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We examine the hypothesis that above a certain height, crusted, stabilized dunes become non-crusted
with a mobile crest. Toward this end, twelve plots, 10 � 10 m, were demarcated along a 1 km-long tran-
sect in the Nizzana research site (NRS), western Negev, Israel, extending along a ridge of a dune from the
crusted interdune up to a height of 22 m above the interdune, characterized by a non-crusted mobile
crest. Within each plot, a 4 � 4 m subplot was established where the upper 3 cm of all surfaces was
removed. Surface stability was monitored using six erosion pins from March 2010 to February 2012. In
addition, data from a nearby meteorological station were analyzed. The data indicated that drift potential
(DP) was the highest during winter and spring. A good correlation (with r2 = 0.73) was found between the
monthly DP and the absolute change in pin height. Also, a good correlation (with r2 = 0.85) was found
between altitude and the absolute change in pin height. A monthly change in pin height of �0.3 cm
marked the threshold between the crusted and the non crusted sections of the dune, which corresponds
to 8 m above the interdune. The findings imply that as long as the absolute monthly change in pin height
is <0.3 cm, crust establishment may take place. The findings point to the capability of the crust to cope
with limited surface instability and to the potential of biocrusts to serve as biomarkers for surface
stability.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Surface stabilization may probably be regarded as the most
important role played by biocrusts (known also as microbiotic
crusts or biological soil crusts). This is especially crucial for dune
sands which due to their low cohesiveness are prone to easy mobi-
lization by wind (Gillette et al., 1980; Hesse and Simpson, 2006).
While dune mobility is often measured based on air photos or sat-
ellites (Bullard et al., 1995; Levin and Ben-Dor, 2004; Hugenholtz
and Wolfe, 2005; Rubin et al., 2008), or experimentally studied
under controlled conditions using indoor (Dong et al., 2003;
Zheng et al., 2003; Li et al., 2004) or outdoor (Leys and Eldridge,
1998; Sherman and Farrell, 2008; Maurer et al., 2010) wind tun-
nels, field measurements under natural conditions are less
common.

Sand traps are often used to measure sand deposition or flux
(Fryberger et al., 1984; Arens and van der Lee, 1995; Ellis et al.,
2012). The use of erosion pins is however far more common. With
negligible obstruction to sand movement, they facilitate
monitoring of deposition as well as erosion (Jungerius and van
der Muelen, 1989; Arens, 1996; Lancaster and Baas, 1998; Arens
et al., 2004; Ben-Dor et al., 2006; Levin et al., 2006; Hugenholtz
et al., 2009). They may be especially suited for measuring annual
sand movement and surface stability at dune fields with low or
partial mobility, where wind power is not high enough to detach
or burry the pins within a short time span.

This research focuses on the partially crusted Hallamish dune
field in the western Negev Desert where biocrusts inhabit substan-
tial sections of the dunes (Kadmon and Leschner, 1994; Kidron
et al., 2009). In the Nizzana research site (NRS) at the Hallamish
dune field, the crusts cover all the sandy interdunes and the mid
and bottom slopes of the dunes. They are absent only from high-
elevation and mobile crests. These dunes are considered active.
Crusts however cover the slopes and crest of a low dune which is
therefore considered stabilized. It is hypothesized that under the
current precipitation and wind regimes, wind power is too strong
to allow for crust establishment at the high-elevation crests. It is
however sufficiently weak to facilitate crust establishment at the
low-elevation crests.

Previous research using sand traps and erosion pins on intact
surfaces supports the above hypothesis. While the non-crusted
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crests of the active dunes experienced high rates of sand deposition
and erosion, footslope positions with low deposition exhibited
high biocrust cover (>90%) while midslope positions with interme-
diate deposition values experienced a patchy (25–75%) crust cover
(Kidron et al., 2000, 2009). Nevertheless, these measurements were
confined to the natural surfaces, whether crusted or non-crusted,
and therefore could not have explored the potential erodibility of
the surface (and hence its potential suitability for crust establish-
ment) prior to crust establishment. The current research aims to
explore the potential surface stability (as reflected by surface ero-
sion and deposition) of the sand prior to crust establishment and to
establish the monthly erodibility threshold below which biocrust
establishment may take place. Since surface erodibility is a func-
tion of wind power but may be reduced by wet surfaces (Fécan
et al., 1999; Reheis and Urban, 2011), both wind and rain variables
will be analyzed.
Fig. 1. General view of the research site. The arrow indicates the boundary between
the stabilized and the active part of the dune. Photograph is taken from the
northwest.

