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Abstract

The xerophytic desert shrub Haloxylon ammodendron (C. A. Mey.) Bunge. is distributed
naturally in Asian and African deserts, and is widely used for vegetation restoration in the
desert regions of Northern China. However, there are limited long-term chrono-sequence
studies on the impact of changed soil properties and vegetation dynamics following estab-
lishment of this shrub on mobile sand dunes. In Mingin County, Gansu Province, we inves-
tigated soil properties and herbaceous vegetation development of 10, 20, 30, 40, 50-year-
old H. ammodendron plantations on mobile sand dunes. Soil sampling at two depths (0-5
and 5-20 cm) under the shrubs determined SOC, nutrition and soil physical characteris-
tics. The results showed that: establishment of H. ammodendron had improved soil phy-
sio-chemical properties, increased thickness of soil crusts and coverage of biological soil
crusts (BSCs), and promoted development of topsoil over an extended period of 5
decades. Soil texture and soil nutrition improved along the chrono-sequence according to
three distinct phases: i) an initial fast development from 0 to 10 years, ii) a stabilizing phase
from 10 to 30 years followed by iii) a relatively marked restoration development in 40 and
50-year-old plantations. Meanwhile, herbaceous community coverage also markedly
increased in 30-year-old plantations. However, both soil and vegetation restoration were
very slow due to low annual precipitation in Mingin county compared to other Northern
China sand afforestation sites. Canonical Correspondence Analysis results demonstrated
that herbaceous plant development was closely associated with changes in soil texture
(increased clay and silt percentage) and availability of soil nutrients. Thus our results indi-
cated that selection of the long-lived shrub H. ammodendron is an essential and effective
tool in arid desert re-vegetation.
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Introduction

Desertification is considered one of the most critical ecological and environmental issues
worldwide and has gained increasing attention [1] especially in China. In order to combat
desertification, the Chinese government has been carrying out large-scale afforestation, follow-
ing many studies that demonstrated that it is an effective and widely used management option
to curb severe sand erosion [2]. However, the impact of plantations on soil characteristics and
vegetation dynamics in these arid systems are poorly understood, relative to their importance
for wind breaks and sand-fixation, especially when previous studies found that desert steppe
ecosystem recovery is slower than the recovery reported in desert ecosystems elsewhere [3,4].
Moreover, short-term afforestation may show initial success in revegetation processes in arid
regions, but its impact on biodiversity and its ability to achieve full ecological restoration will
depend on the type of reforestation carried out and its suitability to the local environment [5-
7]. For example, in parts of the MuUs Desert of Inner Mongolia Autonomous Region, a num-
ber of researchers reported successful afforestation in short-term studies, however tree mortal-
ity reached 70% after 20 years, consequently with renewed desertification, it erased the earlier
reported gains. According to Cao [6] (2008) and Wu et al. [7] this loss of vegetation cover to
lower levels prior to afforestation, exacerbated soil moisture loss, thus perpetuating the deserti-
fication. Unfortunately, most studies that test the adaptability of vegetation and its restoration
impact at a given site are typically monitored for only short periods. For example, Wortley

et al. [8] emphasized that the age groups of empirical assessments of restoration outcomes over
35 years old were just 5%. Consequently, the lack of long-term field research largely limits our
understanding of ecological restoration effects across varied ecological regions. This affirms
the necessity to conduct long-term field investigations on ecological restoration of desert
steppe ecosystems.

Nevertheless, some previous short-term studies in northern China have estimated the influ-
ence of vegetation restoration age on soil physio-chemical properties in the semiarid Horqin
sand lands (1-3 decades) [9-14] and revegetation with several shrub species on sand dunes in
the transitional Shapotou area of Ningxia Province (< 34 years) [15-16]. There are only a few
existing long-term studies that extend to 40 or 50 years, such as those by Li et al. [3,17-19] and
Wang et al. [20]. The latter study, based in the Tengger Desert, stated that from the original 18
shrub species only 3 survived after 17 years, but importantly the aerial deposition of fine dust
particles over 40 years facilitated by the shrubs, aided the restoration. According to Wang et al.
[20] this resulted in a strengthening of bio-geochemical cycling processes and an accumulation
of fine particles from the aeolian dust, which contributed to micro-biotic soil crust formation,
leading to surface soil enrichment and the stabilization of sand dunes.

These studies point to the concerns in arid and semiarid regions that appropriate species
selection is a key factor for longevity of environmental restoration [21, 22], but still little is
known about the rehabilitation impact of establishing a single long-lived shrub species on
shifting-sand-fixation in arid sandy landscapes. Especially about its effects on soil and vegeta-
tion composition, such as in Minqgin County, Gansu Province [2], where the effects of soil and
vegetation restoration rate may be different, compared to a relatively more humid semiarid
desert area. Growth and survival of vegetation in China’s arid and semiarid regions are
strongly linked to available water [23], so it is vital to choose xerophytic desert shrubs with
high tolerance to water stress and survival so that the primary focus is on sand-fixation
through consistent and long-term aeolian dust capture and deposition and thus soil ameliora-
tion and ecological restoration. The xerophytic desert shrub Haloxylon ammodendron is dis-
tributing naturally in Asian and African deserts [24, 25], and is widely accepted for use in
vegetation restoration in the desert regions of northern China because of its previous success
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in stabilizing sand dunes. For example, an ongoing restoration project that is expanded every
year in Mingin County, has a dominant plant community of H. ammodendron, which covers
about 0.035 million hectares (51.5%) of the restoration area [26]. Due to this widespread use
of H. ammodendron, it is critical to understand the restoration processes and the long-term
ecological effects on soil and vegetation. Here, plantations of H. ammodendron range from
10 to 50 years old giving a unique opportunity to study the effect of shrub afforestation on
soil properties and vegetation communities over a long period in the Minqin Desert region.
The objectives of our study were: (1) to assess the impacts of long-term establishment of
H.ammodendron in terms of soil physio-chemical properties and vegetation dynamics; (2) to
determine whether the restoration of soil and vegetation in the Minqin desert is different to
published data from other desert regions in north China; and (3) to provide practical sugges-
tions for shrub plantation management and ecological restoration.

Materials and Methods
Ethics statement

No specific permits were required for the described field studies, because H. ammodendron is
not an endangered or protected species. Collecting soils and plant samplings from each H.
ammodendron plantations did not involve any National Nature Reserve in China. Addition-
ally, this study was conducted at Mingin Desert Control Station, an experimental base belong-
ing to the Lanzhou University and the Gansu Desert Control Research Institute.

