J Arid Land (2013) 5(1): 80-88
doi: 10.1007/s40333-013-0144-4
jal.xjegi.com; www.springer.com/40333

Spatial heterogeneity of plant species on the windward
slope of active sand dunes in a semi-arid region of China

DeMing JIANG", ChunPing MIAO"?, XueHua LI", XiaoLan LI>, ALAMUSA', QuanLai ZHOU'

" Institute of Applied Ecology, Chinese Academy of Sciences, Shenyang 110016, China;
2 Graduate University of Chinese Academy of Sciences, Beijing 100049, China;
® Xinjiang Academy of Agricultural and Reclamation Sciences, Shihezi 832000, China

Abstract: Species richness and abundance are two important species diversity variables that have attracted par-
ticular attention because of their significance in determining present and future species composition conditions. This
paper aims to explain the qualitative and quantitative relationships between species diversity pattern and grain size
(i.e. size of the sampling unit), and species diversity pattern and sampling area, and to analyze species diversity
variability on active sand dunes in the Horqgin Sandy Land, northeastern Inner Mongolia, China. A 50 mx50 m
sampling plot was selected on the windward slope, where the dominant species was annual herb Agriophyllum
squarrosum. Species composition and abundance at five grain sizes were recorded, and the species-area curves
were produced for thirteen grain sizes. The range of values for species abundance tended to increase with in-
creasing grain size in the study area, whereas, generally, species richness did not follow this rule because of poor
species richness on the windward slope of active sand dunes. However, the homogeneity of species richness in-
creased significantly. With the increase in sampling area, species abundance increased linearly, but richness in-
creased logarithmically. Furthermore, variograms showed that species diversity on the windward slope of active
sand dunes was weakly anisotropic and the distribution pattern was random, according to the Moran Coefficient.
The results also showed that species richness was low, with a random distribution pattern. This conflicts with the
results of previous studies that showed spatial aggregation in lower richness in a sampling area within a community
and inferred that the physical processes play a more important role in species diversity than distribution pattern on
active sand dunes. Further research into different diversity patterns and mechanisms between active sand dunes
and interdune lowlands should be conducted to better understand biodiversity conservation in sand dune fields.
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Species diversity generally refers to the spatial or
temporal richness, abundance or heterogeneity of spe-
cies in a given area. It has attracted particular attention,
in large part because of its significance in helping de-
termine the present conditions and likely future com-
position of species (He and Legendre, 2002; Wang et
al., 2008). Ecologists have expended much effort to
establish and qualify the underlying biological or
physical processes that influence species diversity, e.g.
extinction, migration, colonization, niche segregation,
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competition, predation, environmental disturbances,
and historical dynamics (He and Legendre, 2002).
Active sand dunes, formed by land degradation, are
characterized by extreme temperatures and low nutri-
ent levels (Olsson and Wilhelmsson, 2000), as well as
low water-holding and base exchange capacities (Var-
davakis, 1992). In contrast to the relatively stable na-
ture of soils, active sand dunes are unfavorable for the
survival of most species except some psammophytes
due to their unstable substrate ecosystems (Zhu et al.,
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1998; Kent et al., 2005; Ma and Liu, 2008). Vegetation
is a sensitive indicator of the conditions (health) of a
landscape, particularly in arid and semiarid areas
(Chen et al., 2002). Thus, vegetation restoration has
been practiced for centuries to control sand movement
and reduce the hazardous effects of active sand dunes.
In particular, the dynamic patterns of vegetation on the
windward slope of active sand dunes have been stud-
ied to supply a better scientific understanding of suc-
cession within ecosystems (Zhu et al., 1998; Foster
and Tilman, 2000; Wall et al., 2002). Species diversity
is the critical attribute of plant communities and is of
considerable significance in the study of succession,
since variations in species diversity are presumably
correlated with the stability of various biotic and
abiotic components within ecosystems (Leigh Jr, 1965;
MacArthur, 1995).

The relationship between spatial scale and patterns
of plant diversity, studied by comparing local and re-
gional diversity or patch and local diversity, is cur-
rently a highly debated topic in ecology and mac-
roecology (Caley and Schluter, 1997, Srivastava, 1999;
Crist et al., 2003; Rahbek, 2005). An exploration of
how diversity pattern changes with spatial scale is
needed for the extrapolation of small and even broader-
scale phenomena.