Fig. 2. A schematic drawing of the gradient along the dune. Arrow indicates the
boundary between the stabilized and the active part of the dune.
2. Material and methods

2.1. The research site

The Nizzana research site (NRS) is part of the Hallamish dune
field at the northwestern Negev Desert, Israel (34�230E, 30�560N).
It is part of the easternmost terminus of the 13,000 km2 northern
Sinai Peninsula-northwestern Negev erg (Roskin et al., 2011). It
consists of west-east trending longitudinal dunes, up to 20 m-high,
separated by 50–200 m-wide interdunes. It is exposed to bi-direc-
tional winds, with medium–high speed southwesterly winter
winds and low-medium speed northwesterly summer winds
(Bitan and Rubin, 1991). Mean annual precipitation is 95 mm fall-
ing principally between November and March (Rosenan and Gilad,
1985). Mean annual temperature is 20 �C; it is 26 �C during the
hottest month of July and 8 �C during the coldest month of January.
Annual potential evaporation is �2600 mm (Evenari, 1981).

Except for the crests of the high-elevation dunes, all sandy sur-
faces are covered by biocrusts. While relatively high-biomass
crusts (mostly cyanobacterial with moss-dominated crust being
confined to a narrow belt at the north-facing footslopes) character-
ize the north-facing slopes, a xeric cyanobacterial crust character-
izes the interdunes, the south-facing slopes and the top of
low-elevation dunes (Kidron et al., 2010). All dune crests have a
low shrub cover of <3%.

The current research focuses on a stabilized dune that emerges
from the interdune and eventually transitions into an active dune.
While the dune crest is entirely covered by cyanobacterial crust in
its western part, the dune crest becomes mobile with the increase
in elevation toward the east (Fig. 1). For practical reasons and in
order to distinguish this dune from adjacent dunes that have
mobile crests throughout their entire length, this dune will be
termed hereafter stabilized.
2.2. Methodology

For the evaluation of surface stability, 12 plots, 10 � 10 m and
approximately 80 m apart, were demarcated during February
2010 along a transect that extends on one stabilized dune. The
transect extends approximately 1 km eastward from the point in
which the dune emerges from the interdune, 190 m above sea
level, until reaching 212 m above sea level (Fig. 2). Measurements
of the shrub and crust cover in 2 � 2 m quadrates within each plot
were carried out following the establishment of the plot. Thereaf-
ter, a 4 � 4 m subplot was established in the center of each of the
plots. The upper 3 cm of the surface of the subplot was removed
and 6 erosion pins, 30 cm-long and 1 m apart, were inserted half
way into the sand, i.e., 15 cm above ground in each subplot. Crust
scalping, aiming to eliminate as much as possible biocrusts and
inoculates, was repeated on a monthly basis when surface consol-
idation indicative of initial crust establishment was noted.

The change in pin heights was measured at the end of each
month. Following each measurement, the pins were re-positioned
at 15 cm above ground. Measurements took place between March
2012 and February 2012. For convenience, the twelve plots and
subplots will be referred herein as stations.

Wind velocity and rain were measured at a nearby meteorolog-
ical station 4.5 km south of NRS. Hourly wind velocity was used to
calculate the drift potential (DP). The DP of all windstorms with a
threshold wind velocity >6 m s�1 (which allows for sand transloca-
tion; see Fryberger, 1979) was calculated. Calculation was per-
formed for the last 12 years (since 2001 when the meteorological
station was established at the site), in accordance with Fryberger
(1979):

DP ¼
X
ðU2ÞðU � UtÞt

where DP = drift potential in vector units, VU; U = wind velocity in
m s�1; Ut = threshold velocity in m s�1 set at 6 m s�1; t = the percent
of time during which the threshold velocity is exceeded out of the
total amount of hours during the year. For calculations, a single
windstorm was defined as a storm during which the hiatus between
threshold velocities does not exceed 12 h.

In order to gain insight into the long-term conditions at the site,
rain and wind data that were collected at a nearby meteorological
station since 2001 were also analyzed. To be corroborated with
the field measurements DP was calculated from March 2001 to
February 2012.



Table 1
Plot properties. Crust and plant cover were taken in 2 � 2 m quadrates (N = 25).
Standard deviation in parenthesis.