Site description

The study area lies in Mingin County, on the lower reaches of Shiyang River at the eastern end
of the Hexi Corridor, Gansu Province, northwest China (101°59'E-104°12'E, 38°08'N-39°
26'N) [27]. This area is subjected to an arid desert climate with an average annual temperature
of 7.8°C. The average annual precipitation is 116.5 mm, with average annual potential evapo-
ration of 2383.7 mm [28]. The mean wind speed is 2.4 m.s"" and the average number of days
with gales (wind velocity > 17 m.s™") is 27.4 days per year. Sand and gravel deserts, salt
marshes and low mountains account for 94.2% of the region, with irrigated oasis areas making
up the remainder of the region. Minqin County is surrounded by the Badain Jaran Desert in
the northwest and the Tengger Desert in the east and the detailed map of the study area could
be seen in Dong et al. [29]. The zonal soil type is part aeolian, part irrigated desert soils and
grey brown desert soil [30] (OSU SCAS, 2004). During the process of sand dune stabilization,
these desert soils can form a physical crust consisting of increased clay and silt fractions, largely
from capture and deposition of aeolian particles by shrubs. In turn a biological soil crust (BSC)
can form from the deposition of attached nutrients and algal growth, and the role of physical
crust is different from BSCs. Most trees and shrubs in this area are from plantation activities
consisting of native xerophytic shrubs, small shrubs and herbaceous plants. The vegetation
ground cover is generally less than 15% and this percentage cover continues to degrade. Pre-
cipitation is usually the only source of water for desert plant growth. The fertility in all soil
types in this area is very low due to the arid climate and sparse desert vegetation.

H. ammodendron is a chenopodiaceae shrub, which is widely distributed with deep-root
system and native to Central Asian with a longevity and that could exceed one hundred years.
In the Mingin area, natural shrub vegetation still exists, but plantations are generally used in
vegetation reestablishment programs to stabilize shifting sand dunes. Consequently H. ammo-
dendron as 2-year-old seedlings, at a density of 16.5 individuals per 100 m?, were planted in
mobile sand dunes each decade since the 1960s. It was here that clearly distinguishable age
trends were identified in the decade-old plantations. Bound straw in a checkerboard layout (1
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m?) by soil sealing was used to protect seedlings from strong wind blown sand and to assist in
dune stabilization. Over the years, the straw was not repaired, but allowed to decay or be
blown away.

Vegetation survey

During early September, 2013, a total of eighteen 20x20 m2 plots were selected at random on
the windward sides of dunes with similar slopes. Plots were equally distributed in each of the
five decadal groups of H. ammodendron established in the 1960’s, 1970’s, 1980’s, 1990’s and
2003, and in a nearby mobile sand dune, served as the control site (CK). Shrub height, basal
diameter and ground coverage of H. ammodendron were recorded for each plot. The H.
ammodendron leaf is branchlet with reduced leaves therefore the length and diameter of the
branchlets were measured with a micrometer. Thus the leaf area (LA) was calculated as: LA =
L, x D x 7, where; L, is the leaf length, and D is the leaf diameter. Five 1 x 1 m* quadrats were
randomly selected within each plot, where herbaceous species composition, number, height
and coverage of plants in each quadrat were recorded. In the text the shrubs Calligonum mon-
golicum and Reaumuria songarica were naturally occurring however these were sparsely scat-
tered across the stabilized sand dune and thus only the most dominant or changed herbaceous
species were included in this study. Native species diversity in plant communities was deter-
mined by two diversity indices: the Shannon-Wiener index and the Simpson index.

1. Simpson index (D):D =1 — ZNtQ

i=1

s
2. Shannon-Wiener index (H): H = —Z N;In N;

=1
Where; s is the species number in the community, and Ni is the relative importance value of
species i in each plot, which was calculated from the mean of relative cover, height and relative
abundance [31].

Soil sampling and measurements

Soil crust thickness and its percentage area within each quadrat were determined immediately
after herbaceous cover was measured at the same location. The biological soil crusts (BSCs),
which were distinguishable by visible differences in the topsoil colour and soil crust thickness
within each quadrat, were quantified with 0-200mm electronic Vernier calipers, whilst BSCs
percentage area was determined using the method described by Li et al. [19]. Within each H.
ammodendron plot and the control, five sampling ditches were dug, from where soil samples
were collected manually from soil depths of 0-5 cm and 5-20 cm. Stainless steel cylinders (100
cm® in volume) were used to sample soil for bulk density and water content determination.
The soil water content at 0-5 and 5-20 cm depths was determined gravimetrically on an oven
dry mass basis after drying samples at 105°C for 24 h. Additional soil samples for particle size
distribution (PSD) determination were air dried in the laboratory, after which gravel and roots
in the samples were carefully removed. PSD was determined by laser diffraction equipment
(Mastersizer 2000, UK) and divided into four particle sizes: clay content (<0.002 mm), silt
content (0.002~0.02 mm), fine sand (0.02~0.2 um) and coarse sand (0.2~2 mm).

Further air-dried soil samples were ground in an agate mortar and passed through a 1 mm
sieve to determine pH, EC, total P and available P, and 0.25mm sieve to determine Soil
Organic Carbon (SOC) and total N. Soil pH was determined from 1:1 soil water solutions and
electrical conductivity (EC) determined using 1:5 soil-water aqueous extracts. Total SOC was
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determined by the Walkley-Black method and a factor of 1.3 was used to determine organic C
recovery [32]. Total N was determined using semi-micro Kjeldahl digestion followed by distil-
lation and titration using a Kjeltec auto distillation-titration unit [33]. Soil samples for total
phosphorus (Total P) was digested by HCIO,4-H,SO, [34] and determined by molybdenum-
blue colorimetry. Available phosphorus (Available P) was determined by the Bray method
[35].

Statistical analysis

Differences in development of H. ammodendron (height, basal diameter, coverage and leaf
area), herbaceous species diversity indices and coverage among plantation ages, measured soil
parameters among plantation ages and soil layers were evaluated using analysis of variance
(ANOVA) followed by multiple range test (Tukey test). Significant difference between groups
were identified taking p<0.05 as significant. Data were log transformed when necessary to
meet assumptions of ANOVA for normality and homogeneity of variance. Statistical analysis
of the above data was achieved with SPSS 16.0 software. Canonical Correspondence Analysis
(CCA)from the CANCOR package in R (R Foundation for Statistical Computing ver 3.2.4)
was used to analyse the relationships amongst soil properties (clay content, silt content, fine
sand, coarse sand, soil water, bulk density, pH, EC, SOC, Total N and SP), native herbaceous
distribution and vegetation composition (the relative abundance) relative to the soil variables
and H. ammodendron plantation age. Total P were not used in CCA due to almost no signifi-
cant changes among the different groups.

