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their potential hydrological and ecological implications
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Abstract: In arid and semiarid regions where water is the main limiting factor, water redistribution is regarded as an im-
portant hydrological process of great ecological value. By providing additional water to certain loci, moist pockets of
great productivity are formed, characterized by high plant biomass and biological activity. These moist pockets are often
a result of runon. Yet, although runoff may take place on semi-flat undulating surfaces, runoff measurements are thus far
confined to slopes, where a sufficient gradient facilitates downslope water harvesting. On undulating surfaces of mounds
and depressions, such as in interdunes, no quantification of the amount of water reaching depressions is feasible due to
the fact that no reliable method for measuring the runoff amounts in semi-flat terrains is available. The current paper de-
scribes specific runoff plots, designed to measure runoff in depressions (sinks). These plots, termed sink plots (SPs),
were operative in the Hallamish dunefield (Negev Desert, Israel). The paper presents measurements of runoff yield that
were carried out between January 2013 and January 2014 on SPs and compared them to runoff obtained from crusted
slope plots and fine-grained (playa) surfaces. The potential hydrological and ecological implications of water redistribu-

tion within semi-flat terrains for this and other arid ecosystems are discussed.
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INTRODUCTION

In arid and semiarid regions where water is the main limiting
factor, water redistribution is regarded as an important hydro-
logical process of great ecological value (Noy-Meir, 1973). One
of the main factors that contribute to water redistribution is
runoff. Runoff in turn may reach the footslopes either as sheet
flow or through gullies.

Indeed, measurements of surface runoff are thus far confined
to slopes. With runoff plots being constructed on sloping
ground, runoff is harvested downslope. Runoff plots were re-
ported from the Negev Desert (Kidron and Yair, 1997; Kidron
et al., 2003; Tadmor and Shanan, 1969; Yair and Lavee, 1985),
the southwestern US deserts (Kidron et al., 2012; Schlesinger et
al., 2000), the Tabernas Desert (Canton et al., 2002; Rodriguez-
Caballero et al., 2012), and the northwestern deserts of China
(Li, 2003). In all these examples, the amount of water reaching
the footslope or the bottom part of the plot was measured. Nev-
ertheless, runoff may also be generated on low-angle surfaces in
semi-flat terrains.

Semi flat surfaces characterize many arid and semiarid re-
gions. Typically, they have undulating surfaces, with adjacent
mounds and depressions (sinks). In the Jornada Experimental
Range (JER), in the northern Chihuahuan Desert (NM, USA)
for instance, 1-2 m-diameter and 0.1-0.2 m-deep depressions
are characterized by exceptionally high grass cover (Fig. 1a),
explained by the addition of runoff from the immediate vicinity
(Kidron and Gutschick, 2013). In the Nizzana research site
(NRS) within the Hallamish dunefield, western Negev Desert
(Israel), similar size depressions are scattered within the inter-
dunes (Fig. 1b), characterized by high-biomass biological soil
crusts, BSCs (Fig. 1c). Runoff contribution is thought to ac-
count for these high-biomass crusted patches (Kidron and Von-
shak, 2012).

Contrary to silty sediments such as in JER which readily
generate runoff (Blackburn, 1975), runoff at the sandy dunes of

NRS was generated due to the presence of BSCs. Being com-
posed of cyanobacteria, lichens, mosses, fungi and bacteria
(Lange et al., 1992), the biological soil crusts (mostly ~1-3 mm
thick) were found capable of absorbing copious amounts of
water, which readily produce runoff under medium and high
rain intensities (Kidron, 1999). Alternatively, except for very
specific and limited loci, BSCs do not inhabit the playas. Run-
off generation at the playa surfaces stems from the non-porous
nature of the loessial sediments.

Being a prerequisite for runoff generation on sand (Kidron,
1999), the capability of BSCs to generate runoff was attributed
to pore clogging mainly due to exopolysaccharides, EPS (Fisch-
er et al., 2012; Kidron et al., 1999; Mazor et al., 1986), which
are principally produced by cyanobacteria (Moore and Tischer,
1964). A positive linear relationship was indeed found between
runoff and the total polysaccharides of the cyanobacterial crusts
(Kidron et al., 2003). While several consecutive minutes with
high intensities of >20 mm h™' were necessary for runoff pro-
duction on dry surfaces, intensities as low as 9 mm h™' sufficed
to produce runoff on wet surfaces. Lower intensities of 6—7 mm
h™' sufficed to produce runoff from the fine-grained loessial
sediments, attesting to the high responsiveness of the playa
surfaces even under relatively low intensities.

