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Abstract

The Haloxylon ammodendron natural desert forest is an important vegetation formation and has a large
distribution area in Junggar Basin, Xinjiang Province, China. In this paper, H. ammodendron populations were
mapped, characterized and the spatial distribution patterns and spatial associations of H. ammodendron among
different life stages (seedlings — S, juveniles — J, mature — M, overmature — O) were analyzed using O-ring
univariate O|;(r) and bivariate O,,(r) statistics. We found that:

(1)  H. ammodendron was a regenerating population.

(2)  H. ammodendron (S), H. ammodendron (J), and H. ammodendron (M) showed significant aggregations
at scale 0-8 m, 0-27 m, and 0-35 m, respectively, whereas H. ammodendron (O) tended to have random dis-
tributions at almost all scales.

(3) The spatial associations between different life stages of H. ammodendron tended to turn from positive
to negative if their size differences are enlarged increasingly.

Strongly positive associations were found at small scales for only two pairs: H. ammodendron (S)-H. ammod-
endron (J), H. ammodendron (J)-H. ammodendron (M).
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Introduction

Stand structure is known to interact with growth, sur-
vival, density, and spatial patterns to influence competition
and demographic changes in a population [1-3].
Furthermore, forest stand structure is a key element in
understanding forest ecosystems [4]. At a certain extent,
stand structure determines habitat and species diversity and
can be quantified to assess habitat quality for conservation
purposes [5, 6]. In addition, one of the major components
of forest stand structure is spatial pattern [7]. Therefore, the
study of tree spatial patterns in forest stands also has
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become a relevant tool in the analysis of the structure and
dynamics of forest communities [5].

Ecologists study spatial patterns of species at different
life stages to infer the existence of underlying processes
that have generated these patterns and identify the scale at
which those processes are operating [7]. Analyzing spatial
distributions of individuals within life stages and spatial
associations between different life stages is essential for
understanding the spatial and temporal dynamics of popu-
lations [8]. Thus, it is significant to analyze the population
regeneration and intraspecific relationships among these
life stages in forests.

Haloxylon ammodendron (C.A. Mey.) Bunge
(Chenopodiaceae), a sub-tree xerophilous plant, dominates
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Table 1. Stand structure and composition in the plot.

Species Living standing | Dead adult standing | Average height Max. height Average canopy Max. canopy
[No./ha] [No./ha] [cm] [em] [em] [cm]

H. ammodendron 1711£306a 92+19% 93.1+86.7a 430.5+15.4a 104.7+47 9a 250.3+31.9a

A. aphylla 1273+£206b 715+219a 43.9+21.4c 110.2+8.6b 47.3+£20.2¢ 105.7+13.6¢

R. songarica 183+18¢ 27+18¢ 37.6+17.5d 55.7£7.2¢ 39.7+14.8¢ 86.8+21.6d

N. roborowskii 126+15d 18+11d 49.5423.1b 80.4+5.3d 77.4+25.6b 220.14+46.3a

Others 53+17e 12+6¢ 44.2+7.8c 96.2420.7¢ 42.5+12.4d 140.5+35.7b

many areas of Asian deserts with average annual rainfall
between 30 and 200 mm. In China, H. ammodendron is an
important component of old Mediterranean flora widely
spread in the Junggar Basin, northeast of the Tarim Basin
and several other desert areas on a range of soils [9, 10]. This
species is of great ecological and economic importance not
only because it can survive harsh environmental conditions,
but it can also stop wind erosion of sand. Song et al. devel-
oped some studies on the special pattern of H. ammoden-
dron population, and suggested that aggregated distribution
is the main trend for the H. ammodendron population for
adaptation to the unfavorable environment, which is benefi-

cial to the survival and development of the individual [11].
To address these concerns, we studied the spatial pat-

terns of H. ammodendron at different life stages (height

classes) with the O-ring statistic, and mainly focused on

intraspecific spatial associations among the life stages in a

3 ha desert plant plot in the desert-oasis ecotone of south

Junggar Basin, NW China. Our objectives were:

(1) To detect the dynamic aspects of spatial pattern at dif-
ferent life stages (seedlings, juveniles, mature, and
overmature)

(2) To reveal the spatial association within different life
stages among seedlings, juveniles, mature, and overma-
ture
Thus our study provides a theoretical basis for the con-

servation, rehabilitation and sustainable management of

desert ecosystem in Junggar Basin.