Results
Development of H. ammodendron plantations

Generally, mean height and basal diameter of the individual shrubs increased with plantation
age (Fig 1a). Shrub height developed quickly during the first 20 years, however growth rate
tended to stabilize during the 20-40 year period, but growth was not significantly different
between ages. However, shrub height was significantly higher at 50 years (197.5 cm) than that
of 10 (98.8 cm) and 20-year (141 cm) plots. Conversely, basal diameter developed quickly dur-
ing the 20-40 year period, with an average growth rate of 50% per decade, but no significant
change was detected between 10 and 20 years plots (Fig 1a). In the initial decades, H. ammo-
dendron coverage peaked at 60.2% (Fig 1b), then continually decreased in each following
decade to 30.1% in the 50-year-old plots. The leaf area developed quickly during the first 20
years and peaked at 10.0 cm® in 20-year plots, then continually decreased each decade to 3.1
cm? in the 50-year-old plots (Fig 1c).

Changes in soil physical properties of H. ammodendron plantations

According to the PSD data, mobile sand dunes had the least clay and silt contents nearing 0%,
but had the largest coarse sand content (50%) in comparison to all 5 decadal plantations (Fig
2). In the topsoil (0-5cm) and sub-topsoil (5-20cm), the differences in PSD (except for fine
sand content) between mobile sand dune and 10-year-old plantations were significant, while
the increase in clay and silt content among 10, 20, and 30-year-old plantations was not signifi-
cant (Fig 2a and 2b). Whereas there was a marked increase in clay and silt content at both
depths but differences were only significant between 50-year-old and 10 to 30-year-old planta-
tions. Meanwhile, the clay and silt content was significantly less at the lower depths in the two
oldest plantations, but nevertheless, larger than earlier decades and significantly in 50-year-old
sites (Fig 2a and 2b). Additionally there was no significant variation in fine sand content
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doi:10.1371/journal.pone.0168000.9001

among the groups (Fig 2¢). Conversely coarse sand significantly decreased at both depths in all
decades compared to CK, especially in the 50-year-old sites (Fig 2d).

The water content for all sites was significantly lower in the topsoil layer by 1-1.5% com-
pared to the subsurface soil (5-20cm) except at the 50-year-old site (Fig 3a). Meanwhile, topsoil
(0-5cm) water content in the four youngest plantations was significantly less than CK and the
50-year-old site. Subsurface soil water content was not significantly different among sites (Fig
3a). Bulk density (at 1.55 g.cm ) did not show significant variations among sites in the first
four decades but was significantly reduced to less than 1.3 g.cm™ in the 50-year-old sites in
topsoil and to ~1.45 g.cm™ in subsurface soil (Fig 3b).

Changes in soil chemical properties of H. ammodendron plantations

SOC in 40 and 50-year-old sites in both topsoil and sub-topsoil layers of H. ammodendron
plantations was much higher (respectively 2 and 1.5 g/kg) than corresponding soil layers in the
mobile sand dune (~0.1 g/kg) (Fig 4a and 4b). Additionally, in 40 and 50-year-old plantation
topsoil, SOC, total N and available P were significantly larger than younger plantations by
around 100, 50 and 100% respectively (Fig 4a, 4b and 4d), in contrast, the lowest values were
recorded in mobile sand dune. However, the only significant differences between the two soil
layers occurred for SOC in 40 and 50-year-old plantations and for N, total P in 50-year-old
plantation only.

Topsoil pH was significantly more alkaline in plantations in 10-20-year old plantations (pH
8.5-8.8) than in CK (pH 7.7) and the older plantations (Fig 5a). Although pH declined in the
30 and 40-year-old plantations, it remained moderately alkaline at pH 8.3 whereas it became
neutral (pH = 7.0) in 50-year-old plantations. Subsoil pH was similar, however the 40-year-old
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sites were significantly less alkaline in comparison to the topsoil values, while the 50-year-old
sites were significantly more alkaline (Fig 5a). Mobile sand dune pH was similar to the
50-year-old sites and was also significantly more neutral than the younger plantations. Topsoil
EC in 50-year-old sites was significantly larger than younger plantations and CK (Fig 5b).
Additionally, EC of the oldest site was significantly larger in the topsoil by a factor of four. EC
marginally increased with plantation age in the subsoil, however the change was not significant
(Fig 5b).

Changes in soil crusts

The thickness of soil crusts increased continually from 0.25 cm in the 10-year sites to over 3cm
thick in the 50-year sites, signifying the gradual stabilization of the mobile sand dunes

(Table 1). That is, the ground surface in the mobile sand dune transitioned from non-crust
(mobile sand dune) to a physical crust. Physical crusts transitioned to a combination of physi-
cal and biological soil crusts (BSCs) in the 30-year sites and to BSCs, which dominated in the
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50-year sites. Physical crust coverage peaked after 20 years, then decreased as BSCs cover
increased over the following decades, to a peak coverage of 53.9% in the 50-year-old site.

Development of herbaceous vegetation in H. ammodendron plantations

Though the Shannon-Wiener, Simpson indices and number of plant species among plantation
ages were similar (Table 2), the perennial plant Limonium aureum emerged following 30-year-
old plantations. The total herbaceous coverage significantly increased over time after establish-
ment of H. ammodendron. Coverage peaked at 57% in 50-year-old sites, which was signifi-
cantly different from that of the 10, 20 and 30-year-old plantations, while not from 40-year-old
plantations (Table 2).