The concept of spatial scale refers to two main
components of the sampling design: (1) Grain size, or
the size of the sampling unit, which is the surface area
of a place in which any particular measurement is
made; and (2) The extent of the total area for sampling,
or field size (Turner et al., 1989; Wiens, 1989; Hulme,
2008). Grain and extent define the upper and lower
limits of resolution of a study. Inference in any study
is limited by its grain and extent. Comprehension of
how grain and extent affect our perception of ecologi-
cal phenomena is fundamental to an understanding of
scaling effects (He et al., 1994; Dungan et al., 2002).
Results may differ when the same data are examined
at varying grains and extent (He et al., 1994; Dungan
et al., 2002; Hess et al., 2006). He et al. (1994) con-
cluded that the effect of scaling on measures of bio-
logical diversity is non-linear; heterogeneity increased
with the size of extent. Garson et al. (2002) correlated
avian species richness with threatened and endangered
species richness in southern Quebec and found that the

degree of correlation increased with increasing grain
size. According to Rosenzweig (1995), the ‘species—
area pattern’ comprises four different SARs (1. spe-
cies-area curves among tiny pieces of single biota, 2.
species-area curves among larger pieces of single bi-
ota, 3. species-area curves among islands of one ar-
chipelago, and 4. species-area curves among areas that
have had separate evolutionary histories), since the
processes determining species richness are scale de-
pendent (Whittaker, 2000; Crawley and Harral, 2001;
White et al., 2010; Triantis et al., 2012). However, the
scale effect of species diversity patterns on the wind-
ward slope of active sand dunes is unknown.

Moreover, the semi-variogram, a geostatistic met-
hod that stratifies the variance in a data set by at least
one spatial or temporal dimension, is a useful tool for
identifying both the structure of variability for that
dimension and for qualifying the scale of autocorrela-
tion (Rossi et al., 1992; Jackson and Caldwell, 1993).
Semi-variograms and related measures (e.g. co-vario-
gram and correlogram) may be applied to linear or
two-dimensional data sets, and traditionally have been
used for two broad purposes: the quantification of the
scale of variability exhibited by natural patterns of
resource distribution (i.e. soil type, habitat type, and
biomass), and the identification of the spatial or tem-
poral scale at which a sampled variable exhibits
maximum variance (Meisel and Turner, 1998).

The aim of this study was to observe the effect of
scale change on observed spatial patterns of species
diversity on active sand dunes in a semi-arid region of
China. We addressed the following questions: (1) How
does species diversity change with grain size and
sampling areas, and what mathematical function best
describes the species-area relationship? (2) How does
species diversity present itself on active sand dunes; is
it isotropic or anisotropic?

1 Materials and methods

1.1 Study area and field sampling

The study was conducted at the Wulanaodu Experi-
mental Station for Desertified Regions, Chinese Acad-
emy of Sciences, located in the western Horqin Sandy
Land, northeastern Inner Mongolia, China (119°39'-
120°02'E, 42°29'-43°06'N, 480 m asl). The area has a
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semiarid continental monsoon climate. According to
the data from 1957-2002, the annual average tem-
perature is 6.3°C. The lowest average temperature,
—14.0°C, occurs in January and the highest, 23.0°C,
occurs in July. The average annual precipitation is 284
mm, 70% occurring in the summer (June—August).
The annual mean wind velocity is 4.4 m/s, and the
number of gale days (wind speed >17m/s) is 21-80
days. Since the 1950s, this region has undergone se-
vere land degradation or desertification due to over-
grazing, over-intensive farming and vegetation clear-
ing, resulting in alternative landscapes of active,
semi-active and stabilized sand dunes. Active sand
dunes are especially widely distributed in this area,
with movement rates of 5—7 m/a (Liu et al., 2006). The
environments of active sand dunes are usually charac-
terized by drought, strong wind erosion and sand bur-
ial (Yan et al., 2005).

In September 2011, a 50 mx50 m sampling plot
was selected on the windward slope (reaching to the
dune crest) of an active sand dune, with a 15-m verti-
cal distance between the lower and upper sides of the
plot. The sampling plot was divided into 2,500 quad-
rats (1 mx1 m). Species composition and abundance
were recorded in each quadrat. For bunchgrasses (e.g.
Setaria viridis), we counted the number of culm clus-
ters to get the abundance. For species with discrete
individuals (e.g. Agriophyllum squarrosum), the
number of individuals was counted as the abundance.

