g/m2,
respectively, under the canopy, but they disappeared quickly
at the shrub margins.

Changes occurred in herbaceous community properties

under C. microphylla canopy after grazing disturbance was
removed. With increasing enclosure age, the herbaceous cover
expanded and certain community properties improved signif-
icantly (P < 0.05). In comparison with shifting sand dunes (age

Table 2 – Viable seed bank densities in open space and under A
varying distances from center of shrub canopy in four aspect d

Position Distance from center of shrub (m)

Under shrub
canopies

0 275
0.25 216
0.50 156
0.75 97
Average 186

In open space

1 38
2 23
3 18
4 13
6 8
Average 20

Values are means (seeds/m2) ± S.D. Values with the same letters within co
1.11

significantly different at P < 0.05.

0), average species number, plant density, cover and above-
ground herbaceous biomass under shrub canopies increased
by 350.0, 142.1, 39.0 and 12.3% in the 6-year-old enclosure,
and by 770.0, 230.8, 87.8 and 23.7% in the 13-year-old enclo-
sure, respectively. The average herbaceous patch diameter
increased from 3.0 m (0-year) to 19.0 m (6-year), to more than
22 m (13-year).

3.4. Change processes of soil properties in shrub
plantations

There were clear trends of change in soil physical and chem-
ical properties along the time gradient of the 0–21-year-old

plantations (Table 4). At 0–5 cm depth, sand content and bulk
density decreased from 97.3% and 1.70 g/cm3 in the non-
vegetated sandy soil (0-year) to 85.6% and 1.38 g/cm3 under
shrub canopy, and to 87.4% and 1.48 g/cm3 in the interspaces

rtemisia halodendron canopy in shifting sand dunes, at
irections

NE NW SE SW Average

± 71 503 ± 150 1125 ± 276 1768 ± 505 918 ± 671a
± 51 377 ± 112 878 ± 188 1346 ± 376 704 ± 512a
± 33 251 ± 75 631 ± 99 924 ± 247 491 ± 355
± 21 126 ± 37 384 ± 21 502 ± 118 277 ± 198
± 77 314 ± 162 755 ± 319 1135 ± 545 597 ± 276

± 25 18 ± 5.0 138 ± 83a 40 ± 7 59 ± 54b
± 11a 9 ± 35a 154 ± 31a 8 ± 5 49 ± 71b
± 5a 9 ± 3a 170 ± 59 4 ± 3 50 ± 80b
± 0a 0 ± 0a 85 ± 29 0 ± 0a 25 ± 41
± 5a 0 ± 0a 0 ± 0 0 ± 0a 2 ± 4
± 12 7 ± 8 109 ± 69 10 ± 17 50 ± 30

lumns are not significantly different at P < 0.05.
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Table 3 – Changes in herbaceous plant community properties in open space and under Caragana microphylla shrub
canopy in a time series of vegetation restoration after fencing to exclude grazing

Items Restoration period (years) Beneath canopies Open space, distance from canopy center (m)

0.5 2 4 6 8

Species number
0 1.0 ± 0.0 1.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0a
6 4.5 ± 0.8 4.6 ± 0.5 4.7 ± 0.3 2.0 ± 0.0 2.0 ± 0.0 0.0 ± 0.0a

13 8.7 ± 0.4 7.5 ± 0.6 8.3 ± 0.0 4.5 ± 0.6 4.2 ± 0.5 3.7 ± 0.2

Density (plants/m2)
0 107 ± 9 22 ± 7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
6 259 ± 32 189 ± 21 109 ± 11 97 ± 20 65 ± 11 23 ± 8

13 354 ± 28 325 ± 53 339 ± 10 208 ± 31 135 ± 22 115 ± 19

Height (cm)
0 42 ± 3.2a 26 ± 1.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
6 42 ± 3.7a 30 ± 5.0 25 ± 3.4 19 ± 1.4 14 ± 3.2a 12 ± 2.3b

13 42 ± 2.5a 40 ± 3.1 41 ± 3.2 29 ± 3.3 13 ± 3.5a 13 ± 4.5b

Cover (%)
0 41 ± 4.2 16 ± 1.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
6 57 ± 3.1 45 ± 3.0 17 ± 2.1 14 ± 2.5 6 ± 2.3 7 ± 3.5