Canonical correspondence analysis between vegetation composition
and soil properties

CCA results showed the first axis (CCA1) alone explained 44.4% of total variance. Taken
together, (CCA2) data set explained 64.3% of total inertia, indicating a relative high vegetation
composition-soil environment correlation. The relative contribution of each environmental
variable to CCA1 and CCA2 is illustrated in the CCA bi-plot (Fig 6). On one hand, the clay
(r=0.76, p<0.001), silt (r = 0.62, p<0.01), SOC (r = 0.89, p<0.001), Total N (r = 0.93,
p<0.001) and Available P (r = 0.97, p<0.001) all showed strong positive correlation with
CCAL axis, whereas coarse sand (r = -0.59, p<0.001) and pH (r = -0.91, p<0.001) showed
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Soil depth

strong negative correlation along CCA1 (Fig 6). The CCA ordination procedures indicated
that clay and silt content had a significant positive correlation with SOC, total N, total P and
Available P, and exhibited a negative correlation with pH and coarse sand (Fig 6). Increasing
clay and silt content also had a slightly positive correlation with soil water content and bulk
density, although correlations were not significant. On the other hand, the CCA indicated that
herbaceous species distribution was dependant on soil property gradients and increasing plan-
tation age. Therefore, the plants clustered in three habitats, which generally coincided with
decadal plantations. In the youngest plantations (10-year-old), the herbaceous vegetation
(green circles) was clustered to the lower left of the CCA plot, which typifies an ongoing arid
environment. This herbaceous cluster was clearly separated from the 20-year-old plantations
(orange circles) where vegetation was clustered in the upper left centre of the CCA bi-plot.
Although these habitats were both correlated with coarse sand, the strong influence of H.
ammodendron growth impacted on the incidence of the relevant species in each plantation.
Herbaceous plants in the older plantations (30-, 40- and 50-year-old plantations) were largely
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plantations planted in different decades across 50 years (CK-mobile sand dune). (Different uppercase letters indicate significant differences in soil

properties between two soil depths in the same plantation age at p<0.05. Different lowercase letters indicate significant differences in soil properties

among different plantation ages with the same soil depth at p<0.05).

doi:10.1371/journal.pone.0168000.g005

clustered in the right centre portion of the CCA plot (Fig 6) where the most influential envi-

ronmental gradients were increasing clay content and SOC.

There were 11 individual herbaceous species across the five decadal plantations, where each

decadal plantation had a unique representation of species, which the CCA bi-plot clearly

defined (Fig 6). However, Halogeton glomeratus was an exception with a relative abundance of
0.46 indicating it was represented in each decadal plantation. The 10-year-old plantation was

Table 1. Changes in soil crust characteristics on mobile sand dunes (CK) and of H. ammodendron plantations established in each decade over 50

years.

Plantation age (years)
CK
10
20
30
40
50

doi:10.1371/journal.pone.0168000.t001

Crust type
None
Physical crust
Physical crust
Physical crust + BSCs
Physical crust + BSCs
BSCs

Crust cover (%)
0
39.11-50.2
49.93-63.1

40.34-45.22 + 11.22-29.53

8.64-28.54 + 40.23—-42.06
51.0-67.12

Crust & topsoil thickness (cm)

0
0.25-0.75
0.75-1.35
1.35-1.80
1.80-2.30
2.30-3.30
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Table 2. Herbaceous species diversity indices, coverage and species number (meantSE) of life-form in H. ammodendron plantations established

each decade over 50 years.

Plantation age (years)

10
20
30
40
50

doi:10.1371/journal.pone.0168000.t002

Shannon-Wiener index

0.96+0.19 a
0.62+0.14 a
1.27+0.19a
1.3620.19 a
1.47+0.20 a

Simpson index

0.51+0.11a
0.49+0.08 a
0.67+0.07 a
0.70+0.05a
0.69+0.02a

Herbaceous coverage

0.09+0.06 ¢
0.11+0.02 c
0.16+0.07 b
0.45+0.18 ab
0.57+0.14a

Species number of plant life-

Annual

Ao w|s s

form

Perennial

0

0
1
1
1

dominated by pioneer sand species of Agriophyllum squarrosum and Artemisia arenaria at 2.1
and 0.4 relative abundance respectively. The 20-year-old plantation was dominated by H. glo-
meratus at 8% relative abundance, with A. squarrosum and A. arenaria reduced to 1.3% and
0.4% respectively. The older plantations’ vegetation cluster comprised of; Chloris virgata,
Setaria viridis, Salsola collina, Echinopilon divaricatum, and Eragrostis pilosa. These herbaceous
species were restricted to environments that were influenced by increasing SOC, clay, silt and
improved soil nutrition. E. divaricatum and E. pilosa were the lead species on the oldest of the
plantations (40- and 50-year-old), with a relative abundance value of 26.7% and 115.2% for S.
collina, and 28.5% and 27.2% for S. viridis respectively (Fig 6).

/ ® 10 years
20 years
® 30 years
® 40 years

1 ® 50 years

Coarse_Sand

o~ Ha_cover

pH

CCA2

2
|

[ I I
& -1 1

CCA1

Fig 6. CCA ordination of plantation plots and native herbaceous distribution in relation to soil
properties and coverage of H. ammodendron across 5 decades. (Circles show the plots and plus signs
show the species’ relative abundance; A.s, Agriophyllum squarrosum; A.a, Artemisia arenaria; C.v, Chloris
virgate; S.v, Setaria viridis; S.c, Salsola collina; E.d, Echinopilon divaricatum; E.p, Eragrostis pilosa; H.g,
Halogeton glomeratus; S.g, Stipa glareosa; L. a, Limonium aureum).

doi:10.1371/journal.pone.0168000.9006

PLOS ONE | DOI:10.1371/journal.pone.0168000 December 16, 2016 11/18



@° PLOS | ONE

Long-Term Effects of Xerophytic Shrub on Soil Properties and Vegetation Dynamics in Northwest China

Discussion
Development of H. ammodendron

According to Gregory et al. [36], Zhao et al. [10] and Li et al. [18, 19] plantation shrubs as
those used in desert reclamation, could reduce wind erosion on dune surfaces and enhance
dust fall and deposition. This in turn facilitating the colonization and development of BSCs, as
well as providing protection to soil crust and herbaceous species. Thus healthy and sustained
long term growth of plantation shrubs are important factors in determine whether mobile
sand dunes are stabilized and ecological restoration is achieved. This current study demon-
strated that H. ammodendron could form a sparse, but reasonably stable plantation community
with sustained growth in a very arid environment over 50 years. Conversely, Li et al. [19] indi-
cated that other shrub species began to degrade after 20 years. These initial woody species were
gradually replaced by shallow-rooted native herbaceous plants due to drought. One of the key
factors in responding to this drought is increased BSCs coverage [19, 20], as many studies
demonstrated BSCs could reduce rain permeability in soil in arid and semiarid zones [37, 38].
This could explain why soil water content at depth were much lower in older than in younger
vegetation areas. In contrast, soil water content at 0-20cm soil depth was not reduced in
50-year-old plantations probably because BSCs could retard evaporation and conserve soil
moisture for longer under low rainfall due to its fine texture [39]. Indeed, Brotherson and
Rushforth [40], found that the formation of biological soil crust provides a compact protecting
coat on the soil surface, which lowers the soil surface evaporation. Ground water is generally
unavailable as it is too deep for these shrubs, so precipitation is the only source of water for H.
ammodendron growth in these plantation sites. Accompanied with the development of H.
ammodendron during the process of sand dune stabilization, deep soil water content tends to
be lower in older vegetation areas than in younger vegetation areas due to high evapotranspira-
tion and low recharge. Additionally, we can consider similar climatic conditions for the differ-
ent plantation age groups after H. ammodendron planting. Because analysis of the metrological
data by Zhu et al. [41] from 1961 to 2009 in Mingqin desert area showed no significant increas-
ing trend for mean annual precipitation during the past 50 years, thus precipitation did not
contribute to higher leaf development and coverage of H.ammodendron in the initial 20 years
plantations in comparison with the older sites. In this sense, the variation of H. ammodendron
cover which peaked in 20- year-old plantations and then decreased with plantation age, could
be explained by decreasing available soil water at depth due to lower soil permeability to rain.
However, the cover reduction in our study was much less than other shrubs planted in the Sha-
potou region for example, where after 50 years cover was reduced from 33% to 9% and which
was associated with a development of micro-biotic crusts (BSCs) and reduced soil water con-
tents at depths [18]. H. ammodendron is a significantly longer-lived shrub species and is well
suited to the arid desert regions of western China, even though in our study it lost 30% cover-
age over 5 decades.