1.2 Data analysis

In this paper, the diversity refers to richness and
abundance. Richness is defined as the number of spe-
cies in the study area and abundance as the number of
all individuals.

For the purpose of examining the correlations of
diversity patterns with varying grains (size of the
sampling unit), the 50 mx50 m sampling plot was di-
vided into a grid system using five grain sizes: 1 mx1
m (2,500 quadrats), 2 mx2 m (625), 5 mx5 m (100),
10 mx10 m (25), and 25 mx25 m (4). Species abun-
dance and richness in each quadrat were counted for
each grain size, and species abundance and richness
maps for the five grain sizes were then produced by
ArcGIS (Version 9.3). In addition, the relationships

between diversity patterns and 13 area sizes (1 mx1 m,
2 mx2 m, 4 mx4 m, 5 mx5m, 8§ mx8 m, 10 mx10 m,
12 mx12 m, 16 mx16 m, 20 mx20 m, 25 mx25 m, 30
mx30 m, 40 mx40 m and 50 mx50 m) were developed
using exponential equations, power equations and
logarithmic functions (Microsoft Excel 2007). Sig-
nificance tests were performed using the Statistics
Analysis System (SAS software package).
Semi-variance, calculated using GS+ (Gamma de-
sign software, version 9.0), was used to detect the spa-
tial variability of species diversity because semi-var-
iance analysis (Meisel and Turner 1998; Wang et al.,
2008) examines the contribution to the total sample
variance made by the average variance of all pairs of
points that are separated by a specific lag distance.

The standard equation for the semi-variogram is:
N(h)

_ -
”’”‘zmmé(’“ )’ (1)

Where, ©(h) is semi-variance at lag distance h; N(h) is
number of pairs separated by distance h; x; is the value
at the start, or tail, of the pair; y; is value at the end, or
head, of the pair. Semi-variograms, which plot
semi-variance against lag distance, typically increase
from a theoretical Y-intercept of zero (the ‘nugget’),
and level off at the maximum semi-variance (the ‘sill’),
which occurs at and beyond a particular lag distance
(the ‘range’). The range identifies the distance beyond
which pairs of objects no longer exhibit spatial auto-
correlation. The ratio of the nugget effect to the sill is
referred to as the relative nugget effect; it can be used
to evaluate sampling error and small-scale spatial ef-
fect. To determine the strength of anisotropy, vario-
grams of richness and abundance were computed in
four geographic directions: 0° (west—east, WE), 90°
(north—south, NS), 45° (SW-NE) and 135° (SE-NW).
We then compared the multi-scale spatial autocorrela-
tion of the analyzed variables by calculating the
Moran Coefficient (Moran’s I, by GS+ Gamma design
software, version 9.0):

I =N D ZZiy | D 2y - )
Where, I(h) is autocorrelation for interval distance

class /, Z;is the measured sample value at point /, and
Z;+,18 the measured sample value at point i+h.



DeMing JIANG et al.: Spatial heterogeneity of plant species on the windward slope of active sand dunes in... 83

2 Results candelabrum also present.

The dominant species on the active sand dune is an- 2.1 Diversity patterns varying with grain and extent

nual herb 4. squarrosum, with the rare shrub Salix Species abundance and richness had low values at fine
gordejevii, annual herb Setaria viridis, semi-shrub spatial scales and high values at coarse spatial scales
Artemisia wudanica and annual herb Corispermum (Fig. 1). The species diversity had a significant spatial
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Fig. 1 Maps of species abundance and richness at five grain sizes (1 mx1 m, 2 mx2 m, 5 mx5 m, 10 mx10 m, and 25 mx25 m)
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heterogeneity at fine scales, but the homogeneity in-
creased with the increasing spatial scales. Ranges for
species richness were especially poor, with value
ranges from 0 to 3 for both 1 mx1 m and 2 mx2 m
and the high value at coarse grains only 4. The values
of abundance increased significantly with increasing
grain sizes. In the sampling site, species-area curves
showed a close relationship, i.e. a definitely linear
model for abundance-area (y=2.9017x+46.636) and a
logarithmic model for richness-area (y=0.5886In(x)—
0.0559) (Fig. 2).