Station number Elevation (m) Crust cover (%) Shrub cover (%)

1 190 97.6 (1.3) 6.4 (16.8)
2 191 97.6 (1.5) 5.2 (12.3)
3 192 97.3 (1.2) 4.6 (9.6)
4 193 95.4 (2.8) 4.4 (10.5)
5 195 96.7 (1.4) 4.8 (9.4)
6 196 94.9 (2.9) 4.4 (10.7)
7 197 90.2 (3.3) 3.4 (8.1)
8 198 35.4 (8.2) 3.6 (8.6)
9 201 0.4 (1.4) 2.8 (6.8)

10 203 0.3 (1.1) 3.4 (8.3)
11 206 0 1.8 (6.3)
12 208 0 3.0 (7.2)
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3. Results

Shrub cover at all stations was low, 66% (Table 1). Crust cover
was P90% at station 1–7, practically absent from stations 9–12
and patchy with crust cover of �35% at the transition zone, station
8 (Table 1).

Rain precipitation and drift potential (DP) that characterized
the site in the last 12 years (2001–2012) are shown in Fig. 3. Both
variables rain and DP showed high variability and did not exhibit a
significant relation (not shown). Precipitation was substantially
lower (66.4 mm; SD = 28.6) than the long-term mean of 95 mm
(Rosenan and Gilad, 1985). It ranged between 30.4 and
110.1 mm, with seven out of the 12 years (2000/01; 2001/02,
2005/06, 2007/08, 2008/09, 2010/11, 2011/12) being drought
years, defined as having <0.75 of the long-term mean precipitation
(Jain et al., 2009; Pandey et al., 2010).

DP shows high monthly variability, with February having the
highest DP, followed by March and January. Seasonally, the highest
DP was exhibited during the winter with winter >
spring� fall > summer (Fig. 4). Average annual time duration dur-
ing which Ut > 6 m s�1 amounted to 439 h.

High annual and monthly variability characterized the rain dis-
tribution during field measurements (March 2010 and February
2012). While 2009/10 had above average precipitation
(110.1 mm), 2010/11 and 2011/12 were both extreme drought
years with 30.4 and 35.2 mm, respectively (Fig. 5). The rainiest
months were March 2010, February and November 2011 and
Fig. 3. Annual rain amount (with average indicated by a horizontal line) (a) and s
January and February 2012, each receiving 22.8, 19.3, 14.7, 8.8
and 8.1 mm, respectively.

The absolute monthly change in pin height of all stations is
shown in Fig. 6. The values show a clear transition from the lower
to the upper stations. Whereas stations 1–7 with P90% crust cover
had an average monthly change in pin height of 0.01–0.16 cm, sta-
tions 9–12, which represent non-crusted sites, had an average
change in pin height of 1.2–1.5 cm. Station 8 with patchy crust
cover had an intermediate value with an average absolute monthly
change in pin height of 0.33 cm (Fig. 6). These results are supported
by a cluster analysis that showed a clear distinction between sta-
tions 1–7 and 9–12. Interestingly, station 8, with its partially
crusted surface, is more similar to the crusted stations 1–7. Sta-
tions 9–12 were subdivided into two groups, the relatively low-
altitude stations 9 and 10 and the relatively high-altitude stations
11 and 12 (Fig. 7).

Seasonal drift potential and the average absolute change in pin
height during the 24 months of measurements showed a similar
trend with winter > spring > fall � summer (Fig. 8). A good correla-
tion with r2 = 0.73 was obtained between the monthly DP and the
average absolute change in pin height (Fig. 9a). The data also
showed a good correlation with r2 = 0.85 between altitude and
the monthly absolute change in pin height along the transect
(Fig. 9b).
4. Discussion

Dune mobility is primarily determined by wind power
(Bagnold, 1941; Ash and Wasson, 1983). Yet, the effectiveness dur-
ing which dune mobility takes place is largely determined by veg-
etation (Hesse and Simpson, 2006), biocrusts (McKenna Neuman
et al., 1996) and moisture (Chepil, 1956; Gillette et al., 1980), with
vegetation and crusts being especially vulnerable to anthropogenic
disturbance (Gillette et al., 1980). High wind speeds (Mason et al.,
2008), intense droughts (Miao et al., 2007), and anthropogenic dis-
turbance of plants and crusts (Mason et al., 2008) are seen as pos-
sible causes for intense dune mobility.

Droughts affect moisture, vegetation, and biocrust establish-
ment and cover. Knowledge regarding the conditions during which
biocrust establishment may take place is of great importance. Both
water and wind may be considered important variables for crust
establishment. In NRS, positive significant relationships were
found during 3 years of measurements between crust biomass
easonal drift potential (DP) during the fall of 2000 to the winter of 2012 (b).



