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Abstract: Haloxylon ammodendron is a commonly used sand-fixing species in the desert area of
northwestern China; it has been abundantly planted in areas where annual precipitation is about
120 mm in the Hexi Corridor since the 1970s. Spatial patterns and associations of an H. ammodendron
plantation in five stages of community development were analyzed in an oasis-desert ecotone to
gain insights into population dynamics over a course of succession. Five 0.3-ha (50 m × 60 m)
permanent plots were established in each of five developmental stages; H. ammodendron was classified
as seedlings, juvenile and mature trees, and all individuals were measured and stem-mapped. The
univariate spatial analysis by the L-function and the bivariate L12-function were used to describe
the spatial patterns of all trees and examine the spatial association among trees between different
tree size-classes. Results showed that at scales >2 m, the spatial pattern of H. ammodendron shifted
from initially clustered to random, and back to clustered; at scales <2 m, a transition from uniform to
clustered was observed with stand age. In 5–10-year, 10–20-year and 20–30-year stages, competition
between conspecifics may be the dominant factor which influenced plant survival. In 30–40-year
and >40-year stages, interactions between conspecifics may be the dominant factor in conditions of
tree-size-asymmetric competition, but abiotic stress may be more important in tree-size-symmetric
competition. The H. ammodendron plantation experienced highest mortality at the 5–10-year stage as
a result of fierce competition for soil water, while with respect to growth, it entered into a relatively
stable stage, where the gaps generated due to mortality of adult trees and improved soil conditions
provided opportunities for regeneration. In the >40-year stage, the regeneration experienced a decline
under enhanced competition for water, and the plantation showed a clustered pattern at all scales
due to water stress.

Keywords: spatial patterns; spatial associations; population dynamics; Haloxylon ammodendron
plantation; oasis-desert ecotone

1. Introduction

Arid zones, which make up about 30 percent of China’s total territory, are areas characterized by
sparse vegetation, shortage of water resources, and fragile environment [1]. The oasis-desert ecotone
plays an important ecological role in the arid region. Called the “transitional belt”, the oasis-desert
ecotone is sensitive to changes, and is mutable under disturbances [2,3]. Maintaining the stability
of these transitional zones is critical to the preservation of stability and ensuring the sustainable
development of oases [4].

Forests 2017, 8, 200; doi:10.3390/f8060200 www.mdpi.com/journal/forests

http://www.mdpi.com/journal/forests
http://www.mdpi.com
http://dx.doi.org/10.3390/f8060200
http://www.mdpi.com/journal/forests


Forests 2017, 8, 200 2 of 14

Over the last few decades, ecological protective projects have been established in China to protect
the oasis-desert ecotone [5]. The sand-binding vegetation system established in the Linze region in
the middle of the Hexi Corridor and the middle-reaches of the Heihe River basin is perceived as a
successful model of artificial-vegetation establishment for preventing further desertification in arid
desert regions, especially in transitional belts [6]. However, artificial-vegetation in the Linze region is
characterized by single-species plantations of high density that underwent extensive degradation [7],
while little information is available on the dynamics of artificial vegetation in this area.

Landscapes in many semiarid and arid regions frequently present a striking mosaic of vegetation
and bare land, particularly where water becomes a limiting factor for vegetation growth or
survival [8–10]. The main factors that influence spatial patterns of a plant population are environmental
heterogeneity and interactions between individuals [11,12]. Spatial patterns of vegetation are an
expression of ecological processes, for example, uniform spatial patterns may indicate homogeneous
habitat conditions, while clustered patterns may result from heterogeneous microhabitats, facilitative
interactions or local seed dispersal [13–15]. Spatial interactions may help to reveal the complex balance
of competition and facilitation. Competition and facilitation exist simultaneously; under favorable
environmental conditions, competition predominates, while under stressful conditions, facilitation
prevails. Different spatial interactions may result in specific spatial patterns [16]. It is a considerable
problem to separate the effects of environmental heterogeneity from the effects of interactions between
individuals [17], especially for the artificial-vegetation management. An increased understanding of
spatial patterns and interactions may provide insights into forest dynamics and early warning signs of
desertification [18–22].