Materials and Methods
Study Site

The study area was located on the desert-oasis ecotone
spanning an elevation range of 258-265 m in South Junggar
Basin, NW China (45°22'43.4"N, 84°50'32.5"E), from July
to September 2010, which is a transitional zone from oasis
to desert (Fig. 1). Geological substrates of the study site
include aeolian deposits of sandy soil and highly eroded
diluvial soil. The mean temperature varies from 5 to 9°C,
minimum winter temperatures vary from -30 to -41°C, and
maximum summer temperatures are 30-40°C. Snow melt at
the end of winter, together with rainfall, amounts to an
annual precipitation of 100-150 mm.

Three typical sample plots (3 ha) were laid out in an
area with ecotone or hierarchical distribution between dilu-

vial and sandy soil. Sandy soil area is about 55-65% and
sand layer is 5-30 cm deep. The micro topography of three
plots is complicated and heterogeneous. In the study area,
the vegetation cover ranges between 10% and 35%. The
woody vegetation is dominated by A. aphylla, H. ammod-
endron, Reaumuria songarica, and Nitraria roborowskii
(Table 1). Other woody plant species in the area include
Lycium ruthenicum, Halostachys caspica, Halocnemum
strobilaceum, and Tamarix ramosissima.

Data Collection

Each plot (100100 m) was divided into 400 contiguous
5X5 m quadrates, as the basic unit of vegetation survey,
using the DQL-1 forest compass (Harbin Optical Instrument
Factory, China). All woody plants, including living and dead
standing ones, were investigated. The species names, rela-
tive location of each individual, height, crown width (the
greatest diameter of the vertical projection of the crown in
two directions, i.e., north-south or east-west), and microhab-
itat (e.g., soil surface, depression patch) were recorded.

Since spatial patterns at each life stage suggests the past
process of regeneration [12], we classified 4. aphylla plants
based on reproductive ability into seedlings (height < 50
cm), juveniles (50 <height < 150 cm), mature (150 < height
<250 cm), and overmature (height > 250 cm).

Point Pattern Analysis

Wiegand and Moloney developed a multiscale method
called the O-ring statistic that is based on the L-function
[13]. The O-ring statistic isolates specific distance classes
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Fig. 1. Location map of study area.
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by replacing the circles of Ripley’s K-function with rings,
and by using the mean number of neighbors in a ring of
radius r and ring width around an individual [13].
Consequently, the O-ring statistic has the additional advan-
tage that it is a probability density function with the inter-
pretation of a neighborhood density, which is more intuitive
than an accumulative measure [14]. For the O-ring statistic,
the univariate statistic is used to analyze the spatial pattern
of one object, while the bivariate statistic is used to analyze
the spatial association of two objects (pattern 1 and pattern
2) [13].

In this study, the univariate O-ring statistic was used to
analyze the spatial patterns of different life stages of plants,
and the bivariate O-ring statistic was used to analyze spatial
associations among different life stages in the three plots.
For the univariate analyses we used the null model of com-
plete spatial randomness (CSR) as a null hypothesis [13,
15] because the spatial distributions of plants in the three
plots seem to be affected significantly by drought stress and
habitat heterogeneity (e.g., soil patch and micro topogra-
phy). To test intraspecific association we examined the spa-
tial distribution relation among four life stages of H.
ammodendron plants with the antecedent condition null
model. In this case, the locations of pattern 1 remain fixed
and the null model distributions only pattern 2 in accor-
dance to a specific univariate null model [15]. For univari-
ate analysis, O(r) above the upper confidence limit indi-
cates aggregation while O(r) below the lower confidence
limit indicates regularity. For bivariate analysis, if at a given
distance 1, O,,(r) is above the upper (or below the lower)
limit of the confidence envelope, it indicates that life stage
2 is positively (or negatively) associated with life stage 1 at
the distance r. O,,(r) is within the confidence intervals,
which indicates that there is no interaction between life
stages 1 and 2.