All rain segments having consecutive rain intensities capable
of runoff generation were short, thus affecting water connectivi-
ty. In NRS, only the bottom sections of the plots contributed
runoff, with average plot length that contributes runoff be-
ing <5 m (Kidron, 2011).

Following rain events with medium and high rain intensities,
small depressions within the interdunes were occasionally
flooded for several hours by a <10 cm-thick water layer follow-
ing the cessation of the rain event. Nevertheless, to date, no
reliable method is available to measure the runoff amount with-
in semi flat surfaces under natural field conditions, and the
contribution of runoff was estimated either through sprinkling
experiments (Cerda, 1997, 1998; Dunkerley, 2012; Li et al.,
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Fig. 1. Small depressions with high cover of perennial grass in the
Jornada Experimental Range, JER (a), general view of depressions
scattered within the interdunes of the Nizzana research site, NRS
(b), and high-biomass biological soil crusts within small depression
at NRS (c¢). Note the dark-colored crusts at the bottom of the de-
pression in NRS.

2008; Malam-Issa et al., 2011; Neave and Abrahams, 2002;
Rostagno, 1989) or concluded based either on field
observations, or following indirect measurements of the depth
of water infiltration (Kidron and Vonshak, 2012). Due to
technical constraints, runoff measurements under field
conditions were not executed on semi flat surfaces.

Subsequently, no quantification of water reaching these
habitats was feasible, nor the study of the relationship between
water availability and biological parameters.

The construction of specific runoff plot capable of measuring
the runoff amount which reaches concave surfaces such as
depression was thus called for. The design of such plots, termed
sink plots (SPs), are described herein. Preliminary runoff data
following their operation are presented.

MATERIAL AND METHODS
The research site

The Nizzana research site (NRS) is located in the Hallamish
dune field in the western Negev Desert (34°23'E, 30°56'N). It is
comprised of east-west trending longitudinal dunes, up to 20 m
high, separated by 50-200 m interdunes (Breckle et al., 2008).
While long-term mean annual precipitation (1950-1980) was 95
mm (Rosenan and Gilad, 1985), it was only 61 mm during
1995-2009 (Siegal et al., 2013), falling between November and
April. Mean daily annual temperature is 20°C; it is 26.5°C dur-
ing the hottest month of July and 11.8°C during the coldest
month of January. Annual potential evaporation is ~2600 mm
(Evenari, 1981).

Most of the sandy dunes are covered by BSCs. BSCs cover
all sandy interdunes and the middle and bottom parts of the
dunes. They do not cover the dune crests, where wind velocity
is too high to facilitate their establishment, and patches of fine-
grained flat sediments, termed playas, which were deposited
during severe floods by the adjacent Nahal Nizzana.

Five types of crusts were defined in NRS, four
cyanobacterial crusts (crusts A-D) and one moss-dominated
crust (crust E). Whereas crust A, the most xeric crust, inhabit
the interdunes and the south-facing slopes, all other crusts
inhabit the north-facing slopes, with crusts B-D extending over
most of the slope, while crust E occupies the interface between
the north-facing footslope and the interdune (Kidron et al.,
2010). While Microcoleus vaginatus predominates in crust A
and B, it is accompanied by Nostoc sp., Scytonema sp. and
Calothrix cf. parietina in crusts C and D. Two moss species
Bryum dunense and Tortula brevissima predominate at crust E.

Design of sink plots (SPs)

During preliminary experiments, the feasibility of measuring
runoff within the depressions was explored by inserting 2 1
bottles at different locations within the interdune of NRS. In
order to guarantee a minimal disturbance to the surface, the
BSCs were wetted and then carefully removed prior to the
insertion of the bottle, and re-placed thereafter. Following
preliminary measurements during 2009/10, the amount of water
harvested by bottles inserted at the top of the mounds or at their
slopes was similar to the hydrological rain (as measured by
small-orifice rain gauges installed adjacent to the bottles). This
was however not the case with the bottles at the bottom of the
depressions which were entirely filled with water (Fig. 2a),
implying, that the amount of water reaching the bottom part of
the depression stems from runoff. Additionally, as can be seen
in Figure 2a, crust transplant was successful. No traces of the
transplantation process were visible following 15-20 mm of
precipitation, whether falling during one high-depth rain event
or during a few successive low-depth rain events. No erosion of
the transplanted crust was noted and thus, one can assume that
the hydrological properties of the natural surface were thereafter
only negligibly affected.
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Fig. 2. A 2 1bottle totally filled with runoff water (as indicated by water reflectance) at the bottom of a depression at the interdune of NRS

(a) and a sink plot in the field (b).