Vegetation patterns in forests may be related to the developmental stages and may change
with succession driven by resource competition and changes in environmental conditions [16,23,24].
Therefore, analysis of the spatial patterns and associations of successional communities may
provide a direct and comprehensive knowledge that can guide efforts in vegetation restoration and
close-to-nature forestry and serve as a realistic reference to model plant patterns and dynamics [25–27].

Previous research focused mostly on the spatial distributions of populations from a statistical
perspective. Further, although spatial patterns in natural habitats have been widely studied,
the dynamics of spatial patterns of plantations with succession have remained largely unexplored,
and they are fully unknown for Haloxylon ammodendron plantations in the Hexi Corridor [16,28–33].

H. ammodendron is one of the important and commonly used sand-fixing species in the
northwestern desert area of China. It is abundant when planted in the Hexi Corridor, despite low
annual precipitation of <50 mm in the west to about 200 mm in the east. Because of its rapid growth,
high adaptability, hardiness and drought-resistance, H. ammodendron sand-fixing systems have been
established in transitional belts in the Linze area since the 1970s. While the mobile dunes have
been effectively stabilized, plantations exhibit extensive degradation. In the past forty years, plant
communities have undergone distinct succession. H. ammodendron, initially distributed uniformly,
has declined to different degrees, resulting in a plant pattern that resembles natural vegetation with
patchy distribution and representative self-organized characteristics.

The specific objectives of this study were to (1) investigate the spatial patterns of H. ammodendron
at different stages of development using univariate spatial analyses; (2) examine the spatial associations
of H. ammodendron in different size classes in different developmental stages using bivariate spatial
analyses; and (3) analyse the main abiotic factors affecting the spatial patterns and associations of
H. ammodendron in a plantation. This vegetative community assessment will provide insight into the
population dynamics of H. ammodendron, a realistic reference for modeling efforts, and primary data
for the establishment and management of plantations.
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2. Materials and Methods

2.1. Study Area

This study was conducted in H. ammodendron plantation communities located in an oasis-desert
ecotone. The area is at the intersection between the southern edge of the Badain Jaran Desert and an
inclined oasis plain, and near the Linze Inland River Basin Research Stations of the Chinese Academy of
Sciences (CAS) (100◦08′ E, 39◦20′ N), in the middle-reaches of the Heihe River basin in the northwestern
region of China (Figure 1). The study area is at an elevation of about 1350 m. The climate is typical
continental arid-temperate, characterized by cold winters, and hot and dry summers with sparse
rainfall and intense evaporation. Annual precipitation is about 116.8 mm (1965–2000), and annual
pan water evaporation is about 2390 mm. Rainfall is concentrated in July to September and accounts
for about 65% of the annual precipitation. The average annual temperature is 7.6 ◦C with a mean
maximum of 39.1 ◦C in July and minimum of −27.3 ◦C in January. The annual frost-free period is
about 165 days. The prevailing wind is from the northwest.
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Figure 1. Location of the study sites in the Heihe River Basin.

Surface soil is classified as sand and sandy loam. Sand deposits are 30–500 cm deep, marked
by loose structure and low organic matter content (0.12–0.83%); they are highly susceptible to wind
erosion [34]. The subsoil contains a clay pan. Groundwater can be divided into an upper layer
in a shallow, unconfined aquifer, and a lower layer with a multi-layered structure. Vegetation in
the region is sparse and discontinuous, with shrub patches surrounded by bare areas. The main
shrub species include Tamarix chinensis, Caragana korshinskii, Hedysarum scoparium, Populus bolleana,
Calligonum mongolicum, Nitraria sphaerocarpa Maxim, Reaumuria soongorica, Bassia dasyphylla, Eragrostis
pilosa and other, less common ones. Additionally, monospecific H. ammodendron plantations are present
in different stages of development since a sand-prevention program was started in the 1970s. Shrubs
were manually planted in rows 2 m apart with 2 m plant spacing.

