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Abstract: With biocrusts playing a cardinal role in C and N fixation in arid zones, information regarding the factors that
determine their limits of growth is of uttermost importance for the study of ecosystem structure and function. This is also
the case in the western Negev dunefields, where although abundant on the sandy surfaces, biocrusts are scarce on fine-
grained (mainly loessial) sediments, termed playas. In the Nizzana research site (NRS), visibly distinct surfaces, with and
without biocrusts were noted within a single playa. In an attempt to characterize these distinct surfaces, a set of random
measurements were carried out, which included measurements of crack density, microrelief and chlorophyll content of
the upper 0—1 cm. Following a cluster analysis, four distinct types of surfaces (hereafter habitats) were defined, one with
substantial amount of chlorophyll content which can be regarded as biocrust (P4), and three non-crusted surfaces (P1—
P3). Within each type, two 50 cm-deep pits were dug and the pH, electrical conductivity (EC) and fine (silt and clay)
content (FC) of samples collected at 1-5, 5-10, 10-20, 20-30, 3040 and 40-50 cm-depth were analyzed. In addition,
periodical moisture measurements were carried out (in pairs) to a depth of 0-20 cm at each surface type during 2013/14.
All non-crusted habitats (P1-P3) were characterized by loessial subsurface sediments. Conversely, P4 was either charac-
terized by loessial subsurface sediments (and in this case it was characterized by a slightly concave surface) or having a
sandy subsurface (at ~5—10 cm depth). While the non-crusted surfaces exhibited low moisture content, P4 exhibited
deeper and higher moisture content explained either by the more sandy sediments or by lower water loss through runoff.
The findings point to the close link between surface and subsurface properties and indicate that water availability may
explain biocrust establishment and growth also at the loessial playa surfaces. Biocrusts may thus serve as bioindicators

for habitats with high moisture content.
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INTRODUCTION

Playing a cardinal role in C (Elbert et al., 2012; Lange et al.,
1992) and N (Johnson et al., 2007; Mayland and McIntosh,
1966; Strauss et al., 2012) fixation in arid zones, the factors that
determine biocrust distribution are of utmost importance. High-
biomass and an absence of biocrusts may imply high and low
input of C and N, respectively (Kidron et al., 2015a, b), affect-
ing in turn ecosystem structure and function (Weltzin et al.,
2003; Yang et al., 2011). Of special interest are the factors that
control biocrust establishment and determine the ‘limit of life’
threshold above which their establishment is possible. This is
also the case in the western Negev dunefields, where although
abundant on the sandy surfaces, biocrusts are scarce on the
fine-grained (mainly loessial) sediments, termed playas.

Playas are common in arid ecosystems. Being remnants of
previous close-basin lakes during previous wet palacoclimate
(Bowler et al., 1986; Magee et al., 1995) or ephemeral water
bodies following occasional inundations (Handford, 1982;
Magee et al., 1995), the playas are characterized by low organic
matter (Bowler et al., 1986) and low-porosity fine-grained
sediments, mainly consisting of silt and clay (Bowler et al.,
1986). These flat fine-grained sediments characterized many of
the arid and semi-arid regions of the world, reported, among
other places, from the arid regions of the southwestern USA
(Handford, 1982; Malek, 2003; Wondzell et al., 1990), the
Sahara (Hamdi-Aissa et al., 2004; Schild and Wendorf, 2001),
Namibia (Ward, 1988), China (Pachur and Wiinnemann, 1995;
Vengosh et al., 1995) and Australia (Bowler et al., 1986; Magee
et al., 1995). In contrast to playa lakes which are wet >75% of
the year, playas are defined as sediments which are dry >75%

of the year (Briere, 2000). Being predominantly saline (Magee
et al., 1995; Vengosh et al., 1995), they are clearly visible by
their pale color and their extremely low cover (or absence) of
vegetation. Many of the playas also lack biocrusts and subse-
quently the protective role provided by the biocrusts turning
them into an effective wind-blown source of dust (Lee et al.,
2009; Reynolds et al., 2007; Sweeney et al., 2011).