Fig. 4. Average monthly drift potential during March 2001 and February 2012. Note
that drift potential follows the pattern winter (WI) > spring (SP)� fall (FA) > sum-
mer (SU). Error bars represent ± one standard error.
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(as reflected by its chlorophyll content) and the daytime surface
wetness duration of its habitat, which acts as a surrogate for day-
time crust activity (Kidron et al., 2009). Moreover, it was shown
that under extended wetness duration a successional transition
from cyanobacterial crusts to moss-dominated crust will take place
(Kidron et al., 2010). High wind power on the other hand may
impede crust establishment, as evidenced during wind tunnel
experiments (Zhang et al., 2006), and reflected in the significant
negative relations found between surface stability and crust cover
(Kidron et al., 2009). As a result, arid regions with <50 mm and/or
with very high wind velocities may not possess biocrusts
(Verrecchia et al., 1995). Similarly, high wind velocities at the dune
crest may impede crust establishment in NRS.

Drift potential showed a clear seasonal trend with win-
ter > spring� fall > summer during the 12 year analysis, similar
to conditions described for the Mojave Desert (Bach et al., 1996;
Reheis and Urban, 2011). Similar observations regarding the
Fig. 5. The distribution of daily rain amounts during 2010–2012. While total precipita
respectively. Ticks on the x-axis are spaced in two-day intervals.
seasonality of dust emission in the Mojave Desert were also noted
by King et al. (2011) who report substantial higher dust emission
during winter. In agreement with previous reports (Bitan and
Rubin, 1991), southwesterly winds were mainly responsible for
the high DP during winter and spring, while low-DP northwesterly
winds predominated during the summer and fall. The southwest-
erly winds are often accompanied by cold fronts, and subsequently
by intense rainstorms (Enzel et al., 2008). An association between
high-speed winds and intense rainstorms was also reported from
northwestern US (Hunter et al., 1983).

After rain, the moist sand confers a greater shear strength on
the dune surface (Chepil, 1956; Svasek and Terwindt, 1974;
Skidmore, 1986; Muhs and Maat, 1993; Fécan et al., 1999; Hesse
and Simpson, 2006), substantially reducing the likelihood of high
surface erodibility. The periodical occurrence of wet surfaces (e.g.
during January 2012, and February 2011 and 2012) and high wind
speed may explain the fact that the correlation between DP and the
change in pin height was not higher than 0.73. Analyses with Ut of
8, 10, 12 and 14 m s�1 (which corresponded to an average time
duration of 123.4, 35.3, 7.2 and 1.0 h, respectively) did not improve
the correlation (data not shown), implying that for a reliable pre-
diction of surface stability based on the DP, a threshold of
6 m s�1 should be used, as was also previously suggested
(Fryberger, 1979; Mason et al., 2008). Apparently, wet surfaces
hindered erodibility during high wind speeds. In this regard, it is
interesting to note that a wet surface following 35 mm of precipi-
tation may also explain the fact that no visible erosion was
observed following an exceptionally high-velocity windstorm of
�28 m s�1 (100 km h�1) that took place during February 9th and
11th, 1992 (Kidron, 2001).

When compared to the average absolute change in pin height, a
high correlation with altitude was obtained (r2 = 0.85). Interest-
ingly, although dune height increased gradually, an abrupt change
in surface stability took place at a height of 9–10 m above the
interdune (Fig. 9b). With absolute monthly change in pin height
ranging between 0.01 and 0.16 cm at stations 1–7, it ranges
tion was 110.1 mm for 2009/2010, it was 30.4 and 35.2 for 2010/11 and 2011/12,



Fig. 6. Average monthly values of the absolute change in pin height at the 12
stations along the transect. Error bars represent ± one standard error.

Fig. 7. A cluster analysis of all stations. Note the distinction between the crusted
stations 1–7, partially crusted station 8, and the non-crusted low- and high-altitude
stations 9–12.