2.2. Field Investigation

It may be difficult to characterize the dynamics of spatial patterns and associations with the
development of community restoration stages, as vegetation succession is a long-term process
which often stretches over decades, even centuries [35]. A common method for investigating
spatial patterns and associations over the course of succession is to use a chronosequence, a spatial
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rather than a temporal, representation of different stages of plant development. This study focuses
on H. ammodendron in five stages of development (5–10, 10–20, 20–30, 30–40, and >40 years).
Developmental stages (based on years since planting) broadly characterize the successional stage of
a population and are generally defined in terms of historical data and live tree number and volume,
tree proportion in different diameter size classes, and other plant populations properties. Five 0.3-ha
(50 m × 60 m) permanent plots were established in the study area in the summer of 2015. We used
a plot size of 50 m × 60 m because previous studies have confirmed this to be an appropriate size
for structure-related and spatial-pattern studies, and considering the consistency among plots size
of different developmental stages [36]. The study area had not been disturbed by logging or grazing.
All of the selected plots were on flat land, with nearly homogeneous terrain within plots to avoid
the influence of topography on plant patterns. We recorded the location (x, y coordinates), height,
crown width, stem diameter at the base, and the relative proportion of dead branches of every live
tree. We also mapped the spatial location of each individual using corrected distance and azimuth
from a reference point (the northwestern corner of each plot), and then transformed the distances and
azimuths to Cartesian coordinates. We assessed the natural regeneration of all seedlings in the same
manner as mature trees. Because pseudo-annual rings are found in the growth of H. ammodendron,
it is difficult to estimate the age from annual rings. Therefore, we classified H. ammodendron based on
basal diameter of the stem into seedlings (<1.2 cm), juvenile trees (>1.2 and <6.5 cm), and mature trees
(>6.5 cm) [37].

2.3. Data Analysis

Processes underlying the observed patterns can be elucidated with point-pattern analysis, which
combines a set of tools for describing the spatial distribution of discrete points. Plants are represented as
points and are mapped individually with Cartesian coordinates within a study area [38,39]. Univariate
spatial analysis using the L-function was chosen to describe the spatial patterns of all trees in the five
developmental stages. The L-function [40] is derived from the Ripley’s K-function [41]. The Ripley’s
K-function characterizes the point pattern over a range of distance scales, estimates the expected
number of neighbor points in a circle of radius r from an arbitrary point divided by overall point
density in the study site, and can, therefore, detect mixed patterns. The L-function stabilizes and
linearizes the variance of the K-function, which simplifies the interpretation of results. To assess
the significance of the L-function, Monte Carlo simulations were used under a given null model to
achieve a 95% confidence interval with 199 simulations. We applied the edge-effect correction method
for rectangular study areas extended by Goreaud and Pe´lissier based on Ripley’s local weighting
factor [42]. The spatial pattern can then be described as random, regular, and aggregated, when the
values of L(r) fell within, below or above the confidence envelope, respectively [43]. The univariate
estimators of the K- and L-functions are calculated as:

K̂(r) =
A
n2

n

∑
i=1

n

∑
j=1

δ
(
rij
)

i 6= j (1)

L̂(r) =

√
k̂(r)

π
− r (2)

where A is the sample plot area, n is the number of trees in A, δ(rij) is an indicator function of the mean
number of neighbors within a circle around each tree with the distance r being the radius, where rij is
the distance from the ith tree to the jth tree.

To examine the spatial association among trees between different tree size-classes, the bivariate
L12-function was used [38,43]. The L12-function is a linearized version of the K12-function. The bivariate
K12-function is defined as the expected number of neighbors in a class B within a circle with a given
radius r, centered on an arbitrary point in a class A, divided by the density of points in class B [38,43].
Similar to the univariate case, Monte Carlo simulation was used under a given null model to achieve a
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95% confidence interval with 199 simulations. The bivariate estimators of the K12- and L12-functions
are calculated as:

K̂12(r) =
A

npnq

np

∑
i=1

nq

∑
j=1

δ
(
rij
)

i 6= j (3)

L̂12(r) =

√
k̂12(r)

π
− r (4)

where np and nq are the number of points in class A and class B, and other aparameters are the same as
in (1) and (2).