Also common in the arid regions of Israel (Amit et al., 1999;
Blume et al., 2008; Pen-Mouratov et al., 2011; Yu et al., 2012),
the presence of playas in the Hallamish dunefield in the western
Negev Desert (Israel) is of special interest. Whereas biocrusts
cover all sandy surfaces of the interdunes, biocrusts do not
inhabit most of the playas within the dunefield. In contrast to
the aeolian formation of the longitudinal dunes, these playas
were deposited by the adjacent Nahal Nizzana (dry river bed,
also termed wadi or arroyo) during occasional floods, during
which dunes blocked the river bed, forcing flood water to pene-
trate into the dunefield (Kidron, 2001). Sediments carried by
the flood water were deposited in low-topographical loci, usual-
ly 40—80 m in diameter and 1-2 m deep, creating bright flat and
bare patches, which are easily distinguished from the adjacent
undulating and relatively dark and sparsely vegetated interdune
surfaces (Fig. 1a).

These loessial sediments have a different hydrological re-
gime. In contrast to loose sand that does not produce runoff and
is therefore characterized by deep infiltration (Hillel and
Tadmor, 1962; Kidron, 1999), these fine-grained playa surfaces
do not facilitate deep infiltration while readily generating runoff
(Blackburn, 1975; Kidron et al., 2012b; Kidron, 2014a). While
runoff may take place in humid regions following water repel-
lency (Cerda, 1997; Lichner et al., 2007), this is not the case in
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Fig. 1. General view of the playa at the middle of the interdune (a)
and a clear boundary between high-microrelief (which characterize
the biocrusted surface) at the right side of photograph, and low-
microrelief surfaces at the left side of photograph (b).

NRS, where runoff is produced following surface pore clogging
(Kidron, 2014a).

While most of the playa surfaces in the Hallamish dune field
lack biocrusts, biocrusts were noted in certain loci which occu-
py ~25% of the playas. These surfaces were easily distin-
guished, especially by their higher microrelief (Fig. 1b). The
aim of the research was to examine the hypothesis that
biocrusted surfaces benefit from higher moisture content dictat-
ed in turn by the upper soil layers. The research entailed meas-
urements of the variable properties of distinctive visible micro-
habitats (hereafter habitats) as well as periodic moisture meas-
urements carried out during the rainy season of 2013/14.

THE RESEARCH SITE AND METHODOLOGY

The research was conducted in the Nizzana research site
(NRS) of the Hallamish dunefield in the western Negev Desert,
Israel (34°23'E, 30°56'N). The dunefield, which consists of up
to 15-20 m high longitudinal (west-east trending) dunes sepa-
rated by 50-200 m-wide interdunes, comprises the easternmost
terminus of the northern Sinai Peninsula-northwestern Negev
erg (Roskin et al., 2011). While long-term mean annual precipi-
tation (1950-1980) is 95 mm (Rosenan and Gilad, 1985), fall-
ing between November and April, it was only 66.5 mm during
1994-2012 (Kidron, 2015). Mean daily annual temperature is

20°C; it is 26.5°C during the hottest month of July and 11.8°C
during the coldest month of January. Annual potential evapora-
tion is ~2600 mm (Evenari, 1981).

For the current research, a 40 m-diameter playa was chosen.
The playa has a gentle 3°-slope towards south, reflected in
north-south oriented rills that point to the occurrence of runoff
at the playa surface, as also previously reported (Kidron,
2014a). This is further supported by the presence of a 3—4 m-
diameter depression at the southern edge of the playa, which
serves as a sink for runoff (Kidron and Vonshak, 2012).

Three transects with 6 plots each (~0.8m x 0.8 m in intervals
of 4-5 m) were demarcated within the playa. The properties of
each plot were monitored. Measurements included crack densi-
ty, microrelief, pH, electrical conductivity (EC), chlorophyll
content and the fine (silt and clay) content. Following cluster
analysis during which four types of surfaces (habitats) were
identified (P1-P4), a pair of pits were dug in each habitat to a
depth of 50 cm and the pH, electrical conductivity (EC) and
fine (silt and clay) content (FC) was determined at 1-5, 5-10,
10-20, 20-30, 30-40, and 40-50 cm-depth. In addition, period-
ically moisture measurements were conducted at 1-5, 5-10,
10-15, and 10-20 cm in a pair of sites of each type of habitats
during the growing seasons of 2013/14.

