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Abstract

Background: The cessation of anthropogenic activities in mobile sand dune ecosystems under xeric arid conditions has resulted in the gradual stabilization of dunes
over the course of five decades.

Our objective was to analyze the spatial patterns of arthropod assemblages along a gradient of different stabilization levels, which represents the different stages of
dune stabilization - from the shifting crest of the dune to the stabilized crusted interdune.

The study was carried out at the sand dunes of the northwestern Negev in Israel. Data was collected using dry pitfall traps over two consecutive years during the
spring along northern windward aspects. Four dunes were chosen, characterized by three significant landscape units: shifting crest, semi-stabilized slope and stabilized
interdune.

Results: We identified three significant assemblages of arthropods along the gradient. The shifting dune crests are populated by psammophilic species found
almost exclusively in sandy habitats in Egypt and the western Negev in Israel. The crusted, stabilized inter-dunes are populated mainly by loess-dwelling species, which
are common in most of the Negev loess plains and have a wide distribution range, and the semi-stabilized slopes host species of both extreme landscape units but is
distinguished by four species that show significant affinity to it.

Conclusions: Our results demonstrate functional arthropod heterogeneity and emphasize the risk of regional species homogenization. Heterogeneity is a key property
in maintaining sand dune biodiversity. Homogenization, as a result of sand stabilization, may lead to loss of psammophilic species.
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Introduction
Scientific background

Habitat loss and habitat destruction are considered to be
the main factors in reducing biodiversity worldwide [1,2]. Most
studies on this issue focus on the direct and indirect impacts
of human activity [3-5]. However, in some cases, lack of
human activity is responsible for habitat loss. The cessation
of traditional activities, such as grazing, hunting, clearing
and burning of forests, which have been carried out on dunes
for thousands of years, may lead to a dramatic change in the
landscape and the loss of local plant and animal communities
[6,71.

The sand dunes in Israel are an example of a habitat that
has been devastated during recent decades due to three main
processes: urban development [8], agricultural development,
and sand stabilization due to human inactivity [9-12]. The
stabilization process ensued from the cessation of traditional
activities, such as grazing and cutting, which had been practiced
along the Israeli Mediterranean coastal plain and the northern
Negev for thousands of years. These types of activities were
suspended during the last several decades due to local policies
[13-15].

Studies conducted along the Israeli coastal dunes (400-450
mm mean annual rainfall) have shown that the stabilization
process, caused by an increase in shrub coverage, has led to a
significant decrease in fauna and flora that are characteristic to
mobile and semi-stabilized dunes [9,12,16].

Dune stabilization has also been observed in the
northwestern Negev. Sand was deposited throughout the
region during a windy era between 23,000 to 12,000 years ago.
Later on, a decrease in wind velocity stopped the shifting of
sand and allowed stabilization processes to commence [17-
19]. In arid regions, biological crusts, formed by cyanobacteria
that glue sand and loess grains together, also stabilize dunes
[20]. During the Byzantine era, active sand dunes covered the
northwestern Negev, home to large populations of shepherds.
The grazing and trampling herds damaged the crust layer,
and the dunes became active for an additional 2,000 years.
A time-line analysis reveals that in 1948 the sand dunes on
both sides of the Israel-Egypt border were almost the same:
mobile dunes with low, sparse vegetation cover. Since the
establishment of the State of Israel in 1948 until 1982, the
vegetation coverage on the Israeli side oscillated due to
invasion of Bedouin livestock from the Egyptian side of the
border. In 1982 the border, became impassable for livestock for
the first time due to the installation of fences. This fact and
the subsequent shepherd exclusion policy in Israel caused re-
stabilization of most of the northwestern sandy Negev [19,21].
The vegetation on the Israeli side increased gradually, while
decreasing on the Egyptian side [18]. In the absence of human
activity and the prevalence of weak winds, which characterize
this area, the dunes started gradually to stabilize. This process
of stabilization was followed by extensive development of
biological crusts in the interdunes due to accumulation of the
relatively high content of fine-grained particles in the top soil,

as well as the high vegetation cover (perennial herbaceous and
shrub plants) along the slopes. Well-developed ripple marks
on the dune crests are clearly indicative that these parts are
very active and unstable under present-day conditions [22]. At
present, on the Israeli side of the border, more than 70% of
the former sandy region is stabilized and only 7% is bare sand.
However, the dunes on the Egyptian side are still active due
to continuous interference by Bedouin-owned herds (Figure
1a,1b) [17].