The spatial analysis L-function was completed using the “spatstat” package of the statistical
software package R [44,45]. The L12-function analysis was completed with the “ads” package of R [46].
A geostatistical tool (semivariance analysis) was used to further describe the spatial dependence of
plant populations (i.e., plant height, crown width, and the proportion of dead branches) in the five
developmental stages. The geostatistical analysis was completed with the software package GS+
version 9 (Mail Gamma Design Software, LLC, Plainwell, MI, USA). ANOVA statistical analysis was
performed using the software program SPSS (version 18.0, IBM, New York, NY, USA).

3. Results

3.1. H. ammodendron Characteristics and Spatial Dependence Among Stages of Revegetation

Significant differences in height, crown width, diameter at stem base, deadwood proportion, and
stem density in different developmental stages were apparent (Table 1). The semi-variance analyses of
height, crown width, diameter at stem base, and the proportion of dead branches in H. ammodendron
in five developmental stages are shown in Figure 2. The 5–10-year and 20–30-year stages exhibited a
homogeneous distribution of all four variables. While the 10–20-year stage exhibited high variation in
tree-height and average crown width, there was a homogeneous distribution of diameter at stem base
and dead wood proportion. The 30–40-year and >40-year stages showed high variation in tree height,
average crown width, and diameter at the stem base, indicating strong patch patterns.

3.2. Spatial Patterns of H. ammodendron in Five Stages of Development

The overall spatial patterns of H. ammodendron in five stages of development are shown in
Figure 3. Plots of L-functions against distance that are below the lower confidence interval indicate
regular spatial patterns, those that are above the upper interval indicate clustered patterns, and those
within the confidence intervals indicate random spatial patterns. The results indicate that at relatively
small distances (around 2 m), trees in the 5–10-year, 10–20-year, and 20–30-year stages are regularly
distributed. Trees in the 5–10-year stage showed clustered patterns when the distance was >2 m. Trees
in the 10–20-year stage were randomly distributed at distances of 2–6 m, and aggregated when the
distance was >6 m. Trees in the 20–30-year stage were randomly distributed when the distance was
>2 m. Trees in the 30–40-year and >40-year stages showed clustered patterns for all distances.

The left column: maps of trees showing the locations of individuals. The size of trees is indicated
by symbol sizes proportional to the diameter of stem base. The right column: univariate results
for the L-function; solid lines represent the observed values of L-function, green dotted lines indicate
the upper and lower limits of the 95% Monte Carlo intervals of the null hypothesis of complete
spatial randomness.
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Table 1. Summary of H. ammodendron characteristics in five stages of development (Values presented are means ± SD).

Traits

Stages of Development

5–10 Years 10–20 Years 20–30 Years 30–40 Years >40 Years

Seedling Juvenile Mature Seedling Juvenile Mature Seedling Juvenile Mature Seedling Juvenile Mature Seedling Juvenile Mature

Frequency/(%) 2.9 96 1 0 63.4 36.6 1.7 56.4 41.9 45.6 45.8 8.6 24.0 61.3 14.7

Diameter of base stem/(cm) 0.96 ± 0.15 3.06 ± 1.06 7.11 ± 0.42 / 3.82 ± 1.32 7.40 ± 1.03 0.95 ± 0.20 4.53 ± 1.46 8.91 ± 1.80 0.92 ± 0.18 2.56 ± 1.44 12.87 ± 6.11 0.98 ± 0.18 2.35 ± 1.16 17.69 ± 7.53

Height/(cm) 102.12 ± 24.79 193.14 ± 46.60 213.33 ± 78.10 / 220.11 ± 48.89 314.11 ± 57.41 121.67 ± 16.93 262.24 ± 77.47 355.26 ± 61.86 62.44 ± 21.22 136.2 ± 70.96 373.46 ± 97.14 74.55 ± 25.53 127.45 ± 57.62 372.94 ± 108.76