For the identification of surface properties, crack density,
microrelief and chlorophyll content were measured. Crack
density was determined by measuring the length of cracks in
each plot (3 repetitions for each) within 10 x 10 cm frame. The
microrelief was measured with 18.8 cm long profilemeter (with
60 rods spaced at 3.1 mm apart). The variance in rod height (in
absolute values) represented roughness (Kidron, 2007; Sanchez
and Wood, 1987). Calculation of the average variance in rod
height (in millimeter) per 1 cm length was carried out with the
assistance of photographs taken for each measurement (3 repli-
cas for each plot). Chlorophyll a (hereafter chlorophyll) was
determined in 1.0 cm thick of 1.2 c¢cm diameter cores, taken
from each plot (3 replicates for each plot). The samples were
extracted by hot methanol (70°C, 20 min) in the presence of
MgCO; (0.1% w/v) in sealed test tubes and assayed according
to Wetzel and Westlake (1969).

For the determination of the 0—-10 cm upper surface, pH, EC
and FC were measured. pH and EC (2 replicas for each plot)
were measured in a saturated paste with MP-103, and Exstick
EC400 (Extech Instruments, Taiwan), respectively. As for FC,
it was measured in ~20 g samples. The samples were mixed
with 0.5% of sodium hexametaphosphate and treated by ultra-
sonic waves for 10 min to ensure silt and clay separation. They
were then wet sieved through a 63 micron mesh and the percent
of the silt and clay (<63p) within the sample was calculated.

Rain was measured in a nearby meteorological station,

4.5 km south of the research site, and with a small rain gauge at
the playa, that measured the in-situ (i.e., hydrological) rain. The
hydrological rain served to adjust the quantities measured in the
meteorological station, which at times exhibited differences
(usually small) due to variable rain intensities. For the determi-
nation of the available water content (AWC), measurements of
the gravimetric water content were manually conducted in 20-
30 g samples. Although time-consuming, direct measurements
by weight provide the most exact values of the amount of water
within the soil sample, serving therefore as the standard calibra-
tion method for all other methods, such as moisture sensors
connected to data loggers (Yoder et al., 1998) or neutron gaug-
es (Leib et al., 2003), which are used in turn for the calibration
of moisture obtained using remote sensing methods (Famiglietti
et al., 1999). It is worth mentioning, that water loss following
soil disturbance and the manual sampling is negligible due to
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the fact that sampling is carried out within minutes after dig-
ging and due to low evaporation rates during the rainy season
(of <2 mm d'; see Kidron, 2009).

In order to account for the difference in texture, the volumet-
ric water content was then calculated based on the average bulk
density as determined by pressure plates (Kidron et al., 2002).
The volumetric water content was first calculated in accordance
with the equation:

Wv=Www*Db/Dw €))

Where Wv (cm’ cm™) is the volumetric water content, Ww (2)
the gravimetric water content, Db (g cm ) is the soil bulk den-
sity and Dw (g cm™) is the water density (=1).

Thereafter, AWC was determined in accordance with Hillel
and Tadmor (1962):

AWC=Wv—Wwp 2)

Where AWC is the available water content (cm3 cm’3) and Wwp
(cm’ cm”) is the amount of the volumetric water at wilting
point.

For the establishment of the differences between the habi-
tats, one-way ANOVA was executed (SPSS version 11; IL,
Chicago, USA). Once exhibiting significant differences, the
Tukey post-hoc test was used to identify differences between
habitats. Data were regarded significant at P< 0.05.

RESULTS AND DISCUSSION

When characterized by the crack density, microrelief, and
chlorophyll content of the surface and by the 0—10 cm deep pH
and EC, cluster analysis shows four distinct types of surfaces
(P1-P4). When the upper 0—10 cm FC was included, P4 was
subdivided to P41 (with 1 denoting a loessial subsurface) and

P4s (with s denoting a sandy subsurface) (Fig. 2). Considering
the focus of the current research, the findings therefore point to
the presence of one biocrusted (P4) and three non-biocrusted
(P1-P3) habitats.