The development of soil properties of the H. ammodendron shrublands
with plantation age

Many studies from semiarid and arid areas worldwide have reported the recovery of topsoil
characteristics through establishing sand-binding vegetation in a sand-burial environment [2,
3,11, 18, 20, 34, 42]. Our results indicate that in the surface soil (0-5cm) or sub-surface soil (5-
20cm), the soil conditions improved following H. ammodendron shrub establishment. These
changes included an increase in clay and silt content, as well as soil organic C, total N and
available P with increasing H. ammodendron plantation age. Similar changes were observed in
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other restoration studies in Northern China [11, 31] which were attributed to the capture of
fine aeolian particles and their deposition amongst the shrubs. Increases in C and N concentra-
tions in the soil depend less on soil parent material [43] but are reliant on deposition and sub-
sequent vegetation activity. In the older plantations (40- and 50-year-old), BSCs and
herbaceous developed abundantly, while the capture of some plant litter (not measured) may
have contributed to improve the soil nutrition. Meanwhile, the abundant BSCs and herbaceous
plants assisted in the further capture of fine soil particles thus contributing to improve soil
physical conditions. Whereas total P concentration is reliant on weathering processes and
nutrient cycling of P [44] hence increases of P in 10-50-year H. ammodendron plantations was
not apparent. Meanwhile, EC was generally stable and low, with the exception of 50-year-old
plantation where the continual extraction of water enriched soil salt in this low rainfall envi-
ronment. The H. ammodendron is a succulent halophyte which can uptake amounts of salt ion
from the soil in their growth [45], which did not present issue for shrub longevity. The changes
in pH in our study were parabolic in shape, whereas other studies indicated a linear increase in
pH for the same period. In the initial 20 years, our revegetation methods resulted in an
increase in pH, which corresponded to, but was more pronounced than in other studies of
Wang et al. [20] and Li et al. [18] for the same period. We attributed this to the initial extensive
soil disturbance during plantation development and corresponding loss of organic material
and H" ions through oxidizing processes. In these medium to highly alkaline conditions, avail-
ability of macronutrients such as N and P was low and limited plant establishment and restora-
tion sustainability. Following 40 plus years of deposition, vegetative activity and the
development of BSCs, pH eventually moved into a neutral range (pH 7) where macro and
micronutrients were more readily available. Consequently, in these latter plantations, there
was acceleration in herbaceous coverage and the further development of BSCs.

According to results from Li et al. [3, 18] and Wang et al., [20] over a 50-year period in Sha-
potou desert, changes in soil properties and vegetative features were more rapid in the early
stages than in the latter stages of dune stabilization. Su and Zhao [14] in Horqin region also
noted a faster restoration rate during the early establishment stage (0-13 years) and a slower
rate during the latter successional stage (13-28 years). The recovery rate of soil properties fol-
lowing establishment of H. ammodendron shrub in Mingin desert mobile dunes in our study,
was considerably slower than these previous studies conducted in other desert regions of
northwestern China. Here in Mingin, three distinct phases occurred in the chrono-sequence
of PSD changes (clay, silt and course sand) and soil nutrition (SOC, and total N) improvement:
i) an initial fast development from 0 to 10 years, ii) a stabilizing phase from 10 to 30 years fol-
lowed by iii) a relatively marked restoration development in 40 and 50-year-old plantations.
The rapid increase in clay, silt, SOC and total N between 0 and 10 years whereas there is no
change between 10 and 20 year plantations, was mainly due to the planting operation as it
played an important role in the initial restoration stages. Most of straw checkerboard used to
stabilize the dunes during the shrub planting were blow away due to heavy wind erosion on
windward slope. However, a little straw held by soil when firstly planting remained to decom-
pose into the surrounding soil and thus improving soil conditions and supporting growth in
early plantations. In later plantations, the influence of straw largely diminished and can be
neglected.

Although plant litter, plant root activity and soil crust development can improve topsoil
properties, the effects of these on soil physical and chemical properties to depth are limited
[10, 11]. Our results correspond with these previous studies in Inner Mongolia, however we
found significant responses in PSD and soil nutrients with increasing soil depth during this
restoration process in 40 and 50-year-old plantations, as shown in the canonical coordinate
analysis. In arid and semiarid rangelands in northern China, such as the Shapotou area [3, 21]
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and the Horqin sand lands [14], where these studies found that most of the changes in soil phy-
sio-chemical properties mainly occurred in the topsoil but were less marked with increasing
soil depth. These differences in restoration time we attributed to the differences in aridity,
where Horgin is semiarid and Shapotou is in a transitional semiarid area, in which they both
receive, on average 2-3 times more rainfall than the Mingin region.