Fig. 3. Schematic drawing of the sink plot, SP (a) and a schematic octagon-shaped planar layout (b). The surface of a typical slope plot
(dotted) is approximately 1/7 of the surface area that contributes runoff to the collecting bucket of SP.

Following these preliminary measurements, a sink plot (SP)
was constructed (Fig. 2b). A schematic drawing of the SP
(along with its planar extension, relative to a slope plot) is
shown in Figure 3. It is composed of an opening at the center of
the depression, which is connected to a 5 cm-diameter pipe. The
pipe, inserted ~10 cm under the depressions and the adjacent
mounds, leads to a 60 1 container (bucket 1), which is placed in
a deep hole, beyond the limits of the monitored depression. In
this way, water flow by gravity is facilitated. In addition, in
order to allow for measurements of large water quantities
(>60 1), extra water was channeled from bucket 1 to a 12 1-size
splitting device which channeled 10% of the excess water to a
small 10 1 bucket (bucket 2), while allowing the remaining
(90%) water to flow out. By multiplying the water caught in
bucket 2 by ten and adding the amount within bucket 1 and the
splitting device, the total amount of runoff was obtained.

For the evaluation of the potential area which serves as a
source area for the sink, the local water divide bordering each

sink was demarcated using a rope. The surface area enclosed
within the rope was calculated.

Runoff measurements

Three pairs of plots were demarcated during 2013 at NRS
(34°23'E, 30°58'N); two sink plots (SP) at the depressions within
the interdune; two plots on the cyanobacterial crust C on the
north-facing slope, i.e., crusted plots (CP), and two at the semi-
flat fine-grained sediments, i.e., playa plots (PP). Whereas the
SPs were established on crust A (having an average chlorophyll
a content of 17 mg m?), the plots at the north-facing slopes
were constructed on crust C (with an average chlorophyll a
content of 29 mg m ). Plot properties are shown in Table 1. All
plots were equipped with 60 1 buckets and splitting devices to
allow for runoff collection. Runoff was measured following
each rain event. Rain and runoff were measured between
January 2013 and January 2014.

305



Giora J. Kidron

Table 1. Properties of runoff plots. M= mean; S= standard deviation. BDL= below detection limits. For species composition: MIC= Micro-
coleus vaginatus, PHO= Phormidium sp., NOS= Nostoc sp., SCY= Scytonema sp. CAL= Calothrix cf. parietina.

Type of plot  Surface area Crust thickness ~ Chlorophyll a Species composition
(m?) (mm) (mg m?)
Sink Plot 11-22 Center M 2.6 59.8 MIC
(SP) S 0.4 20.0
Margins M 1.5 16.7 MIC, PHO
S 0.2 9.8
Playa Plot 1.5-1.9 M 2.5 BDL
(PP) S 0.5
Crusted Plot 2.3-4.7 M 2.0 28.5 MIC; NOS; SCY
(CP) S 0.4 16.7 CAL
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Fig. 4. Rain and runoff yield of the sink plots (SPs), playa plots (PPs), and crusted plots (CPs) during 6 events (Jan 2012 to Jan 2013) at the

research site. Bars represent one SE.
RESULTS AND DISCUSSION

Rain precipitation during the study period is shown in Ta-
ble 2. Runoff was produced during 6 rain events. Figure 4
shows the amounts of rain and runoff during the six runoff
events.

For the most parts runoff yield followed the pattern
PP>SP>CP. The playa plots yielded the highest amounts of
runoff (although not significantly different from SP) despite the
absence of BSCs there (Fig. 5). This is expected given the high
responsiveness of loessial sediments to rain and the relatively
low intensities of 5-8 mm h' necessary for runoff generation
on loess (Bertoni et al., 1958; Blackburn, 1975; Tadmor and
Shanan, 1969; Valentin and Bresson, 1992).

Table 2. Runoff-induced rainstorms during January 2013 and
January 2014.