The four distinct habitats exhibited a gradual increase in
crack density and roughness from P1 to P4 (Fig. 3a, b). A grad-
ual increase also characterized the chlorophyll content (Fig. 3c).
Lower pH (Fig. 3d) but very high EC (Fig. 3e) characterized P1
in comparison to P2, P3 and P4, with EC values showing a
decreasing conductivity with P1 (8.4 mS) > P2 (1.67 mS) > P3
(1.22 mS) > P4 (1.00 mS). As for FC, non-significant differ-
ences characterized the P1-P3 habitats (with FC >80%, alt-
hough exhibiting a general decrease from P1 to P3) with P4
exhibiting a significant decrease. With two out of the five plots
in P4 exhibiting low fine content of 45-60% (with an average
of 52.7% for P4s as opposed to 81.9% for P4l), the combined
average dropped substantially to 68.1% at the 0—-10 cm, being
also characterized by a high standard error (Fig. 3f).

The four habitats showed a distinct appearance, mainly due
to the differences in crack density and microrelief (Fig. 4).
Whereas P1 and P4 covered ~40-50% and ~20-25% of the
playa surface, respectively, P3 and P4 occupied each ~15-20%
of the playa. Apart from crack density and microrelief, the
differences were also reflected in the chlorophyll content. Only
P4 exhibited a visibly greening effect (sensu Brock, 1975) as
previously noted in NRS (Kidron et al., 2012a) upon extended
wetness during a cloudy day, and therefore could be regarded
as biocrusted. Indeed, these biocrusts were predominantly in-
habited by the filamentous Microcoleus vaginatus, as verified
during microscopic examinations, carried out by Burkhard
Biidel (University of Kaiserlautern, Germany). Microcoleus sp.,
which is regarded as a pioneer biocrust species (Biidel, 2005),
is indeed known for its high motility, triggered by a search for
optimum light (Campbell, 1979) and water (Garcia-Pichel and
Pringault, 2001).
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Fig. 2. Cluster analysis showing four principal types of habitats P1 (a), P2 (b), P3 (c) and P4 (d). While the habitats P1-P3 are
non-biocrusted, P4 is a biocrusted habitat. P41 and P4s denote a loessial and sandy 5—10 cm subsurface, respectively.
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Fig. 3.Average surface values of crack length (a), microrelief (b) and chlorophyll a content (c), and average values for the upper 0—10 cm
of pH (d), electrical conductivity, EC (e) and fine content, FC (f). Bars represent one SE. Different letters indicate significant differences

(P <0.05).

Fig. 4. Close view of the habitat P1 (a), P2 (b), P3 (c), and P4 (d).
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In comparison to chlorophyll values of <6 mg m” of habitats
P1-P3, the cyanobacterial crust of P4 was characterized by an
average chlorophyll content of 12.5 mg m’. Regardless whether
at P4l or P4s, chlorophyll content ranged between 8—17 mg m
at both subplots. Taking the greening effect as an easy visible
indicator for biocrusts, one can conclude that chlorophyll con-
tent of ~10 mg m’ may be regarded as a rough threshold for
biocrusts, and consequently, P4 can be regarded as biocrusted.
One should however be aware of the fact that some M.
vaginatus filaments could have been observed at P3. However,
they were of very low density and did not exhibit a visible
‘greening effect’.

In this regard it is interesting to note that while sandy surfac-
es with a chlorophyll content of <10 mg m* did not yield run-
off, surfaces with a chlorophyll content of >10 mg m > readily
yielded runoff as early as two years after scalping (Kidron,
2007). Runoff generation from these surfaces was attributed to
a juvenile biocrust, sufficiently dense to generate runoff. Simi-
larly, the ‘greening effect’ at P4 points to sufficiently dense
filaments, supporting the conclusions that surfaces with a chlo-
rophyll content of >10 mg m” can be regarded as biocrusts.