Fig. 8. Drift potential (a) and the average absolute change in pin height (b) during
the fall, winter, spring and summer of both years of measurements. Error bars
represent ± one standard error.
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between 1.2 and 1.5 cm at stations 9–12 (Fig. 6). While stations 1–
7 were located on formerly crusted surfaces, stations 9–12 lacked
crusts. The confinement of a patchy crust cover to one station only
(station 8) attests to a sharp boundary that exists between crusted
and non-crusted surfaces. It implies that a very narrow window of
surface stability may determine whether the surface will be
crusted or not. In NRS, the threshold between continuous crust
cover and surfaces that lack biocrusts under the current conditions
corresponds to a monthly change in pin height of 0.33 cm. This
takes place at an elevation of �198 m, i.e., �8 m above the interd-
une, as also evidenced at the northern limit of the dune field
(34�220E, 30�570N). Lower and higher wind power may respectively
increase or decrease the elevation threshold.

In this regard, field measurements that were taken by Arens
et al. (1995) at foredunes in The Netherlands may be of relevance.
Accordingly, while wind speed increased by 1.1 from the beach to
an altitude of 6 m, it increased by 1.5 at an altitude of 10 m, with
little effect thereafter when examined up to an altitude of 23 m.
Accordingly, the most significant change in wind power took place
between 6–10 m. With respect to wind transport (cubic relation-
ship with wind velocity) it may result in a threefold increase in
the sand-carrying capacity. Arens et al. (1995) findings are in
agreement with the current findings pointing at a height of 8 m
above the interdune as a transition zone between crusted and
non-crusted surfaces. The substantially higher erodibility at sta-
tions 9–12 (11–18 m above the interdune) may reflect the substan-
tial increase in the sand-carrying capacity of the wind, as well as
increased erosive power.

While previous data (1992–1994) regarding the change in pin
height (10.1–28.8 cm) were in agreement with the annual values
currently recorded for the mobile dune sections (15.0–20.9 cm),
the current values are by one order of magnitude higher than the
annual values recorded for intact crusted surfaces. According to
Kidron et al. (2009), annual change in pin height for the entirely
crusted surfaces was 0.04–0.11 cm (in comparison to 1.1–1.3 cm
during the current research), while being 0.24–0.28 cm (in com-
parison to 4.24–4.38 cm during the current research) for surfaces
with a patchy crust cover. This may be primarily explained by
the fact that while the values for 1992–1994 were monitored on
intact (crusted or partially crusted) surfaces, all crusts were
removed prior to the current measurements. As mentioned above,
repeated scalping ensured that the measurements reflect non-
crusted surfaces throughout the entire research period. Addition-
ally, this may also be partially explained by the severe droughts
and subsequently the dry surfaces that characterized the current
research period.

The differences in the erodibility values between crusted and
formerly crusted habitats point to the high efficiency in which
crusted surfaces control wind erosion following their establish-
ment. According to Kidron et al. (2000, 2009), wind erodibility at
the crusted habitats of NRS is reduced by one order of magnitude



Fig. 9. The relationships between the monthly DP and the average absolute change
in pin height at the 12 stations along the transect during the 24 months of sampling
(a), and the relationship between altitude and the average monthly change in pin
height at the different stations (b). Arrow marks the location of station 8 that
exhibits an absolute change in rod height of 0.33 cm, reflecting the transition
between the crusted (stabilized) and non-crusted (active) sections of the dune.
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following crust establishment. The current data also suggest that
under the current field conditions, habitats that experience a
monthly absolute change in surface height of up to 0.16 cm are
likely to experience crust establishment and subsequently total
crust cover. Habitats that experience a monthly absolute change
in surface height of �0.33 cm are likely to experience partial crust
establishment. Higher monthly absolute change in surface height
will prevent a successful crust establishment.

With the cyanobacterial biocrusts at NRS reaching up to
�0.3 cm in thickness (Kidron et al., 2010), the current findings
imply that as long as monthly sand deposition does not exceed
0.3 cm (i.e., the crust thickness), biocrusts are resilient to burial.
This may be attributed to the motility capability of some of the
dominant filamentous cyanobacteria such as Microcoleus vaginatus,
which was found to respond to changes in light (Campbell, 1979)
and water (Garcia-Pichel and Pringault, 2001). Since light penetra-
tion is limited to the first few millimeters (Garcia-Pichel, 2006),
one may therefore conclude that light penetration does not only
control the crust thickness but also marks the maximal sand thick-
ness that is tolerated by the crust without being subjected to death
following burial.