Crown width/(m2) 0.84 ± 0.57 3.15 ± 1.54 3.40 ± 1.94 / 4.66 ± 2.48 9.86 ± 4.80 1.35 ± 0.57 6.67 ± 4.18 12.54 ± 4.36 0.27 ± 0.23 2.29 ± 2.76 16.63 ± 7.49 0.45 ± 0.37 1.65 ± 2.07 14.95 ± 6.73

Deadwood proportion/(%) 5.96 ± 10.77 13.41 ± 23.39 10.00 ± 20.00 / 39.47 ± 27.93 43.08 ± 25.05 53.33 ± 36.15 58.30 ± 22.36 53.81 ± 21.34 15.21 ± 18.61 20.79 ± 22.21 38.96 ± 22.81 17.18 ± 20.07 19.88 ± 19.05 35.84 ± 17.42

Density/individual/(m−2) 0.009 0.284 0.003 / 0.091 0.053 0.002 0.068 0.050 0.128 0.128 0.024 0.034 0.086 0.021

Values represent means followed by standard deviation.
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Figure 2. Semi-variograms for the heights (a,e,i,m,q), crown width (b,f,j,n,r), diameter of the stem base (c,g,k,o,s) and deadwood proportion (d,h,l,p,t) of
H. ammodendron in five stages of development.
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Figure 3. Stem maps (a–e) and spatial patterns (f–j) of Haloxylon ammodendron in five stages
of development.

3.3. Spatial Associations among Different Tree-Size Classes

Spatial associations of H. ammodendron among different tree-size classes in five stages of
development are shown in Figure 4. Plots of L12-functions against distance that fall below the lower
confidence interval indicate negative associations (i.e., repulsion), those that are above the upper
interval indicate positive associations (i.e., attraction), and those within the confidence intervals indicate
spatial independence. Because the number of seedlings and mature trees was very low in the 5–10-year
stage, and there were few seedlings in both the 10–20-year and the 20–30-year stages, we analyzed the
associations between juvenile and mature trees in 10–20-year and the 20–30-year stages only. In the
10–20-year stage, the juvenile and mature trees showed independence at small scales (around 2 m),
shifting to repulsion at large scales. In the 20–30-year stage, juvenile and mature trees showed
independence at all distance scales. In the 30–40-year stage, a large number of seedlings appeared;
the seedlings and juvenile trees exhibited repulsion at scales of 15 m, and spatial independence at
large scales. Seedlings and juvenile trees in the >40-year stage exhibited spatial independence at all
distance scales. Seedlings and mature trees in the 30–40-year stage exhibited negative associations at
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all distance scales, while those in >40-year stage exhibited negative associations at scales of 22 m and
spatial independence at larger scales. Juvenile and mature trees in the 30–40-year stage had negative
associations at scales of 17 m and were spatially independent at large scales, while in the >40-year
stage, they exhibited negative associations revealing spatial repulsion at all distance scales.
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Figure 4. Bivariate analyses using L12-function as the summary statistic to explore the association of
Haloxylon ammodendron among different tree-size classes in five stages of development. (a) juvenile
and mature trees in 10–20–year stage; (b) juvenile and mature trees in 20–30–year stage; (c) seedlings
and juvenile trees in 30–40–year stage; (d) seedlings and mature trees in 30–40–year stage; (e) juvenile
and mature trees in 30–40–year stage; (f) seedlings and juvenile trees in >40-year stage; (g) seedlings
and mature trees in >40-year stage; (h) juvenile and mature trees in >40-year stage. Solid black lines
represent the observed values of L12-function, green dotted lines indicate the upper and lower limits of
the 95% Monte Carlo intervals of the null hypothesis of complete spatial randomness.