Figure 1: a: The northwestern sandy Negev desert. b: The clear difference between
the Israeli side of the border (east) and the Egyptian side (west) is expressed by
vegetation cover. c: The study area. The bright stripes are shifting crests of linear
sand dunes.

Perry [16] found that plant assemblages on these dunes
vary among dunes at different states of stabilization. The effect
of biogenic crusts on vascular plant establishment, coverage
and composition on sandy soils is under strong debate [23-27].
Little is known about the impact of the landscape’s substrate
character modification, i.e., the shift to stabilized dunes, on
faunal assemblages [28,29].

Soil type is considered to be the main environmental
variable affecting the distribution of terrestrial beetles and
other arthropods [30-34], however, studies that have examined
this factor assessed large scales of adjacent regions. Columbus
[34], who studied the sand dunes of the northwestern Negev,
found that the effects of perennial vegetation cover and dune
topography determine beetle composition and community
structure. In this study, we sampled arthropod assemblages
along windward slopes at three landscape units, which differ
in their vegetation cover and topography location.

Since we collected data for only 2 years, diversity loss with
time due to dune stabilization cannot be shown. The process of
dune stabilization has been taking place for decades. Data on
arthropod diversity does not exist for this length of time and
we therefore performed space-for-time substitution [35] by
comparing the assemblage’s diversity of arthropods in various
landscape units, which differ in their stabilization levels.
Space-for-Time substitution can be applied when the studied
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ecological process (species turnover in our case) is compared
to changes in the environment (dune stabilization) [36]. Active
sand dune crests represent the most active landscape units
and are characterized by mobile sand, low plant cover, and
no biological crust. Interdune landscape units represent the
stabilized area.

Heterogeneity is apparent in different degrees of sand
stabilization, geomorphological characteristics, topography,
plant cover and other characteristics of the landscape unit,
but these are all considered “measured heterogeneity” . The
fauna of these units may be differential or indifferent to these
differences. If the abundance, distribution and community
structure of fauna show heterogeneity (beta diversity), it is
considered “functional heterogeneity” [37].

Study objective

Our objective was to analyze the spatial patterns of arthropod
assemblages along a gradient of different stabilization levels,
stretching from the dune’s shifting crest to the stabilized
crusted interdune in order to establish how stabilization
changes biodiversity. These landscapes represent different
levels in the process of dune stabilization. The purpose of
our study was to demonstrate the danger of the stabilization
process on diversity loss.

Materials and methods
Study area

The study was conducted in the Haluza linear sand dunes,
which are in the central part of the northwestern sandy Negev
desert, covering 1,300 square kilometers (Figure 1). These
dunes are considered to be the northeastern extent of the
large sand field of northern Sinai. The climate is classified as
arid to hyper-arid. The mean yearly rainfall in the study area
is about 90 mm [38]. The research area is characterized by
vegetated stabilized linear dunes, whereas some of the dunes
maintain a shifting crest (Figure 1). The dunes are separated
by wide, extremely crusted, stabilized interdunes. Most of
the vegetation of the region is Saharo-Arabian [16,39,40]. We
divided the area into three landscape units according to their
stabilization status: shifting sand dune crests, semi-stabilized
slopes, and stabilized interdunes (Figure 2).

The vegetation cover on the crest is 6-9% and is
predominantly perennial species (Artemisia monosperma,
Heliotropium digynum, Echinops polyceras and Stipagrositis
scoparia); the vegetation cover on the dune’s semi-stabilized
slopes is between 8-12% and is composed of the dominant
perennial species (Noaea mucronata, Licium shawii and Retama
raetam), randomly distributed biogenic crusts and annual
species during the rainy winters; biogenic crusts (mainly
cyanobacteria) cover 75% of the interdune areas. The only
woody perennial species is Anabasis articulate.

Sampling methods

Ablock design of four dunes was chosen; each dune contains
each of the landscape units (shifting crest, semi-stabilized

Figure 2: The sampled landscape units along a vegetation and altitude transect
of about 500 m long: shifting crest, semi-stabilized northern slope and stabilized
interdune.

Table 1: Details of dune sampling and season and number of observations.

#of | Slope | #landscape | #of seasonal | # of pitfall trapes /

Year i
dunes | aspect landscape unit X
April)
2008 4 north 3 4 20 Spring
2009 4 north 3 4 20 Spring

slope and stabilized interdune). Arthropods were sampled
using pitfall traps during the spring. Traps were laid out in
the four dunes for 24 hours every two weeks for two years
during the spring (March and April); in total 16 days per year
were observed (Table 1). The traps, empty plastic cups with 11
cm diameter openings, were placed at a depth of 13 cm. Their
opening was level with the soil surface. We placed the traps
far from the edges of the adjacent landscape units (reducing
the “edge effect”). In each landscape unit, we placed 20 traps:
10 traps under bushes and 10 traps in the inter-shrub area.
The traps were placed at least five meters from each other, to
prevent “competition” between neighboring traps on the same
specimens [41]. Trapped beetles and ants specimens were
identified to the species level; other arthropods were identified
to the morphospecies level. Specimens identified in the field
were released in situ.