The findings highlight the potential role of biocrusts in the
reduction of sand erodibility in the Sinai Peninsula under condi-
tions in which grazing (and subsequently trampling) is restricted.
With cell doubling time of the cyanobacteria of 70–80 h (Kidron
et al., 2012), scalped surfaces were found to attain full recovery
of their chlorophyll content within 6–7 years (Kidron et al.,
2008). With high resilience to wind erosion (McKenna Neuman
et al., 1996; Eldridge and Leys, 2003; Jia et al., 2008) following their
unique crust structure (Mazor et al., 1996; Zhang et al., 2006), a
positive feedback mechanism may thus take place. Within several
years, newly formed crusts may substantially decrease surface
erodibility and significantly reduce sand mobilization within the
northern Sinai sand dunes.

The current findings highlight also the possible use of biocrusts
as biomarkers for surface stability, as was also previously reported
(Kidron et al., 2009). The data also imply that for the usage of
cyanobacterial biocrusts as biomarkers of former surfaces
(Svirčev et al., 2013), buried crusts may attest to monthly deposi-
tional rates >0.3 cm. This may take place in areas with sufficient
wind power capable of covering already established biocrusts. This
may also take place in crusted areas subjected to burial by sedi-
ment-laden runoff (Kidron, 2001).

Acknowledgements

We would like to thank H. Curtis Monger for fruitful conversa-
tion regarding this topic, Abraham Starinsky for his support, Isa-
bella Grishkan for technical assistance and Carol A Kidron for the
editing. We would also like to thank Mark Sweeney and another
anonymous reviewer for their most valuable comments.

References

Arens, S.M., 1996. Patterns of sand transport on vegetated foredunes.
Geomorphology 17, 339–350.

Arens, S.M., van der Lee, G.E.M., 1995. Saltation sand traps for measurement of
aeolian transport into foredunes. Soil Technol. 8, 61–74.

Arens, S.M., van Kaam-Peters, H.M.E., van Boxel, J.H., 1995. Air flow over fordunes
and implications for sand transport. Earth Surf. Proc. Land. 20, 315–322.

Arens, S.M., Slings, Q., de Vries, C.N., 2004. Mobility of a remobilized parabolic dune
in Kennemerland, The Netherlands. Geomorphology 59, 175–188.

Ash, J.E., Wasson, R.J., 1983. Vegetation and sand mobility in the Australian desert
dunefield. Z. Geomorphol. 45, 7–25.

Bach, A.J., Brazel, A.J., Lancaster, N., 1996. Temporal and spatial aspects of blowing
dust in the Mojave and Colorado deserts of southern California, 1973–1994.
Phys. Geogr. 17, 329–353.

Bagnold, R.A., 1941. The Physics of Blown Sand and Desert Dunes. Chapman and
Hall, London.

Ben-Dor, E., Levin, N., Singer, A., Karnieli, A., Braun, O., Kidron, G.J., 2006.
Quantitative mapping of the soil rubification process on sand dunes using
airborne CASI hyperspectral sensor. Geoderma 131, 1–21.

Bitan, A., Rubin, S., 1991. Climatic Atlas of Israel for Physical and Environmental
Planning and Design. Ramot Publishing, Tel Aviv University.

Bullard, J.E., Thomas, D.S.G., Livingstone, I., Wiggs, G.F.S., 1995. Analysis of linear
sand dune morphological variability, southwestern Kalahari Desert.
Geomorphology 11, 189–203.

Campbell, S.E., 1979. Soil stabilization by prokaryotic desert crusts: implications for
Precambrian land biota. Origins Life 9, 335–348.

Chepil, W.S., 1956. Influence of moisture on erodibility of soil by wind. Soil Sci. Soc.
Am. Proc. 20, 288–292.

Dong, Z., Liu, X., Wang, H., Wang, X., 2003. Aeolian sand transport: a wind tunnel
model. Sed. Geol. 161, 71–83.

Eldridge, D.J., Leys, J.F., 2003. Exploring some relationships between biological soil
crusts, soil aggregation and wind erosion. J. Arid Environ. 53, 457–466.

Ellis, J.T., Douglas, J.S., Farrell, E.J., Li, B., 2012. Temporal and spatial variability of
aeolian sand transport: implications for field measurements. Aeolian Res. 3,
379–387.

Enzel, Y., Amit, R., Dayan, U., Crouvi, O., Kahana, R., Ziv, B., Sharon, D., 2008. The
climate and physiographic controls of the eastern Mediterranean over the late
Pleistocene climates in the southern Levant and its neighboring deserts. Global
Planet. Change 60, 165–192.

Evenari, M., 1981. Ecology of the Negev Desert, a critical review of our knowledge.
In: Shuval, H. (Ed.), Developments in Arid Zone Ecology and Environmental
Quality. Balaban ISS, Philadelphia, Pa, pp. 1–33.