In addition, the intensity of spatial patterns or spatial
associations is defined as the magnitude of the deviation
from randomness or independence. All analyses were con-
ducted in the Programita software package [13]. Ninety-
nine Monte Carlo simulations were used to generate 99%
confidence envelopes.

Result
Stand Structure and Composition

The total number of woody plants in the plot was 4,210
individuals-ha' (3,346 living and 864 dead standing), con-
sisting of 8 species, 8 genus, and 3 families. H. ammoden-
dron population was in possession of the dominance of
spatial occupation capacity in the plot, since 1,803 indi-
viduals or 42.8% were A. aphylla (1,711 live and 92 dead
standing) (Table 1). 4. aphylla (1,273 live and 715 dead
standing) was the main associated plant species of H.
ammodendron. The other species together occupied only
10% of the total number. H. ammodendron was the most
abundant canopy species and showed the largest mean
canopy (104.7 cm) and largest mean height (93.1 cm).

The largest plant height measured in the plot was for H.
ammodendron (4.3 m), and the other species was not more
than 1.2 m. H. ammodendron population in the plot exhib-
ited reverse-J plant height distributions due to a large num-
ber of small size plants, characterized by continuous regen-
erating populations (Fig. 2).

Spatial Patterns of Different Life Stages

Maps of tree locations of the H. ammodendron across
four life stages were plotted (Fig. 3). The maps clearly
showed that H. ammodendron is not uniform across the
plot. When the spatial patterns of H. ammodendron was
analyzed at four life stages (Fig. 4). H. ammodendron (S),
H. ammodendron (J), and H. ammodendron (M) showed
significant aggregations at scale 0-8 m, 0-27 m, and 0-35 m,
respectively. H. ammodendron (O) tended to have random
distributions at all scales and only had a fluctuation around
the upper envelope line at small scales. However, the aggre-
gated intensity decreased from H. ammodendron (S) to H.
ammodendron (M).

Spatial Association Among Life Stages

H. ammodendron (S) had spatially positive association
with H. ammodendron (J) at 0-4 m scales, and negative
association at 9-37 m scales (Fig. 5a). H. ammodendron (S)
was significantly and negatively associated with H. ammod-
endron (M) at 0-25 m scales, and tended to have indepen-
dent associations with a fluctuation around the upper enve-
lope line at >25 m scales (Fig. 5b). H. ammodendron (S)
and H. ammodendron (O) tended to have spatially no asso-
ciation, except positive association at 3-6 m and 7-20 m
scales (Fig. 5¢). H. ammodendron (J) was significantly and
positively associated with H. ammodendron (M) at 0-29 m
scales, and tended to have independent associations with a
fluctuation around the lower envelope line at >29 m scales
(Fig. 5d). H. ammodendron (J) and H. ammodendron (O)
showed no association at 0-16 m scales, and mainly nega-
tive association at middle scales (Fig. 5e). H. ammodendron
(M) was dominated by spatial independence with H.
ammodendron (O) at almost all scales (Fig. 5f).
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Fig. 2. The height classes distribution of H. ammodendron pop-
ulation in the plot.
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Fig. 3. The distribution maps of H. ammodendron plants at four life stages.

Discussion
Population Structure

The size structure of a species reflects regeneration
processes [16, 17], and when compared to the spatial struc-
ture of forest, can provide insight into the forest dynamics
[18]. H. ammodendron plants in the plot had a large num-
ber of seedlings, and the size distribution of H. ammoden-

dron population appears as a reversed “J” shape, suggesting
the continuous population regeneration and favorable con-
ditions for establishment and survival of seedlings. The less
number of H. ammodendron (O) might be offset by the
younger H. ammodendron (M). Meanwhile, they also have
a certain number of H. ammodendron (J) and may be able
to maintain the population in desert-oasis ectone.
However, Si et al. reported H. ammodendron popula-
tion has degenerated in low-lying areas and small dunes
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Fig. 4. Spatial patterns of H. ammodendron at four life stages with univariate O-ring. Black lines indicate ring statistics (O(7)); thin-
dashed lines indicate the upper and lower limits of the 99% confidence envelope.
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Fig. 5. Spatial associations of different life stages. Black lines indicate ring statistics (O(r)); thin-dashed lines indicate the upper and

lower limits of the 99% confidence envelope.