13 77 ± 4.5 74 ± 4.3 72 ± 4.2 47 ± 6.3 31 ± 11 31 ± 9.0

Biomass (g/m2)
0 219 ± 10 87 ± 2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
6 246 ± 18 167 ± 20 110 ± 11 49 ± 19 38 ± 10 28 ± 8

are n

o
c
2
a
t
m
s
0
c
f
p
t
2

13 271 ± 27

Values are means ± S.D. Values with the same letters within columns

f the 21-year-old plantation site. In the same period, silt,
lay and soil water holding capacity (WHC) increased from
.0, 0.6 and 20.5% in the non-vegetated sandy soil to 11.1, 3.3
nd 28.8% under shrub canopies, and 10.5, 2.1 and 23.0% in
he interspaces, respectively. The establishment and develop-

ent of shrub plantations also resulted in an enrichment of
oil organic C and total N. Carbon and total N buildup at the
–5 cm depth increased by 15.8 and 1.9 times under the shrub
anopies, and 4.9 and 6.6 times in the interspaces, respectively,

rom the non-vegetated sandy soil after 21 years of shrub occu-
ancy. The C:N ratio in non-vegetated dunes was lowest, and
he ratio increased gradually and became nearly constant at
1 years after shrub establishment. Soil pH declined and the

Table 4 – Soil physical and chemical properties in 0–5 cm depth
microphylla plantations of different establishment age

Items Sampling
location

Plantation age (years)

0 5 13 21

Sand (%)
Canopy 97.3 93.7 87.8 85.6

Or
Open 97.3 93.4 89.7 87.4

Silt (%)
Canopy 2.0 4.6 8.3 11.1

To
Open 2.0 4.6 7.9 10.5

Clay (%)
Canopy 0.6a 1.7ab 3.9c 3.3bc

C/
Open 0.6 2.0a 2.5 2.1a

BDa (g/m3)
Canopy 1.70 1.54 1.45 1.38

pH
Open 1.70 1.57a 1.51ab 1.48b

WHCb (%)
Canopy 20.5a 23.0a 26.8b 28.8b

EC
Open 20.5a 21.4a 23.0ab 26.1b

Values are means. Values with same letter within rows are not significant
a BD, soil bulk density.
b WHC, soil water holding capacity.
c EC, electrical conductivity.
278 ± 24 254 ± 31 149 ± 28 105 ± 47 80 ± 10

ot significantly different at P < 0.05.

EC increased significantly with shrub development (P < 0.05).
During 21 years of shrub growth, soil pH was reduced from
7.80 to 7.65 under shrub canopies and from 7.80 to 7.52 in the
interspaces, while EC increased from 18 to 100 �s/cm under
shrub canopies, and from 18 to 70 �s/cm in the interspaces.

3.5. Development of herbaceous vegetation in shrub
plantations
A herbaceous plant community developed gradually in C.
microphylla plantations, increasing in species richness, plant
density and cover with increasing plantation age (Table 5).
Initially (0–5 years), the herbaceous community developed

under canopies and in open spaces in Caragana

Items Sampling
location

Plantation age (years)

0 5 13 21

ganic C (g/kg)
Canopy 0.28 1.30 3.78 4.69
Open 0.28 0.54 2.31 3.16

tal N (g/kg)
Canopy 0.062 0.238 0.616 0.682
Open 0.062 0.185 0.385 0.469

N ratio
Canopy 4.62 5.55 6.30 7.44
Open 4.62a 4.44a 6.16 6.98

(H2O)
Canopy 7.79a 7.84a 7.62b 7.65b
Open 7.79 7.69a 7.66a 7.52

c (�s/cm)
Canopy 18 66a 78a 100
Open 18 26 60 70

ly different at P < 0.05.
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Table 5 – Changes in the herbaceous plant community after Caragana microphylla shrub plantation establishment

Plantation age (years) Total number of species Total plant density (plants/m2) Cover (%) Frequency (%)

Annual Perennial Sum Annual Perennial Sum

0 2 0 2 10 0 10 10 70
69.

392.
462.
5 4 0 4
13 8 0 8
21 10 3 13

slowly, with only a few pioneer annual species colonizing.
Species number increased from two to four, and plant den-
sity from 10 to 69.3 plants/m2, while vegetative cover did not
change. In the 13-year-old plantation, eight species invaded,
the cover reached up to 60% and density 392.9 plants/m2, but
all species still represented only short-lived annual grasses
and forbs. In the 21-year-old plantations, cover and density
increased further, and the number of species reached 13,
including some perennial species.