When the pH, EC, and FC of the soil profiles of each of the
four habitats were examined (Fig. 5), some points emerge:

(a)  All samples, regardless of surface type, exhibited a
general increase in the pH from 0-1 cm to 1-5 cm and a de-
crease thereafter. All values were >7.42.

(b) Initially, EC exhibited increasingly higher values with
depth, with maximum values at 20-30 cm. P4 exhibited the
lower EC values at 5-10 cm.

(c)  While almost all samples have high FC, this is not the
case for two of the P4 samples, which showed an average FC of
only 23.2% at 5-10 cm.

(d)  Similar properties characterized the subsurface hori-
zons, especially below 10 cm.

The high maximum EC at 20-30 cm may indicate maximal
water infiltration and hence terminal salt deposition at these
depths. This is in agreement with the high responsiveness of the
playa surfaces to rain. Following low rates of infiltration
(Blackburn, 1975), excess of water runs off the compacted
playa surfaces resulting in high runoff yield (Kidron, 2014a).
While most of the runoff will leave the playa, slightly concave
surfaces will not readily produce runoff, allowing for most of
the rain to infiltrate at these loci, as noted for P41. Alternatively,
some of the P4 plots (P4s) were characterized by a large-pore
sandy layer at 5-10 cm depth, which may be seen as a local
"water reservoir".

The reason for the sandy layer at 5-10 cm is unclear. One
possible scenario is that the sandy layer may have resulted from
animal digging, such as by gazelle (as often observed in the
field). These digs may have been subsequently filled with wind-
blown sand, and later covered by local runoff-laden fine-
textured sediments. The clear and non-fragmented gradients in
EC and especially FC with depth do not support multiple inun-
dation events. Although reported from other playas adjacent
(~0.5 km) to Nahal Nizzana (Blume et al., 2008), the current
findings point to the great similarity at the deeper soil layers
(>10 cm), as verified by the pH, EC and FC, supporting the
notion that the upper 50 cm of the current playa was apparently
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Fig. 5. The distribution of pH (a), electrical conductivity, EC (b) and fine content, FC (c) at 0-50 cm of the four habitats (P1-P4). Denote

the lower FC at 5-10 cm of P4s. Bars represent one SE.
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deposited during a single event - a likely scenario due to the
great distance of the playa (~2 km) from Nahal Nizzana. While
having similar properties at depth (30-50 cm), P4 exhibited
different properties at 5-10 cm. Nevertheless, whether charac-
terized by an entirely loessial profile or a sandy subsurface at
5-10 cm, P4 retained its moisture longer following rain, as
verified during the rainy season of 2013/14.

The rainy season of 2013/14 was wet, with a total of
125.8 mm. It was characterized by three >20 mm and three >10
mm rainstorms (Fig. 6). When the moisture content of P1, P4l
and P4s, was periodically monitored, substantial higher AWC
characterized P4 (both P41 and P4s) in comparison to P1. The
AWC at P2 and P3 was also slightly higher than that of P1, as
verified during periodical measurements (not shown). This is

explained by the lower FC at the 0—10 cm at P2 and P3 in com-
parison to P1, which apparently allows for slightly higher infil-
tration (and therefore higher AWC), reflected in turn in the
lower EC values of P2 and P3 at 0—10 cm in comparison to P1
(Fig. 3e).

While biocrusts may affect the AWC following their higher
capacity to absorb water (Kidron, 2014b), the overall effect of
biocrusts on the entire soil profile due to their higher water-
holding capacity (WHC) is very small and may be regarded as
negligible. This stems from the fact that the biocrusts are con-
fined to a very thin (0.3-0.4 cm) layer, many folds thinner than
the wetted profile. Additionally, by inhabiting the upper surface
which is subjected to intense and therefore rapid evaporation,
the positive effect of the crusts due to their high WHC may
only be short-lasting, as previously reported (Kidron, 2014b).
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The significantly higher AWC at P4 can be clearly noted in
Figure 7. This was also verified by a paired t-test. Whereas no
significant differences were found in the AWC of P41 and P4s
(P = 0.67), significantly higher amounts characterized P4 in
comparison to P1 (P = 0.003). As can be seen in Figure 7, P4
also retained its moisture for longer duration, for instance,
during 29.12.2013, and 3.4.2014. Moisture recorded at these
dates reflected the preceding rain that fell 15 and 20 days earli-
er, respectively. Due to the fact that these flat surfaces receive
similar incoming radiation, the lower rate of evaporation at P4
may therefore reflect the higher initial moisture content at P4,
in agreement with the close link between moisture content and
duration that characterize sandy habitats (Kidron, 2010). This
higher initial moisture content results from the higher infiltra-
tion in P4. This implies in turn more efficient salt leaching and
subsequently a decrease in EC. Nevertheless, substantially
lower EC was recorded only for the upper 5-10 cm, attesting to
the overall limited infiltration depth of the playa surfaces.