Vegetation characteristics and soil crust development

Previous studies have demonstrated that during mobile sand dune stabilisation the previous
dominant native plant communities were relatively quickly replaced by shallow-rooted herba-
ceous species due to changes in the soil moisture and development of BSCs [19, 20]. As a
result, Wang et al. [20] reported that in five years the annual species that formerly grew spo-
radically in the migrating desert dunes had disappeared. The pattern of change corresponded
to our study, but at a much slower rate. This was due to the gradual initial development of
physical soil crusts through 2 decades and the eventual development of 3.3 cm thick biological
soil crusts with 57% ground cover after 50 years. The formation and development rate of BSCs
in our study indicated that in 10 and 20-year-old plantations physical crusts had formed, how-
ever BSCs only sparsely appeared in 30-year-old plantations. In contrast, BSCs (consisting of
cyanobacteria and algae crust) dominated the landscape after 27 years of revegetation in the
Shapotou area [19]. The ground surface was covered by 70% moss crust in 15-year-old planta-
tions located in the Horqin Sand Land [12], which was also the case in the Tengger Desert
[19]. Consequently, Li et al. [18] recorded 15 herbaceous species after 50 years of revegetation
in the Shapotou region. Also in Horqin Sand Land stabilized dunes the dominant herbaceous
plants; Corispermum elongatum, Melissitus ruthenicus and Cleistogenes squarrosa emerged
within 20-years [2]. However, in our study, the herbaceous species diversity, the number of
herbaceous species and the succession rate of vegetation in Mingin was limited, we recorded
only five herbaceous species in the 50-year-old plantations, and in 30-year-old plantations the
emergence of BSCs had only just begun. In the 40-year-old plantations BSC coverage had
increased to ~44% facilitating the distribution and dominance of E. divaricatum and E. pilosa
consequently contributed to the development of future native herbaceous vegetation.

Soil characteristics are key drivers in plant community succession [46, 47], meanwhile plant
community succession processes reflect the process of the individual plant adapting to the soil
conditions [48]. Numerous studies have demonstrated that soil texture and nutrition in arid
ecosystem topsoils are beneficial to herbaceous plants [3, 49-51]. Our CCA results demon-
strated that herbaceous development was closely associated with the changed soil texture
(increased clay and silt percentage) and availability of soil nutrients. The 10- and 20-year-old
plantations and their respective vegetation; A. squarrosum, A. artemisia and H. glomeratus,
were closely related with high coarse sand content and low nutritional requirements. The
changes in topsoil properties attributed to the interaction between plants and the soil crust by
Zhao et al. [11] were apparent in the 40-year-old plantation, which gave rise to increased soil
nutrition and finer soil texture in a habitat consisting of higher relative abundance values of E.
divaricatum and E. pilosa. The change in habitat driven by the significant increases in herba-
ceous coverage after 30 years of stabilization and the rise of BSCs may contributed to decreas-
ing pH, which corresponds to studies by Su and Zhao [14] in northeast China, Horqin Sandy
Land. Tornquist et al. [52] also found decreasing trends in pH due to the secretion of organic
acids and the release of CO, from roots and/or micro-organisms, with increases in herbaceous
cover.

Consequently, after 5 decades since the shrub H. ammodendron was established in the Min-
qin desert region, the eco-environment had improved. However, the restoration rate was
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much slower than reported elsewhere in northern China sand dune ecosystems. Prominent
factors that influence the rate of ecosystems recovery in most arid areas the amount of rain
and number of rain events [53]. Therefore, we attributed the slower desert restoration and
sand dune stabilisation in the Minqin region to infrequent and low precipitation (110 mm). In
comparison, the semiarid Horqin Sand Lands of northeast China which receives 365 mm
annually [11], while the Shapotou region located in a transitional zone between arid and semi-
arid climate in northwest China, receives 220 mm annually.

Suggestions for plantation management and ecological restoration

Our results indicated that H. ammodendron is a suitable species for successful ecological resto-
ration in Mingin desert zone and it highlighted that in arid desert ecosystems plantation lon-
gevity is essential for the deposition and accumulation of aeolian soil components and the
development of BSCs. The formation period of biological soil crusts requires increasingly
more time with the level of aridity, therefore the shrub species selected for afforestation are
likely to require extended maintenance to sustain the formation of large quantity of BSCs and
herbaceous plants over an extended period. Thus, the key species selection criteria are longev-
ity and aridity tolerance. At small spatial scales the change in soil resources and conditions are
important determinates of vegetation features [54, 55]. Therefore, in order to stabilize the
mobile sand dune through the development of natural herbaceous cover under the protection
of a plantation, it is vital to increase maintenance and protection of existing reserves. Avoid-
ance of topsoil damage and environmental protection should include the exclusion of grazing
animals and other destructive activities, which is likely to be more important than additional
restoration work.

Conclusion

Establishment of H. ammodendron promoted the formation and development of topsoil, soil
crusts and herbaceous community succession; all be it over an extended period of 5 decades.
The development of herbaceous species ground cover, biological soil crusts and improved
physical and chemical soil properties in our study area were very slow, compared to other
northern China afforestation sites: the most likely plantation age for marked ecological resto-
ration improvement of soil crust, soil nutrients, and herbaceous occurred at the 50 years, while
the development and difference among initial 40 years of plantation were usually non-signifi-
cant. Herbaceous development was closely associated with the increasing restoration age, finer
soil texture and availability of soil nutrients. Underpinning the relatively slower afforestation
of the Mingin desert was very low precipitation. Overall, our results highlighted that in order
to successfully revegetate a desert area, long-lived halophyte shrub species are key to soil devel-
opment, understory re-vegetation and suppressing renewed desertification.

Acknowledgments

We gratefully acknowledge Dr A.D. (Jack) McHugh from CIMMYT-China for his valuable
comments and suggestions on the manuscript, which contributed to improve the quality of
this paper. This study was supported by the National Natural Science Foundation of China
(No. 31360098, 31522013, 31270754), the Fundament Research and Innovation Group Pro-
gram of Gansu Province (145RJIA335) and the Fundament Research Funds for the Central
Universities (Izujbky-2016-ct10). We are also grateful to the editor and the reviewers for their
constructive comments.

PLOS ONE | DOI:10.1371/journal.pone.0168000 December 16, 2016 15/18



@° PLOS | ONE

Long-Term Effects of Xerophytic Shrub on Soil Properties and Vegetation Dynamics in Northwest China

Author Contributions

Conceptualization: CMZ.

Data curation: BLF CMZ.

Formal analysis: BLF CMZ.

Funding acquisition: BLF CMZ QLM.

Investigation: BLF APZ YY.

Methodology: BLF CMZ.

Project administration: APZ XML.

Resources: BLF.

Software: BLF.

Supervision: CMZ.

Validation: BLF CMZ.

Writing - original draft: BLF.

Writing - review & editing: BLF CMZ.

References

1.

10.

1.

12.

13.

Reynolds JF et al. Global desertification: building a science for dryland development. Science. 2007;
316: 847-851. doi: 10.1126/science.1131634 PMID: 17495163

Su YZ, Zhao WZ, Su PX, Zhang ZH, Wang T, Raghuvanshi R. Ecological effects of desertification con-
trol and desertified land reclamation in an oasis—desert ecotone in an arid region: A case study in Hexi
Corridor, northwest China. Ecol. Eng. 2007; 29:117-124.