Data analysis

In order to determine the level of similarity between the
different landscape units, the species composition and the
specimens’ numbers were compared to all other sampling
landscape units by an ordination test. By DCA (Detrended
Correspondence Analysis) ordination, the level of similarity
between the sampled landscape units (three landscape units
at each of the four dunes) was determined by comparing the
species composition and individual abundances of arthropods
in them (Figure 3). Graphs were processed using Principal
Component Analysis (PCA). Statistical tests to examine
differences between the landscape units were processed by
Redundancy Analysis (RDA). The “environmental variables”
were the landscape units (crest, slope, interdune). This test
included only species of which at least ten specimens were
trapped. Each sampling year was analyzed separately due to
the differences in the species composition and individual
abundance between the two years.

In order to identify the affinity of a species to one of the
landscape units, we examined its abundance in each unit as
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Figure 3: The level of similarity between arthropod assemblages in the different

sample landscape units as calculated by DCA ordination analyses of spring 2008
and 2009 data.

a percentage of the species total abundance (Figure 4). Only
species for which more than 50 individuals were caught in both
seasons combined were examined.

Examination of statistical significance at the affinity
analysis was performed with the block-design one-way ANOVA
method using STATISTICA 7 software; the significance level for
a two-sided test is 0.05.

In order to statistically examine the extent of affinity of a
species to different landscape units, the degree of statistical
significance was examined for the presence of a species
in different units, according to the individuals caught. We
examined all of the 47 species that were represented by over
10 individuals (taxons higher than genus were not examined).

Results
General results

We caught 10,590 individuals belonging to 122 species
and 17 orders. The most commonly encountered order,
Coleoptera (beetles), was represented by 5,613 individuals
(53%), belonging to 72 species (59%) of 14 families. The most
represented family, by abundance and species number, was the
Tenebrionidae (darkling beetles), which was represented by
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Figure 4: Pie charts indicating arthropod assemblages according to relative proportions of the common species in each landscape unit. All species that represent less than

2% of species found in the assemblage are collectively represented on the pie chart within the white section. All other species are each represented by the same color on
chart.
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36 species and constituted 81% of all beetle individuals. Other
common orders were the Hymenoptera, mainly Formicoidea
(ants), and Thysanura (silverfish and alike).

Abundance was highest at the semi-stabilized slopes,
followed by the shifting crest, and lowest on the interdune units
(Table 2). Abundance was significantly different between the
landscape units (one-way Anova: F(2, 21)=4.4409, p=.0.025),
with the semi-stabilized slope having significantly higher
specimen numbers than the interdune units (Table 2). When
analyzing the two sampling years separately, the difference is
still significant in 2008 (F(2,6)=8.2 p=0.019) but not in 2009
(F(2,6)=4.54 p=0.063), although the trend of the shifting crest
and the semi-stabilized slope was the same as in the previous
year.

The numbers of species found in the landscape units
were similar (Table 2). Of the interdune’s total arthropod
abundance, ants comprised 64%, of which 50% were small
ants, mainly Temnothorax sp. and Cataglyphis albicans. Small
ants were completely absent or very rare in the other two

Table 2: Total numbers of individuals and species caught at the three landscape

units in two sampling years.

Shifting Semi-stabilized Stabilized
crest slope Interdune
434 533 356

Average number of individuals
per plot
Standard deviation

s 8.43 7.69 414
Number of individuals
Number of species 84 89 86
Average number of species
33 35 30
per plot
Standard deviation

101.89 162.47 77.2

Number of species

sampled landscape units (Figure 4 and Table 2). Relatively
low proportions of Tenebrionid individuals were found in the
interdune unit (12%) compared to the semi-stabilized slope
(40%) and the shifting crest (48%).

Assemblage compositions

The similarity levels of the assemblages’ compositions
between the three landscape units, based on the number of
individuals of any species in each sample landscape unit, were
significantly different (Figure 3, Table 3).