2.2 Spatial variability of diversity

The semi-variance analysis of species abundance and
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richness showed that there were relatively high de-
grees of spatial heterogeneity for both measurements
(Fig. 3). For abundance, the nugget (C,) variance was
3.04 and sill (Cy+C) was 18.76 (Table 1). The nugget
variance and sill indicated that the abundance showed
high heterogeneity, of which 16% came from random
factors and 84% from spatial autocorrelation. How-
ever, the nugget variance and sill values for species
richness were 0.023 and 0.248, respectively, and the
heterogeneity of this poor richness was significantly
lower than that of abundance. For this poor richness,
9% of the spatial heterogeneity came from sill and
91% came from spatial autocorrelation.
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Fig. 2 Species abundance-area curve (a) and species richness-area curve (b) (P<0.0001)
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Fig. 3 Variograms of species abundance and richness under isotropic conditions; the horizontal lines indicate the overall variance of

the variables in the plot.

Table 1 The models and parameters for semi-variograms of species abundance and richness under isotropy and anisotropy

Index Models C Cot+C Co/(CotC) A Aptajor Atinor RSS R
Abundance Isotropic Exponential 3.040 18.760 16.200 2.020 — — 3.920 0.911
Anisotropic Linear 16.450 42.330 38.860 — 317.800  238.600 252.000 0.334
Richness Isotropic Exponential 0.023 0.248 9.270 1.120 — — 0.070 0.825
Anisotropic Linear 0.225 0.502 44.820 — 248.900  248.800 0.352 0.440
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The variograms of abundance showed some ani-
sotropy because semi-variances increased gradually in
the 0° and 135° directions, whereas a unimodal peak
appeared in each of the 45° and 90° directions (Fig. 4).
Moreover, the semi-variances of abundance showed a
rapid increase at small distance classes, which indi-
cated that spatial structure is mainly characterized by
random variation. The anisotropy of species abun-
dance was mainly shown zonally because the differ-
ences of nugget, sill and range between the 0° and 90°
directions were larger than those between the 45° and
135° directions. The semi-variances for species rich-
ness were not equal in the four directions, but the dif-
ferences were not significant because of the poor spe-
cies richness on the active sand dune. The nugget ef-
fects on species richness in the four directions were
48%, higher than on abundance in the four directions.

Considering the fact that the diversity was weakly
anisotropic, we adopted Moran’s I Coefficient to ana-
lyze the diversity patterns in a further step. Moran’s 1
scalograms (Fig. 5) showed that the autocorrelation of
species abundance was positive at the grain size of
<13 m, whereas the autocorrelation of richness was
positive at the grain size of <11 m. Moran’s I scalo-
grams for both abundance and richness decreased
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rapidly at finer scales, and then varied from positive
through zero to negative circularly. This inferred that
the critical scales to include maximum abundance and
richness were 13 m and 11 m, respectively, and that
vegetation was distributed randomly on the active
sand dune.

3 Discussion and conclusions

Changing the meaning of the scales from grain to ex-
tent may have important qualitative and quantitative
effects on how measurements change across scales
(Turner et al., 1989). The range of species abundance
increased from 48 to 93, 248, 482 and 1,128 succes-
sively as the grain sizes increased. However, species
richness did not follow this rule, largely because of the
poor species richness on the active sand dune.
Meentemeyer and Box (1987) concluded that the de-
tailed information may be lost with increasing area,
and decreasing area may reveal new details. This is
true for poor species richness because homogeneity
appeared as the grain size increased to 25 mx25 m,
whereas heterogeneity appeared as the grain size de-
creased. He et al. (1994) found that more precise esti-
mates of abundance or density could be obtained from
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Fig. 4 Variograms of species abundance and richness in four geographic directions: 0° (west—east, WE), 90° (north—south, NS), 45°
(SW-NE) and 135° (SE-NW); the horizontal lines indicate the overall variance of the variables in the plot.
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a large grain size, while more precise estimates of
richness came from small grain sizes. However, these
two variables of species diversity changed differently
because they have different spatial properties, i.e.
abundance is additive but richness is non-additive
when aggregated across sampling areas (He and Leg-
endre, 1996; He and Legendre, 2002; Wang et al.,
2008).