4. Discussion

4.1. Effects of shrubs on soil physicochemical
properties

Soils beneath woody plants are often referred to as “islands
of fertility”, because in their immediate surrounding area soil
conditions are better than in the open grassland (Titus et
al., 2002; Reynolds et al., 1999). In the present study, results
showed that shrubs not only had significant “fertility island”
effects, but could also improve soil texture. Contents of very
fine sand, silt, clay, organic matter, total N and P, and avail-
able P were higher under shrub canopies than in open spaces.
This is consistent with results from Wezel et al. (2002) and
Maestre and Cortina (2002). Belsky and Canham (1994) indi-
cated that there may be several factors that contribute to
formation of “fertility islands”. One of the most important fac-
tors is that shrubs are able to effectively trap fine soil material
and plant detritus from nearby unprotected land (Wezel et al.,
2002; Bhojvaid and Timmer, 1998). Our present results showed
that in comparison with open spaces, soil silt + clay content
increased by 22.0% under C. microphylla and 9.4% under S.
gordejvii. These increases in fine soil particles could lead to
decreased bulk density and increased soil moisture (Su et al.,
2002). In the present study, compared with open spaces, soil
bulk density decreased by 3.7% under C. microphylla and 2.4%
under S. gordejvii, while soil moisture increased by 45.5 and
31.6%, respectively. There are differences in “fertility island”
effects between C. microphylla and S. gordejvii. Possibly the main
reason for this is that the former is a pinnate-leaved legume,
with relatively dense branches and leaves to trap more soil
fine particles and plant detritus, and the capability for N fix-
ation which could result in higher soil N content than under
non-leguminous species (Wezel et al., 2002).

4.2. Nurse-plant effects of shrubs on herbaceous

species

Although few herbaceous plants can survive unprotected in
the shifting sand dunes of Horqin Sand Land (Zhao et al.,
3 0 69.3 10 245
9 0 392.9 60 447
6 4.8 467.4 80 567

2004), shrubs may provide protection to herbaceous plants
against windblown sand, because shrub cover can reduce
wind velocity and trap soil particles in transport (Gregory
et al., 2001). Shrubs can also offer partial protection from
herbivores by reducing access to plants living underneath
their canopies (Rousset and Lepart, 1999). Thus, the shrub
canopy is an important sorting factor for species present in
the understory (Pugnaire and Lázaro, 2000), and some herba-
ceous species can be maintained under shrub canopies in
shifting sand dunes (Zhao et al., 2004). In the present study,
results showed that although there were no herbaceous plant
species in open spaces outside shrub canopy in the shifting
sand dunes investigated, P. centrasiaticum not only could sur-
vive under C. microphylla canopies, but also could successfully
flower and set seed. The density, cover, height and above-
ground biomass of P. centrasiaticum under shrub canopy were
up to 107 plants/m2, 41%, 42 cm and 219 g/m2, respectively.
Normally, P. centrasiaticum can survive only in fixed or semi-
fixed sand dunes in Horqin Sand Land (Li et al., 2003). Its
survival in shifting sand dunes is attributable to the protec-
tion afforded by shrub canopies. This is consistent with the
results of Gregory et al. (2001) and Maestre and Cortina (2002).

Soil seed banks are important components of vegetation
dynamics affecting both ecosystem resistance and resilience
(Pugnaire and Lázaro, 2000). In arid ecosystems, seed banks
are characterized by high spatial and temporal variability
(Pugnaire and Lázaro, 2000), and are particularly affected by
the presence of shrubs (Facelli and Temby, 2000). The present
results showed that the viable soil seed bank under shrub
canopies was significantly different from that in open spaces.
The average seed density under shrubs was 597 seeds/m2, and
only 50 seeds/m2 in open spaces 1–6 m outside shrub canopies,
showing a decreasing trend with distance from the center of
shrub canopies. This result is in agreement with studies by
Moro et al. (1997). There may be several factors that contribute
to seed bank patterns in shifting sand dunes. Seeds may accu-
mulate preferentially under shrubs because shrubs can trap
wind-dispersed seeds, provide protection from seed preda-
tors, and facilitate deposition by birds using them as perches
(Mull and MacMahon, 1996; Pugnaire and Lázaro, 2000; Li et al.,
2003). These effects show shrubs’ nurse-plant roles in amelio-
rating the eco-environment for herbaceous species in shifting
sand dunes.