Species affinity

Figure 5 and Table 4 show the various species and their
affinities to the three landscape units. Most species are found
in one of the colored triangles (yellow, green or brown) of
Figure 4 indicating that species tend to belong mostly to one
landscape unit with very few generalists. Species found on
the slopes are found on the other two landscape units, while
species associated with the other landscape units are more
restricted to them. Table 4 lists the affinity of species to the
landscape units. Examining species’ affinity to each landscape
unit revealed that 53% of the dominant species showed either

Table 3: Statistical results of RDA.

Eigenvalues Axis 1=0.300 Axis 1=0.617
Axis 2=0.212 Axis 2=0.125
P-value 0.015 0.002
F-ratio 3.51 12.53
Number of permutations 499 499
100
)
90 —
o

-
Interdune

Figure 5: Affinity triangular: The percentage of abundance in each landscape unit
for each species (given as a circle with a number). Yellow - affinity to sandy crest;
green — affinity to slope; brown — affinity to interdune.

# in triangle -Species (or morphospecies):

1 -Adesmia metallica; 2 -Amara cottyi; 3 -Blaps nitens; 4 -Blaps judaeorum; 5
-Cardiophorus negevensis; 6 -Cataglyphis albicans; 7 -Cataglyphis savigni; 8

-Crematogaster auberti; 9 -Cymindis suturalis; 10 -Discoptera arabica; 11 -Erodius
spp.; 12 -Erodius hebraicus; 13 -Eurycaulus henoni; 14 -Graphipterus serrator; 15
-Temnothorax sp.; 16 -Machlopsis crenatocostata; 17 -Mesostena angustata; 18
-Messor arenarius; 19 -Opiliones; 20 -Pimelia angulata; 21 -Pterolasia squalida;
22 -Tentyrina orbiculata; 23 -Zophosis pharaonis; 24 -Zophosis punctata; 25
-Graphipterus multiguttatus;

a significant preference for one landscape unit type or were
significantly absent from one landscape unit type. For example:
a total of 249 specimens of the ground beetle Discoptera arabica
(Coleoptera: Carabidae) were caught, 240 of them (96%) on
the shifting crest, 9 on the semi-stabilized slope and none on
the interdune. A total of 72 specimens of the darkling beetle
Pimelia angulata syriaca were caught, 71 (98%) on the shifting
crests, one specimen on the semi-stabilized slopes and none
on the interdune.

Discussion

Three different landscape units within the scale of a dune
and its adjacent interdune were analyzed in order to characterize
arthropod assemblages and their affinity to different units. The
landscape units are distinctly different in terms of vegetation
coverage, plant composition, and topography. The results
indicate that although the number of species is almost the
same in all three landscape units, the average abundance
of arthropod species, and mainly their assemblage, differs
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among the landscape units. Similar results were obtained for
the arthropod assemblages at the coastal sand dunes when
comparing three dune types which differ in stabilization levels
[12].

Affinity

When examining the affinity of the different arthropod
species to the three landscape units, 85% of all species were
found to ‘“discriminate” between the landscape units and
show preference of more than 50% to one of them. More
than half of the species (that were represented by more than
10 caught individuals) showed a significant preference to one
of the landscape units. It is important to emphasize the short
distance between the three landscape units; the slope width
is only 5-20 meters, and theoretically, most sampled species
could cross this distance in a short time.

Three main traits distinguish between the three
communities: the dominant species composition in each
community; the number of individuals and species composition
of the darkling beetles; the high proportion of ants caught in the
interdune and the dominant ant species relative to the sandy
crest and the slope landscape units (Figure 4). Characterization
of the arthropod community’s landscape units, based on the
dominant species that showed a statistically significant affinity
to one of the landscape units, clearly demonstrates three
distinctive communities.

Shifting-crest species

Unfortunately, lack of knowledge on the local arthropod
fauna limited a wider biological and biogeographical
description. However, the sandy crest’s dominant species
are psammophilic species that tend to be restricted to sandy
landscape units between the Sahara and the Arabian Peninsula
deserts. For example, the fast running and digging diurnal
ground beetle Graphipterus serrator is restricted to shifting sand
habitats between the Nile delta and the Negev desert [42];
Discoptera arabica, a ground beetle which has adapted to dive
and swim in the sand, is distributed throughout Egypt, Israel’s
western Negev and Saudi Arabia [43]. The darkling beetle
Pimelia angulata, which is adapted to locomotion and digging
in the sand, is distributed throughout sandy habitats in Sudan,
Egypt, Sinai, Jordan, and Israel [44,45].