The studies of species-area relationship have long
been focused on the shape of the relationship, its in-
terpretation, and the mechanism of explaining the
proposed form (Connor and McCoy, 1979; McGuin-
1984).
mathematically to derive species-area curves on the

ness, Many researchers have attempted
basis of the assumption of a linear relationship be-
tween the number of individuals and the area (Preston,
1960, 1962a, b; Engen, 1977; Wright, 1988). Our
study showed a result consistent with this assumption,
i.e. species abundance increased with increasing sam-
pling area in a linear function. However, species rich-
ness increased in a logarithmic function. Williams
(1943, 1964) proposed a hypothesis of habitat diver-
sity to explain the correlation between species and
area, i.e. with the increase of sampling area, a greater
diversity of environments is included, and so the
number of species increases. Generally, the environ-
ment is never homogeneous (He and Legendre, 1996).
Even for the relatively homogeneous active sand dune,
heterogeneity is still detectable. Actually, both the
equilibrium hypothesis and the habitat diversity hy-
pothesis could explain the power model (Williams,
1943; MacArthur and Wilson, 1963). The linear func-
tion and logarithmic functions indicated that species
diversity patterns on the active sand dune are under

non-equilibrium conditions. In this situation, the con-
ditions that increase the growth rates of competing
species could result in a decline in species diversity,
and the conditions that reduce the growth rates could
maintain or allow an increase in diversity (Huston,
1979).

Variograms of abundance and richness on the active
sand dune in the Horqin Sandy Land showed anisot-
ropy between the four directions was not significant,
and that isotropy for richness is higher than that for
abundance. The Intermediate Disturbance Hypothesis
states that higher species diversity occurs at interme-
diate levels of disturbance because species coexistence
is maintained at a non-equilibrium state and no strong
competitor can dominate completely (Connell, 1978).
However, due to the semi-arid climate and relatively
severe sand burial, species diversity on the active sand
dune is very low, which may cause the spatial vari-
ability of diversity to be weakly anisotropic. The rela-
tively low nugget to sill value (Cy/(Cy+C)) for abun-
dance and richness in isotropy especially indicated
that the spatial heterogeneity mainly came from spa-
tial autocorrelation.

Species abundance and richness in an area greatly
depends on the distributional patterns of species
(Cawley, 1997; Ney-Nifle and Mangel, 1999). If a
species is aggregated, the probability of presence of
the species in a sampling area should be less than that
under random distribution, and the higher the aggre-
gation, the smaller the probability of presence. More-
over, species richness in a sampling area consistently
decreases with the intensity of spatial aggregation of
the species, and spatial regularity of species distribu-
tion promotes species richness in a sampling area; in
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other words, spatial aggregation resulted in lower
richness in a sampling area within a community (He
and Legendre, 2002). However, the species richness
on the active sand dune is low since the distribution
pattern is random rather than aggregated (Fig. 5).
Consequently, the physical processes play a more im-
portant role in species diversity than the distribution
pattern because species diversity on the active sand
dune could also arise from many physical processes,
such as the soil moisture, wind erosion, soil seed bank
and low nutrient levels (Olsson and Wilhelmsson,
2000; Tsoar, 2005; Yu et al., 2008; Komac et al., 2011).
Zhang et al. (2005) concluded that the primary diffi-
culties for vegetation development on active sand
dunes were the extremely barren soil and wind erosion
which limited plant growth and prevented seedling
establishment.

Actually, the plant diversity on the active sand dune
is very much lower than in any other ecosystem. The
aim of biodiversity conservation on the active sand
dune is to protect the endemic plants and keep species
richness and abundance increasing (Liu and Ma, 2008).
Zhang et al. (2004) compared different measures of
stabilizing active sand dunes and concluded that
planting of endemic species is the most effective
measure of vegetation restoration from an ecological
viewpoint. Moreover, Liu and Ma (2008) suggested
that biodiversity conservation on active sand dunes
requires the sand dune and the interdune lowland be
regarded as a unified landscape unit, and to explore
the impacts of disturbances and habitat fragmentation
on plant biodiversity of the whole sand dune ecosys-
tem. Consequently, further research about different
diversity patterns and mechanisms between active
sand dune and interdune lowland should be conducted
in future studies.
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