(height <5 m), while nearby in large dunes (height > 10
m) the plants grow normally [19]. On the other hand, the
groundwater depth has severely restricted the availability of
water to H. ammodendron and seedling regeneration in the
degraded area [10]. The relationship between the survival
index of H. ammodendron population and the groundwater
level was significantly negative, indicating that groundwa-
ter has a profound effect on the viability of the populations
[19]. In the present study, but although large dune is non-
existant, H. ammodendron renewal is normal. Thus, we
suggested that groundwater depth with that between 4-6 m
is the effective degree for H. ammodendron growth and
seedlings regeneration. In addition, H. ammodendron is a
psammophytes species and only dungarunga in
Gurbantunggut Desert, and have strong drought-tolerant
and barren resistance traits [10]. The species can produce a
large number of seeds, and the seedlings have rapid growth
and lignifications phenomena after spring snowmelt in
order to adapt specific desert habitats. Their biological
characteristics and reproduction in local habitats provide
sufficient opportunities for establishment and recruitment,
and therefore H. ammodendron grows well relative to other
species in the study area.

Spatial Patterns

Aggregated distribution in species is a widespread pat-
tern in nature [7, 20]. Likewise, this issue is especially rel-
evant and common in semi and semi-arid shrub lands [11,
21, 22]. Aggregated plant patterns in semiarid shrub lands
have been variously attributed to facilitation [21, 23, 24],
habitat heterogeneity [25], disturbance [26] and localized
seed dispersal [27]. In the present study, H. ammodendron
(S), H. ammodendron (J), and H. ammodendron (M) all
showed aggregated distribution on small scales. First we
suggested that micro topography, such as depression, runnel,

and sandy mound lead to the high habitat heterogeneity of
community, which can leave no doubt that these seed traps
played a role in the maintenance of the aggregated struc-
ture. Secondly, the interdependence pattern of H. ammod-
endron (S) and H. ammodendron (J) may improve function
to endure drought and sand blown by wind, and increase
survival rate. Thirdly, we suggested that water assembly is
considered to be the most likely factor that leads to popula-
tion aggregation. The variation in depression corresponded
closely with the distribution of H. ammodendron (S) num-
ber. In semi-arid and arid areas, water is often the most lim-
iting resource, and small-scale variations in vegetation, soil
surface cover, and micro-topography alter the amount of
water available to plants [10, 28]. In addition, soil texture
may also play an important role as spacing mechanisms in
aggregated pattern form [17].

Wang et al. suggested that species aggregation intensity
generally decreased with increasing size classes [29]. Like
some previous studies [7, 30], we found that relative small-
er size classes plants of H. ammodendron was more aggre-
gated at small scale than bigger ones in the plot, perhaps
because H. ammodendron (S) recruitment rates were high
and dispersal was rich under condition of environmental
heterogeneity. However, the observation that aggregation
intensity was weaker in classes with larger size classes even
random distribution of H. ammodendron (O) may be due to
stochastic mortality or strong intra- and/or interspecific
competition for resources (water, nutrients, etc.). Our result
is consistent with the findings from another study about H.
ammodendron [11], which report that the species aggrega-
tion decreased with increasing size class. This trend sug-
gests that the larger plants competitively inhibit specifics
over a larger area of influence than the smaller plants [7]. In
this study, the non-random mortality of the H. ammoden-
dron stands driven by intraspecific competition was also
observed in other forests [31, 32], suggesting that density-
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dependent mortality is a prevailing mechanism in H.
ammodendron population under drought conditions.
Similarly, this provides prevailing evidence suggesting the
importance of intraspecific competition in governing the
spatial distribution and population dynamics of the plant
populations in desert areas.