Fécan, F., Marticorena, B., Bergametti, G., 1999. Parameterization of the increase of
the aeolian erosion threshold wind friction velocity due to soil moisture for arid
and semi-arid areas. Ann. Geophys. 17, 149–157.

Fryberger, S.G., 1979. Dune forms and wind regime. In: McKee, E.D. (Ed.), A Study of
Global Sand Seas. Geological Survey Professional Paper 1052. Geological Survey,
Washington, pp. 137–169.

Fryberger, S.G., Al-Sari, A.M., Clisham, T.J., Rizvi, S.A.R., Al-Hinai, K.G., 1984. Wind
sedimentation in the Jafurah sea, Saudi Arabia. Sedimentology 31, 413–431.

Garcia-Pichel, F., 2006. Plausible mechanisms for the boring on carbonates by
microbial phototrophs. Sed. Geol. 185, 205–213.

Garcia-Pichel, F., Pringault, O., 2001. Cyanobacteria track water in desert soils.
Nature 413, 380–381.

http://refhub.elsevier.com/S1875-9637(14)00035-4/h0005
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0005
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0010
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0010
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0015
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0015
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0020
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0020
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0025
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0025
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0030
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0030
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0030
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0035
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0035
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0040
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0040
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0040
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0045
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0045
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0050
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0050
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0050
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0055
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0055
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0060
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0060
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0065
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0065
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0070
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0070
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0075
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0075
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0075
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0080
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0080
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0080
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0080
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0085
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0085
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0085
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0090
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0090
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0090
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0095
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0095
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0095
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0100
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0100
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0105
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0105
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0110
http://refhub.elsevier.com/S1875-9637(14)00035-4/h0110


G.J. Kidron, M. Zohar / Aeolian Research 15 (2014) 261–267 267
Gillette, D.A., Adams, J., Endo, A., Smith, D., 1980. Threshold velocities for input of
soil particles into the air by desert soils. J. Geophys. Res. 85, 5621–5630.

Hesse, P.P., Simpson, R.L., 2006. Variable vegetation cover and episodic sand
movement on longitudinal desert sand dunes. Geomorphology 81, 276–291.

Hugenholtz, C.H., Wolfe, S.A., 2005. Recent stabilization of active sand dunes on the
Canadian prairies and relation to recent climate variation. Geomorphology 68,
131–147.

Hugenholtz, C.H., Wolfe, S.A., Walker, I.J., Moorman, B.J., 2009. Spatial and temporal
patterns of aeolian sediment transport on an inland parabolic dune, Bigstick
Sand Hills, Saskatchewan, Canada. Geomorphology 105, 158–170.

Hunter, R.E., Richmond, B.M., Alpha, T.R., 1983. Storm-controlled oblique dunes of
the Oregon coast. Geol. Soc. Am. Bull. 94, 1450–1465.

Jain, S.K., Keshri, R., Goswami, A., Sarkar, A., Chadhry, A., 2009. Identification of
drought-vulnerable areas using NOAA AVHRR data. Int. J. Remote Sens. 30,
2653–2668.

Jia, R.L., Li, X.R., Liu, L.C., Gao, Y.H., Li, X.J., 2008. Responses of biological soil crusts to
sand burial in a revegetated area of the Tengger Desert, Northern China. Soil
Biol. Biochem. 40, 2827–2834.

Jungerius, P.D., van der Muelen, F., 1989. The development of dune blowouts, as
measured with erosion pins and sequential air photos. Catena 16, 369–376.

Kadmon, R., Leschner, H., 1994. Ecology of linear dunes: effect of surface stability on
the distribution and abundance of annual plants. Adv. GeoEcol. 28, 125–143.

Kidron, G.J., 2001. Runoff-induced sediment yield from dune slopes in the Negev
Desert, 2: texture, carbonate and organic matter. Earth Surf. Proc. Land. 26,
583–599.

Kidron, G.J., Barzilay, E., Sachs, E., 2000. Microclimate control upon sand microbiotic
crust, western Negev Desert, Israel. Geomorphology 36, 1–18.

Kidron, G.J., Vonshak, A., Abeliovich, A., 2008. Recovery rates of microbiotic crusts
within a dune ecosystem in the Negev Desert. Geomorphology 100, 444–452.

Kidron, G.J., Vonshak, A., Abeliovich, A., 2009. Microbiotic crusts as biomarkers for
surface stability and wetness duration in the Negev Desert. Earth Surf. Proc.
Land. 34, 1594–1604.