Storm Date of Rain

number rainstorm amount (mm)'
1 8-10.1.13 33
2 27.1.13 5.5
3 18.11.13 17
4 11-12.12.13 13
5 30.12.13 13
6 9-10.1.14 9

! As measured in the field.

Runoff (mm)

SP PP
Plot Type

Fig. 5. Average amount of runoff as obtained at the sink plots
(SPs), playa plots (PPs), and crusted plots (CPs) during 6 runoff
events. Different letters indicate significant differences (P<0.05).
Bars represent one SE.

SPs yielded relatively high amounts of runoff. This was evi-
denced by the occasional flooding that took place at the depres-
sions, and subsequently, by the high-biomass crusts that devel-
oped at the bottom of these depressions. These loci have sub-
stantially higher chlorophyll and EPS contents in comparison to
the crusted sloping surfaces (termed herein margins) of the
depressions (Kidron and Vonshak, 2012), characterized by crust
A. Nevertheless, it is argued herein that while some of these
high-biomass crusts at the bottom of the depression may con-
tribute runoff, its relatively low surface area and its low angle
surfaces may make for only a small contribution to the overall
runoff yield of the depression.
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Unlike regular runoff plots that are constructed along the
slope (with the plot opening at the plot's downslope, see Fig.
3b), simultaneous water flow to the center of the depression
(where water entry occurs into the pipe that leads to the buck-
ets) takes place from all directions. Since flow connectivity
depends on consecutive rain segments having medium and high
intensities to facilitate flow, and following the short duration of
consecutive medium and high intensities in NRS (Kidron,
2011), the shorter the traveling distance, the lower the likeli-
hood of runoff loss during travel, and the higher the runoff yield
recorded. This is in agreement with previous results that showed
a clear scale effect during which small runoff plots yielded the
highest runoff coefficients and the highest amounts of runoff
per unit area (Kidron, 2011). Furthermore, although an increase
in runoff coefficients with crust biomass was observed at the
cyanobacterial crusts (Kidron et al., 2003), small-size low-
biomass plots were found to yield higher runoff coefficients
than large-size high-biomass plots, highlighting the importance
of traveling time for runoff harvest (e.g. Figs 6, 7 in Kidron,
2011).

The current findings have important potential hydrological
and ecological implications. The high responsiveness of the sink
plots which results in the relatively high runoff yield of these
plots, highlight the importance of small depressions within the
interdunes. Contrary to the widely accepted perception that
regard slopes and especially footslopes as habitats which are
mostly benefited from runoff, the current data highlight the role
played by small size depressions at semi-flat terrain as a potent
important sink for runon. Furthermore, contrary to conventional
runoff plots which are confined to sloping grounds and are
mainly used to assess runoff yield at a meso (slope) scale, the
current SPs facilitate measurements at a micro scale even at
semi-flat terrains. This may facilitate in turn precise calculations
regarding the interrelations between water and plant (and BSC)
biomass, and may explain apparently contradicting recorded
data regarding the relationships between rain amounts and
productivity on a meso scale (Veste et al., 2011).

With wetness duration being the primary factor explaining
BSC biomass and type (Kidron et al., 2010), and exhibiting a
close link with subsurface water content (Kidron and Benenson,
2014), water concentration at the depression is reflected not
only by the high-biomass crusts at the center of the depression
but also in substantially deeper water infiltration (Kidron and
Vonshak, 2012). A similar phenomenon was also reported from
the loessial terrains of JER where runoff were observed to con-
centrate in small, 1-2 m-diameter depressions and which, as a
result, were characterized by higher water content and high-
biomass perennial grasses (Kidron and Gutschick, 2013).

Given the importance of water redistribution in the produc-
tivity of arid and semiarid regions, knowledge regarding the
spatial distribution of water, including its contribution to small
depressions (sinks) at semi-flat basins is of great importance.
By facilitating the quantitative assessment of the amounts of
water reaching the depressions, the use of SPs will enable a
better understanding of the interrelations between physiological
properties of plants, water availability, and the plant's distribu-
tional patterns (Pockman and Sperry, 2000). This will facilitate
a better link between water, productivity and fecundity (Brooks,
2003; Eckstein, 2005), and may also serve as a potent tool for
the assessment of microbial (Yu et al., 2012) as well as for soil
forming (McFadden et al., 1998) processes.
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