Intraspecific Associations

The strongly positive association of H. ammodendron at
seedlings and juveniles, and juveniles and mature stages at
small scales, may result from a facilitative relationship of
larger ‘nurse plants’ providing shelter to small plants.
However, the spatial negative association of H. ammoden-
dron (S) to H. ammodendron (M) at small scales, and H.
ammodendron (J) to H. ammodendron (O) at middle scales
may be the result of strong intra- and/or interspecific com-
petition for resources (light, water, nutrients, etc.). In par-
ticular, H. ammodendron (O) tended to no associations at
almost all scales with H. ammodendron (S) and H. ammod-
endron (M), indicating the suppression of early stages by
later stages. H. ammodendron (S) facilitated the growth of
H. ammodendron (O) at some smaller scales, whereas H.
ammodendron (S) was suppressed by H. ammodendron (J)
at middle scales. H. ammodendron (J) was suppressed by
H. ammodendron (M) at larger scales, whereas H. ammod-
endron (M) facilitated the growth of H. ammodendron (O)
at larger scales. The spatial association between different
H. ammodendron life stages tended to turn from positive to
negative if their size differences are enlarged increasingly.
The greater the difference in the age of the plants, the weak-
er the positive correlation [11, 33]. Therefore, spatial asso-
ciations of H. ammodendron population depend on spatial
scales, individual sizes, and plant interaction relationships.

Implications for Population Management

Micro-topography creates biotic heterogeneities (e.g.,
seed tree abundance, intraspecific competition) and abiot-
ic heterogeneities (e.g., soil organic, salt, water), which act
as a filter for seed availability, seedling germination, and
establishment in arid and semi-arid environments [27, 34].
Thus, for H. ammodendron with limited seed dispersal dis-
tance, seed availability may be the main limiting factor for
recruitment in severely heterogeneities topography areas
and result in competitive relation and aggregated patterns
in desert areas [11]. Furthermore, field observations also
confirmed that almost all recruits were observed in low
severity burned areas. In addition, drought is an important
disturbance in the desert community, which can change
vegetation dynamics [10, 34]. Because community succes-
sion is a long-term process where initial conditions can be
critically important, plant recruitment after drought sever-
ity provides a critical observational window to predict
future spatial patterns and stand dynamics [11, 27]. In the
present, due to the sandy soils of our study area, severely
continued drought may be likely to kill the seedling meris-
tems or even seedlings of H. ammodendron, hence ulti-
mately limiting post-drought seedling recruitment poten-

tial. Thus, artificial regeneration and afforestation using
micro-topography may be to promote ecological restora-
tion of the degraded H. ammodendron ecosystem in low-
severity drought years.

Sustainable forest management in arid and semi-arid
areas has long been interested in managing interspecific
relations dominated by desert woody species, but intraspe-
cific competition also is a very important question [34]. In
this paper, we showed that intraspecific competition was an
important process in four different life stages (seedlings,
juveniles, mature, overmature) in a H. ammodendron pop-
ulation in the Ecotone desert-oasis of South Junggar Basin.
The results of our spatial analyses suggest that minimizing
the intraspecific competition between conspecific plants
will likely increase the survivorship of desert plants. The
maintenance of the plant community will not only increase
the diversity in stand composition but also will reduce the
intensity of intraspecific competition and consequent mor-
tality [35]. Furthermore, the stand density of H. ammoden-
dron must be optimized to maintain a plant growth that
compensates the loss due to competition under drought
conditions.

Conclusions

The present study provides further evidence of H.
ammodendron population dynamics and intraspecific com-
petition at different life stages in the desert-oasis ecotone of
south Junggar Basin, NW China. The species functional
traits (regeneration, seed dispersal ability, etc.), water
assemble, soil texture, and environmental heterogeneity
have been considered to be a primary factor controlling the
aggregated distribution of the H. ammodendron population.
The spatial associations of H. ammodendron population in
Junggar Basin not only varied with life stages, but also with
spatial scales.
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