Kidron, G.J., Vonshak, A., Dor, I., Barinova, S., Abeliovich, A., 2010. Properties and
spatial distribution of microbiotic crusts in the Negev Desert. Catena 82, 92–
101.

Kidron, G.J., Barinova, S., Vonshak, A., 2012. The effects of heavy winter rains and
rare summer rains on biological soil crusts in the Negev Desert. Catena 95, 6–
11.

King, J., Etyemezian, V., Sweeney, M., Buck, B.J., Nikolich, G., 2011. Dust emission
variability at the Salton Sea, California, USA. Aeolian Res. 3, 67–79.

Lancaster, N., Baas, A., 1998. Influence of vegetation cover on sand transport by
wind: field studies at Owens Lake, California. Earth Surf. Proc. Land. 23, 69–82.

Levin, N., Ben-Dor, E., 2004. Monitoring sand dune stabilization along a coastal
dunes of Ashdod-Nizanim, Israel, 1945–1999. J. Arid Environ. 58, 335–355.

Levin, N., Kidron, G.J., Ben-Dor, E., 2006. The spatial and temporal variability of sand
erosion across a stabilizing coastal dune field. Sedimentology 53, 697–715.

Leys, J.F., Eldridge, D.J., 1998. Influence of cryptogamic crust disturbance to wind
erosion on sand and loam rangeland soils. Earth Surf. Processes Landforms 23,
963–974.
Li, X.Y., Liu, L.Y., Wang, J.H., 2004. Wind tunnel simulation of aeolian sandy soil
erodibility under human disturbance. Geomorphology 59, 3–11.

Mason, J.A., Swinehart, J.B., Lu, H., Miao, X.Y., 2008. Limited change in dune mobility
in response to a large decrease in wind power in semi-arid northern China since
the 1970s. Geomorphology 102, 351–363.

Maurer, T., Herrmann, L., Stahr, K., 2010. Wind erosion characteristics of Sahelian
surface types. Earth Surf. Proc. Land. 35, 1386–1401.

Mazor, G., Kidron, G.J., Vonshak, A., Abeliovich, A., 1996. The role of cyanobacterial
exopolysaccharides in structuring desert microbial crusts. FEMS Microbiol. Ecol.
21, 121–130.

McKenna Neuman, C., Maxwell, C.D., Boulton, J.W., 1996. Wind transport of sand
surfaces crusted with photoautotrophic microorganisms. Catena 27, 229–247.

Miao, X., Mason, J.A., Swinehart, J.B., Loope, D.B., Hanson, P.R., Goble, R.J., Liu, X.,
2007. A 10,000 year record of dune activity, dust storms, and severe drought in
the central Great Plains. Geology 35, 119–122.

Muhs, D.R., Maat, P.B., 1993. The potential response of eolian sands to greenhouse
warming and precipitation reduction on the Great Plains of the U.S.A.. J. Arid
Environ. 25, 351–361.

Pandey, R.P., Pandey, A., Galkate, R.V., Bun, H.R., Mal, B.C., 2010. Integrating hydro-
meteorological and physiographic factors for assessment of vulnerability to
drought. Water Resour. Manage. 24, 4199–4217.

Reheis, M.C., Urban, F.E., 2011. Regional and climatic controls on seasonal dust
deposition in the southwestern U.S.. Aeolian Res. 3, 3–21.

Rosenan, N., Gilad, M., 1985. Atlas of Israel. Meteorological Data. Carta, Jerusalem.
Roskin, J., Porat, N., Tsoar, H., Blumberg, D., Zander, A.M., 2011. Age, origin and

climatic controls on vegetated linear dunes in the northwestern Negev Desert
(Israel). Quat. Sci. Rev. 30, 1649–1674.

Rubin, D.M., Tsoar, H., Blumberg, D.G., 2008. A second look at western Sinai seif
dunes and their lateral migration. Geomorphology 93, 335–342.

Sherman, D.J., Farrell, E.J., 2008. Aerodynamic roughness lengths over movable
beds: Comparison of wind tunnel and field data. J. Geophys. Res. 113, F02S08.

Skidmore, E.L., 1986. Wind erosion climatic erosivity. Climatic Change 9, 195–208.
Svasek, J.N., Terwindt, J.H.J., 1974. Measurements of sand transport by wind on a

natural beach. Sedimentology 21, 311–322.
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