4. Discussion

4.1. Regeneration Dynamics across Stages of Revegetation

Homogeneous spatial patterns were detected for height, crown width, diameter at stem base, and
the proportion of dead branches in early stages, and patchy patterns in older stages. Similar patterns
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were observed in high-altitude forests in the Alps [47]. High density and limited resources at the
5–10-year stage led to density-dependent mortality, the spatial heterogeneity of height and crown was
significantly enhanced in the 10–20-year stage, while with respect to growth, H. ammodendron plantation
entered into a relatively stable stage in the 20–30-year stage. Considerable seedling recruitment was
observed in the 30–40-year stage, with a strong tendency for aggregation; this was in agreement with
gap-phase regeneration, where seedlings germinate in gaps created by death of over-mature trees [48].
However, high seedling mortality was observed in subsequent stages probably due to self-thinning,
and the initial increase in the density of juveniles in the 30–40-year stage decreased in the >40-year
stage. Processes of early gap-regeneration and later intra-specific competition were also detected in a
coniferous forest in Japan [49].

4.2. Changes in Spatial Patterns in the H. ammodendron Plantation

The results of our univariate spatial analyses clearly revealed an increase in the degree of
small-scale (<2 m) aggregation from the 5–10-year stage to the >40-year stage. At large scales
(>2 m), cluster patterns were present in the 5–10-year, 30–40-year, and >40-year stages, and random
distributions occurred in the 10–20-year and 20–30-year stages. It has been shown that some species
can be aggregated in small diameter classes, while others become aggregated in large diameter
classes [50–52]. Our results supported the conclusions of Stoll and Bergius [15], i.e., that the spatial
distribution of conspecifics under tree-size asymmetrical (rather than symmetrical) competition can
shift from initially clustered, via random, to regular, as a result of density-dependent mortality.
However, in our study, at scales <2 m, a transition from uniform to clustered was observed with age
of stand, and at scales >2 m, a transition from initially clustered via random, back to clustered was
observed. This pattern indicated that high stem density in the 5–10-year stage resulted in increasing
competition for resources as trees increased in size, and in self-thinning, which led to a reduction
in the degree of aggregation in later stages. Murrell [53] pointed out that it is entirely possible for
species in large diameter classes to be more aggregated, when mature tree recruitment rates are low
and dispersal is poor, even if density-dependence is strong, and the area lacks abiotic heterogeneities,
such as differences in slope or elevation. The same is valid for H. ammodendron: low fecundity, high
mortality, and resource scarcity led to a decrease in the number of mature trees; this resulted in an
aggregation pattern in the large-diameter class. Few mature trees were recruited into the 30–40-year
and >40-year stages, resulting in a decrease in interactions between individuals and in self-thinning.
While recruitment takes place in the close vicinity of the trees, juveniles and seedlings are clustered
around the mature trees. Alternatively, as can be observed in the south-eastern corners of the 30–40 and
>40 years, gaps were generated due to the mortality of adult trees, and clusters of seedlings/juveniles
are present. In arid environments, under harsh and stressful conditions, not only self-thinning, but
also abiotic stress, may affect plant growth and survival, with possible effects on the spatial patterns
of populations [54]. Therefore, in the 30–40-year and >40-year stages, the H. ammodendron plantation
exhibited a cluster rather than a regular pattern due to the scarcity of resources.

4.3. Spatial Associations and the Balance between Facilitation and Competition

The results from the bivariate spatial analysis of H. ammodendron in different size classes provide
evidence for the balance between facilitation and competition. We hypothesized that under high stress
conditions, local density is high and trees are distributed in an aggregated pattern; if competition is
the dominant interaction, the density will be reduced, and the degree of aggregation will decline with
the growth of trees. If facilitation is the dominant interaction, the reverse will be true. In this study,
we found that the effects of plant interactions were coincident with the local population density along
stages of revegetation. Under high density and limited resources in the 10–20-year stage, juvenile and
mature trees showed independence at small scales (around 2 m), shifting to strong repulsion at large
scales; this indicated that competition was the dominant interaction. In the 20–30-year stage, density
was reduced to one-fourth of that of the 5–10-year stage, decreasing the level of competitive intensity
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of juvenile and mature trees; the two size classes exhibited independence at all distance scales, which
was coincident with random distribution. In the 30–40-year stage, the seedlings and juvenile trees
exhibited weak repulsion at 15 m and independence at larger distance scales, while the seedlings and
mature trees had strong repulsion which began to decrease at 15 m. These patterns may be indicative of
gap-phase regeneration because competition between seedlings and mature trees was greater than that
between seedlings and juvenile trees, enabling the establishment and release of regeneration. In the
>40-year stage, the number of seedlings was greatly reduced, and seedlings and juvenile trees exhibited
independence rather than repulsion, which suggested that competition and facilitation achieved a
balance; competition between seedlings and mature trees was also in decline. Competition between
juvenile and mature trees was weaker in the 30–40-year than in the >40-year stage, as demonstrated by
a lower degree of aggregation in the 30–40-year than in the >40-year stage. Consequently, competition
between conspecifics in the 5–10-year stage, 10–20-year and 20–30-year stages may be the dominant
factor influencing plant growth and survival. Dominant factors in the 30–40-year and >40-year stages
may be interactions between conspecifics under tree-size asymmetric competition and abiotic stresses
under tree-size symmetric competition.