Li XR, He MZ, Duan ZH, Xiao HL, Jia XH. Recovery of topsoil physicochemical properties in revege-
tated sites in the sand-burial ecosystems of the Tengger Desert, northern China. Geomorphology.
2007a; 88:254-265.

Burke A. Natural recovery of dwarf shrubs following topsoil and vegetation clearing on gravel, and sand
Plains in the southern Namib Desert. J. Arid Environ. 2014; 100: 18-22.

Lamb D, Erskine PD, Parrotta JA. Restoration of degraded tropical forest landscapes. Science. 2005;
310: 1628—1632. doi: 10.1126/science.1111773 PMID: 16339437

Cao SX. Why large-scale afforestation efforts in China have failed to solve the desertification problem.
Environ. Sci. Technol. 2008; 15: 1826—1831.

Wu B, Ci LJ. Landscape Change and Desertification Development in the Mu Us Sandland, Northern
China. J. Arid Environ. 2002; 50: 429-444.

Wortley L, Hero JM and Howes M. Evaluating Ecological Restoration Success: A Review of the Litera-
ture. Restor. Ecol. 2013; 21:537-543.

Miao RH, Jiang DM, Musa A, Zhou QL, Guo MX, Wang YC. Effectiveness of shrub planting and grazing
exclusion on degraded sandy grassland restoration in Horgin sandy land in Inner Mongolia. Ecol. Eng.
2015; 74: 164-173.

Zhao HL, Zhou RL, Su YZ, Zhang H, Zhao LY, Drake S. Shrub facilitation of desert land restoration in
the Horgin Sand Land of Inner Mongolia. Ecol. Eng. 2007; 31:1-8.

Zhao HL, Guo YR, Zhou RL, Drake S. The effects of plantation development on biological soil crust and
topsoil properties in a desert in northern China. Geoderma. 2011; 160: 367-372.

Zuo XA, Zhao XY, Zhao HL, Zhang TH, Guo YR, Li YQ, Huang YX. Spatial heterogeneity of soil proper-
ties and vegetation—soil relationships following vegetation restoration of mobile dunes in Horgin Sandy
Land, Northern China. Plant Soil. 2009; 318: 153—-167.

Shirato Y, Taniyama |, Zhang TH. Changes in soil properties after afforestation in Horgin sandy land,
north China. Soil Sci. Plant Nutr. 2004; 50 (4): 537-543.

PLOS ONE | DOI:10.1371/journal.pone.0168000 December 16, 2016 16/18


http://dx.doi.org/10.1126/science.1131634
http://www.ncbi.nlm.nih.gov/pubmed/17495163
http://dx.doi.org/10.1126/science.1111773
http://www.ncbi.nlm.nih.gov/pubmed/16339437

@° PLOS | ONE

Long-Term Effects of Xerophytic Shrub on Soil Properties and Vegetation Dynamics in Northwest China

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Su YZ, Zhao HL. Soil properties and plant species in an age sequence of Caragana microphylla planta-
tions in the Horgin Sandy Land, north China. Ecol. Eng. 2003; 20: 223-235.

Mitchell DJ, Fullen MA, Trueman IC, Fearnehough W. Sustainability of reclaimed desertified land in
Ningxia, China. J. Arid Environ. 1998; 39: 239-251.

Duan ZH, Xiao HL, Li XR, Dong ZB, Wang T. Evolution of soil properties on stabilized sands in the
Tengger Desert, China. Geomorphology. 2004; 59, 237—-246.

Li XR, Xiao HL, He MZ, Zhang JG. Sand barriers of straw checkerboards for habitat restoration in
extremely arid desert regions. Ecol. Eng. 2006; 28:149-157.

Li XR, Kong DS, Tan HJ, Wang XP. Changes in soil and vegetation following stabilization of dunes in
the southeastern fringe of the Tengger Desert, China. Plant Soil. 2007b; 300: 221-231.

Li XR, Tian F, Jia RL, Zhang ZS and Liu LC. Do biological soil crust determine vegetation changes in
sandy deserts? Implications for managing artificial vegetation. Hydrol. Process. 2010; 24: 3621-3630.

Wang XP, Li XR, Xiao HL, Pan YX. Evolutionary characteristics of the artificially revegetated shrub eco-
system in the Tengger Desert, northern China. Ecol. Res. 2006; 21: 415-424.

Gao GL, Ding GD, Zhao YY, Wu AB, Zhang YQ, Qin SG. et al. Fractal approach to estimating changes
in soil properties following the establishment of Caragana korshinskii shelterbelts in Ningxia, NW China.
Ecol. Indic. 2014; 43:236-243.

Cao SX, Wang G, Chen L. Questionable value of planting thirsty trees in dry regions. Nature. 2010;
465, 31-31.

Donohue RJ, Roderick ML, Mcvicar TR. On the importance of including vegetation dynamics in Budy-
ko’s hydrological model. Hydrol. Earth Syst. Sc. 2007; 11:983-995.

Pyankov VI, Black CC Jr, Artyusheva EG, Voznesenskaya EV, Kuu MSB, Edwards GE. Features of
photosynthesis in Haloxylon species of Chenopodiaceae that are dominant plants in Central Asia des-
ert. Plant Cell Physiol. 1999; 40: 125-134.

Tobe K, Li XM, Omasa K. Effects of sodium chloride on seed germination and growth of two Chinese
desert shrubs, Haloxylon ammodendron and H. persicum (Chenopodiaceae). Aust. J. Bot. 2000; 48:
455-460.

Ma QL, Wang JH, Zhu SJ. Effects of precipitation, soil water content and soil crust on artificial Haloxylon
ammodendron forest. Acta. Ecol. Sin. 2007; 27 (12), 5057-5067(in Chinese).

Du J, Yan P, Dong Y. Phenological response of Nitraria tangutorum to climate change in Mingin County,
Gansu Province, northwest China. Int. J. Biometeorol. 2010; 54: 583-593. doi: 10.1007/s00484-010-
0315-3 PMID: 20393859

OSU SCAS. OSU researchers helping China reduce soil erosion. Oregon State University: Corevallis.
http://www.ocs.oregonstate.edu/prism. 17 December 2004.

Dong ZB, Man DQ, Luo WY, Qian GQ, Wang JH, Zhao M et al. Horizontal aeolian sediment flux in the
Minqin area, a major source of Chinese dust storms. Geomorphology. 2010; 116: 58—66.