The sandy desert habitat presents extreme environmental
conditions, especially the aridity and the physical and
mechanical properties of the sandy substrate [46]. Due to
the grainy structure, the dune is dynamic, and wind over a
certain velocity threshold causes grain movement. The grainy
substrate also limits animal movement and burrowing. Quartz,
which is the main component of sand, has a high solar radiation
reflection and a high specific heat [47]. These conditions
impact animals in various ways: instability of the substrate
cover incumbers burrow construction and food collection;
movement is challenging; and radiation and temperatures
are high during the day. However, there are some advantages
for animals who have adapted to the sandy environment. The
structure of the coarse grains is highly porous, hence, the sand

is thermally isolated and water permeable. These attributes
create a habitable, subsurface micro-environment that provides
protection from predators and the harsh climate [48,49]. The
extreme environmental conditions of sandy habitats lead to
extreme morphological and behavioral adaptations of sand-
dwelling arthropods [48,50-52]. These specific adaptations
cause these psammophilic arthropods to almost exclusively
prefer sandy habitats, as has been shown in various studies
[30,32,52,53,54,55].

Semi-stabilized and stabilized-dune-dwelling species

The semi-stabilized slope is the most productive landscape
[39], but because of its location between the two extreme
landscapes, its intermediate sand and crust characteristics and
its narrow width of 5-20 meters, its holds only two species
with significant affinity: the darkling beetles Arthrodeis
rotundatus and Erodius hebraicus, and Blaps nitens with a strong
trend affinity (p = 0.008). Like the sandy crest, the stabilized
interdune holds seven species that show significant affinity.
The distribution of these species is typically wider and
more diverse than the sandy crest species. For example, the
distribution of the darkling beetle Zophosis punctata is from
northwestern Africa to west and east Europe and west Asia
and it is common throughout Israel [45]. The ant Cataglyphis
albicans is distributed from north and east Africa to western
Iran [10], and in the central and western Negev on loess soils
(Ionescu-Hirsch, personal communication).

The small ants Temnothorax sp. and Cataglyphis albicans
are almost completely restricted to the crusted interdune and
are completely absent from the crest. Small ant species do
not dwell on the sandy crest because digging nests in coarse-
grained sand is difficult for ants with small mandible openings.
Most of the ants’ nests in the interdune are located under big
shrubs, where fine-grain loess is common (pers. obs.). Some
species, such as the darkling beetle Machlopsis crenatocostata
and the ant Cataglyphis savigni, showed no affinity to any of
the landscape units (Figure 5). In order to understand the
community structure of the three landscape units, we looked
for Israeli biogeographic patterns of the dominant species
that showed a statistically significant affinity to one of the
landscape units (Table 4). We found that the dominant species
that inhabit the stabilized and semi-stabilized landscape, slope
and interdune, are common in the loess regions of the adjacent
central Negev [32,56-58].

Stabilization

Our results demonstrate that the measured heterogeneity,
which represents the structure of landscape units in the
western Negev sand dune area, has a functional impact on the
local fauna. Indeed, the functional heterogeneity of arthropods
showed different assemblages in each of the landscape units.
While there were a few generalist species (4 out of 25) that
were indifferent to the measured heterogeneity, most species
showed affiliation to one of the landscape units. Hence, as
stabilization of the sands continues, community structure will
shift from the sandy assemblage to the stabilized assemblage.
High spatial heterogeneity creates high g-diversity, which is
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the variation in composition among different local assemblages
[12,59]. Conversely, homogenization of habitats will decrease
B-diversity, resulting in a loss of y-diversity in northwest sand
dunes of the Negev. The dune stabilization will also cause a
loss of the psammophilic species associated with shifting sand
dunes.

Conclusions

Oral evidence, photographs and the contemporary shifting
sand dunes on the Egyptian side of the border indicate that
shifting sands dominated the northwestern Negev prior to
1982. We conclude that for the past 2,000 years, as long as
the northwestern Negev was used by shepherds for grazing,
the region was characterized by shifting dunes and was
inhabited by psammophilic arthropods. Since 1982, as a result
of grazing exclusion policies on the Israeli side of the border,
biogenic crusts have expanded and sand dunes have been
experiencing ongoing stabilization. The crusted soils provide
a different habitat and psammophilic species were pushed
to the remnants of shifting sand on the higher dune crests.
Generalist arthropods invaded from the adjacent loess plains
of central Negev into the expanded landscape. We found that
the cessation of traditional land-use led to a decline of unique
psammophilic species.

Removal of vegetation, as part of active management
practices, which aimed to maintain the spatial heterogeneity
patterns and conservation of psammophilic species were
conducted in this region as well in Nizzanim coastal sand dune
in Israel. The temporal dynamic of the arthropod responses
observed showed that slight changes at the assemblage
compositions had leveled-off at a new, slight different state
[34,60-62].
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