Following the close link between subsurface and surface
moisture content on sand and between the chlorophyll content
of the biocrusts and the surface moisture content of sand
(Kidron and Benenson, 2014), one can safely conclude that
similar relations also characterize the playa surfaces. Contrary
to P1 (and also to P2 and P3 although to lesser degree), P4
exhibited visibly prolonged moisture content following rain
events. Also, the slightly higher moisture content found during
periodical measurements at P3 in comparison to P1 is in agree-
ment with the slightly higher chlorophyll values that character-
ize P3 in comparison to P1. This was also apparent in micro-
scopic observations, during which some M. vaginatus filaments
could have been observed at P3.

The substantially longer moisture duration at P4 was verified
in numerous field observations. However, contrary to other
publications which reported occasional water ponding (Bowler
et al., 1986; Briere, 2000), the extremely low and hardly noted
concavity at P41 did not result in clear water ponding. This may
explain the absence of roll-up structures that follow ponding, as
noted for instance in some restricted loci of the NRS interdunes
(see Figure 1c in Kidron, 2014a) and in some playas in south-
western US (Beraldi-Campesi and Garcia-Pichel, 2011). And
thus, while most of the incident rain remained in P4, substantial
water loss through runoff characterized the non-biocrusted
habitats (P1-P3).

This may explain in turn the limited infiltration depth and
the relatively high xerosis of the playa surfaces. This was also
supported during an analysis of the microfungal population
with depth (0-70 cm). While the amount of CFU (colony form-
ing units which denotes the microfungal density) on sand re-
mained relatively constant with depth (attesting to efficient and
deep water infiltration), a substantial decrease characterized the
playa surfaces at >10-20 cm. Additionally, the biocrusted habi-
tat (P4) also exhibited substantially higher CFU in comparison
to the non-biocrusted habitats, further attesting to the higher
moisture content of the biocrusted habitat (Grishkan and
Kidron, 2015).

With maximum chlorophyll content (at P4) being about half
that of the adjacent sandy biocrusted interdunes (Kidron and
Vonshak, 2012), one may conclude that wetness duration is
substantially shorter at the playa surfaces. The findings indicate
that lack of sufficient water rather than toxic elements (Blume
et al., 1995) may explain biocrust scarcity at the playa surfaces
at NRS, as also verified during growth experiments during
which cyanobacterial crusts were grown successfully under lab
conditions following surface wetting (Kidron, unpub.). The data

thus imply that a shortage of water limits the establishment of
biocrusts over most of the playa surface.

The findings support the initial hypothesis that differences in
the habitat's moisture regime may explain the presence/absence
of biocrusts, and that these relations are specifically controlled
by the upper 0—10 cm. As reported from sandy surfaces in the
Negev (Kidron and Vonshak, 2012) and central Europe
(Fischer et al., 2014), and from loessial surfaces in the Chihua-
huan Desert (Kidron and Gutschick, 2013), biocrusts at the
playa surfaces at NRS point to the possible addition of water.
And thus, similarly to sandy surfaces (Kidron et al., 2009),
biocrusts at the playa surfaces may serve as bioindicators for
habitats with high moisture content. Conversely, surfaces with-
out biocrusts may point to insufficient moisture content. Short-
age of moisture will impede biocrust establishment and will
subsequently negatively affect the input of C and N into the
ecosystem.
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