Sun DF, Dawson R, Baoguo L. Agricultural causes of desertification risk in Mingin, China. J. Environ.
Manage. 2006; 79: 348-356. doi: 10.1016/|.jenvman.2005.08.004 PMID: 16337079

Guo YR, Zhao HL, Zuo XA, Drake S, Zhao XY. Biological soil crust development and its topsoil proper-
ties in the process of dune stabilization, Inner Mongolia, China. Environ. Geol. 2008; 54:653—-662.

Nelson DW, Sommers LE. Total carbon, organic carbon and organic matter. In: Page AL, Miller RH,
Keeney DR (eds) Methods of Soil Analysis, Part 2, Chemical and Microbiological Properties Agronomy
Monograph, vol 9, 2nd edn. American Society of Agronomy Inc., Madison, pp 1982:539-579.

Urquiaga S, Cruz KHS, Boddey RM. Contribution of nitrogen fixation to sugar-cane: nitrogen-15 and
nitrogen-balance estimates. Soil Sci. Soc. Am. J. 1992; 56: 105—-114.

Parkinson JA, Allen SE. A wet oxidation procedure suitable for the determination of nitrogen and mineral
nutrients in biological material. Commun. Soil Sci. Plan. 1975; 6:1-11.

ISSCAS. Institute of Soil Sciences, Chinese Academy of Sciences. Physical and chemical analysis
methods of soils. Shanghai: Shanghai Science Technology Press; 1978. pp. 7-59.

Gregory SO, Bruce M, William HS. Degradation of sandy arid shrubland environments: observation,
process modeling, and management implications. J. Arid Environ. 2001; 47:123-144.

Lee KE. Physical effects of herbivores on arid and semiarid randland ecosystem. In: Impact of herbi-
vores on arid and semiarid rangland. Proceedings of the Second United States/Australia Rangland
Panel, Adelaide, Australian Rangland Society, Perth, Australia, 1977; 173-187.

Li XR, Ma FY, Xiao HL, Wang XP, Kim KC. Long-term effects of revegetation on soil water content of
sand dunes in arid region of Northern China. J Arid Environ. 2004; 57:1—16.

PLOS ONE | DOI:10.1371/journal.pone.0168000 December 16, 2016 17/18


http://dx.doi.org/10.1007/s00484-010-0315-3
http://dx.doi.org/10.1007/s00484-010-0315-3
http://www.ncbi.nlm.nih.gov/pubmed/20393859
http://www.ocs.oregonstate.edu/prism
http://dx.doi.org/10.1016/j.jenvman.2005.08.004
http://www.ncbi.nlm.nih.gov/pubmed/16337079

@° PLOS | ONE

Long-Term Effects of Xerophytic Shrub on Soil Properties and Vegetation Dynamics in Northwest China

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Zhang ZS, Liu LC, Li XR, Zhang JG, He MZ, Tan HJ. Evaporation properties of a revegetated area of
the Tengger Desert, North China. J. Arid Environ. 2008; 72: 964—973.

Brotherson JD, Rushforth SR. Influence of cryptogamic crusts on moisture relationships of soils in
Navaip National Monument. Great Basin Naturalist. 1983; 43: 73-78.

Zhu SJ, Chang ZF, Kang CZ. Response of 50-year Regional Climatic Variation to Global Warming in
the Desert Area of Northwestern China. Journal of Geography and Geology. 2012; 4(3): 69-80.

Tavili A, Jafari M. Interrelations between plants and environmental variables. Int. J. Environ. Res. 2009;
3:239-246.

Li YL, Cui JY, Zhang TH, Okuro T, Drake S. Effectiveness of sand-fixing measures on desert land resto-
ration in Kergin sand land, northern China. Ecol Eng. 2009; 25:118-127.

Delgado-Baquerizo M, Maestre FT, Gallardo A, Bowker MA, Wallenstein MD, Quero JL, et al. Decou-
pling of soil nutrient cycles as a function of aridity in global drylands. Nature, 2013; 502: 672—676. doi:
10.1038/nature12670 PMID: 24172979

Zuo XA, Zhao HL, Zhao XY, Zhang TH, Guo YR, Wang SK, et al. Spatial patter and heterogeneity of
soil properties in sand dune under grazing and restoration in Horqgin Sand Land, Northern China. Soil
Till Res. 2008; 99: 202-212

Patricia M. Holmes shrubland restoration fo1lowing woody alien invasion and mining: Effects of topsoil
depth, seed source, and fertilizer addition. Restor Ecol. 2000; 9: 71-84.

Potthoff M, Jackson LE. Soi1 biological and chemical properties in restored perennial grassland in Cali-
fornia. Restor Ecol. 2005; 13: 61-673.

Wang WJ, Qiu L, Zu YG, Su DX, An J, Wang HY, et al. Changes in soil organic carbon, nitrogen, pH
and bulk density with the development of larch (Larix gmelinii) plantations in China. Glob Change Biol.
2011; 17:2657—2676.

Danin A, Bar-or Y, Dor |, Yisraeli T. The role of cyanobacteria in stabilization of sand dunes in Southern
Israel. Ecol Medit XV.1989; (1/2: ):55-64.

Dodd MB, Lauenroth WK, Burke IC, Chapman PL. Association between vegetation patterns and soil
texture in the short grass steppe. Plant Ecol. 2002; 158:127-137.

Dodd MB, Lauenroth WK. The influence of soil texture on the soil water dynamics and vegetation struc-
ture of a shortgrass steppe ecosystem. Plant Ecol. 1997; 133:13-28.

Tornquist CG, Hons FM, Feagley SE. Agroforestry system effects on soil characteristics of the Sarapiqi
region of Costa Rica. Agric Ecosyst Environ. 1999; 73: 19-20.

Moberly C, Coldren C, Mata-Gonzalez R, Hubbard P, Martin D. Evaluation of revegetation strategies in
arid environments using EDYS model. In: SER International Conference on Ecological Restoration, in
Victoria, British Columbia, Canada. 2004. pp. 24—26.

El-Demerdash MA, Hegazy AK, Zilay AM. Vegetation-soil relationship in Tihamah coastal plains of
Jazan region, Saudi Arabia. J Arid Environ. 1995; 30:161-174.

Miki T, Kondoh M. Feedbacks between nutrient cycling and vegetation predict plant species coexis-
tence and invasion. Ecol Lett. 2002; 5: 624—633.

PLOS ONE | DOI:10.1371/journal.pone.0168000 December 16, 2016 18/18


http://dx.doi.org/10.1038/nature12670
http://www.ncbi.nlm.nih.gov/pubmed/24172979