4.4. Main Abiotic Factors Affected the Spatial Patterns and Associations

Spatial patterns and associations of plant populations are a consequence of localized dispersal,
biotic interactions, abiotic stresses, and disturbance [55,56]. In this study, the main factors were the
interactions between conspecifics and abiotic heterogeneity. Our study site did not vary in slope,
elevation, or meteorological conditions; however, there were differences due to soil fertility and
moisture. Wang et al. [57] found that soil conditions improved after an H. ammodendron plantation
was established, but water resources became scarcer than before. Water resources are the greatest
limitation for plantations, even though H. ammodendron exhibits a much higher tolerance to water
shortage than other plants. Ten-year-old H. ammodendron can use deep-soil and ground water, while
younger (and smaller) individuals can only use soil moisture; plants 20 years after establishment use
groundwater as their main water source [58]. These observations offer a strong support for our finding
that, at scales >2 m, the spatial pattern in the H. ammodendron plantation shifted from initially clustered
via random, to clustered again; the H. ammodendron plantation experienced the highest mortality at
the 5–10-year stage as a result of fierce competition for soil water, while with growth, it entered into a
relatively stable stage, where the gaps generated due to mortality of adult trees and improved soil
conditions provided opportunities for regeneration. In the >40-year stage, the regeneration experienced
a decline under enhanced competition for water, and the plantation showed a clustered pattern at all
scales due to water stress.

The transitional regions between oases and deserts with fragile ecosystems are most seriously
affected by desertification and sand hazards. Blind and large-scale revegetation with a single species
of plant in these areas results in degradation at a different level. Furthermore, it seriously affects the
ecological effects of artificial sand-fixation plants and the overall sustainability of the restoration [59].
Investigating the spatial patterns and association dynamics of artificial sand-fixing plants contributes
to exploring the main causes of vegetation degeneration, would be beneficial for further study of the
evolutionary process and driving mechanism of artificial sand-fixation plants, in order to provide a
scientific basis for ecosystem restoration in arid areas, and would provide some reference for plantation
construction and management in other transitional regions between oases and deserts.

5. Conclusions

We analyzed the spatial patterns and associations in an H. ammodendron plantation at five stages of
development, providing a framework for improving our general understanding of pattern variation in
a sand-fixing plantation. We discussed the factors which may be responsible for shaping the observed
spatial patterns and associations. The results may provide direct and comprehensive knowledge for
developing management programs and implementing a close-to-nature plantation that reproduces
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natural processes of vegetation succession; further, our results also serve as a realistic reference to
model plant patterns and dynamics and increase understanding of sand-fixing plantation dynamics.
Thus, the initial density of H. ammodendron must be reduced to decrease competitive pressure for water
resources between conspecifics. When regeneration appears after 30 years of establishment, the stability
and activity of H. ammodendron plantations may be maintained by applying some artificial measures
to stimulate the growth of seedlings (i.e., supplemental watering). Further research on the expected
optimum initial density of H. ammodendron plantations and the quantification of influential factors are
needed to provide a more complete understanding of the dynamics of a sand-fixing plantation.
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