4.3. Facilitative effects of shrubs in desertified land
restoration
Results from Pugnaire and Lázaro (2000) and Maestre and
Cortina (2005) suggest that in vegetation patches formed by
shrubs, the effect of the canopy changes with shrub age,
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ecause both the physical protection offered by the canopy
nd soil organic matter and nutrients increase with time.
onsistent with this, our results show that with increasing
lantation age, the sand content, soil bulk density and pH
ecreased significantly, while silt, clay, moisture, total N and
C increased significantly, both under shrub canopies and
n interspaces. Similarly, herbaceous plant species number,
lant density, vegetative cover and aboveground biomass all

ncreased significantly with increased plantation age. Similar
ecovery patterns have been observed in other studies exam-
ning the restoration effects of tree plantations on degraded
ub-humid sites (Bhojvaid and Timmer, 1998; Wezel et al.,
002). Our results further confirm that micro-environmental
urse-plant effects of woody species on soil and herbaceous
pecies are of great importance to restoration of desertified
ands.

Some shrubs with greater resistance to wind-blown sand
an remain on shifting sand dunes during grassland deserti-
cation processes (Li et al., 2003). Some herbaceous species
an also persist under protective shrub canopies (Maestre and
ortina, 2005). These herbaceous species will disperse rapidly

rom inside to outside of the shrub canopies when exter-
al disturbance is removed or the environment is improved

Zhao et al., 2004), which will contribute to the restoration
f degraded vegetation (Maestre and Cortina, 2002). In the
resent study, plant species number, plant density, cover and
boveground biomass of the herbaceous community under C.
icrophylla canopy increased by 350.0, 142.1, 39.0 and 12.3%,

espectively, after 6 years of grazing exclusion, and by 770.0,
30.8, 87.8 and 23.7% after 13 years. Also, the average herba-
eous patch diameter enlarged from 3.0 m at grazing exclusion
o 19 m after 6 years and more than 22 m after 13 years. These
esults are in agreement with a study conducted in the Shapo-
ou area of northwestern China (Yu et al., 2002).

Three principal mechanisms likely contributed to the col-
nization and development of herbaceous species in the
estoration process on shifting sand dunes. First, C. micro-
hylla shrubs facilitated the colonization of drought-tolerant
erbaceous species by trapping and shielding wind-dispersed
eeds of these species beneath their canopies and increas-
ng the likelihood of recruitment (Li et al., 1992). Second,
ven where plant recruitment does not occur in open spaces,
eedling establishment is often possible under the shade of
xisting ‘nurse’ shrubs, allowing the colonization and long-
erm persistence of some herbaceous species (Shumway,
000). These species can then spread from beneath the
hrub canopy to occupy the open-space micro-environment
Shumway, 2000; Zhao et al., 2004). Third, N-fixing legumes
ave been shown to increase soil nitrogen levels and to

acilitate seedling growth in other successional communi-
ies in nutrient-poor environments (Shumway, 2000; Su et al.,
002). In the present study, the establishment of N-fixing C.
icrophylla resulted in significant accumulations of C and N
nder their canopies, producing “islands of fertility” surround-

ng each shrub. With increasing enclosure age, the “islands”
radually expanded into the open spaces. Therefore, C. micro-

hylla in shifting sand dunes enhanced rates of colonization,
nhanced the growth of other plants, and paved the way for
egetative expansion by ameliorating stressful environmental
onditions.
g 3 1 ( 2 0 0 7 ) 1–8 7

5. Conclusion

Our results showed that in shifting sand dunes, shrubs can
improve soil fertility and facilitate the establishment and
growth of a herbaceous community, creating “islands of fertil-
ity” with a less harsh micro-environment. The “fertility island”
effects became stronger and herbaceous vegetation patches
tended to expand with increasing age of shrub plantations
or grazing exclosures. This implies that shifting sand dunes
in the semi-arid Horqin Sand Land can be restored to higher
productivity by long-term grazing exclosure or by establishing
shrub plantations on a large spatial scale.
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