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Abstract

Human-made contour banks are a central component of the Shikim water harvesting system in Israel’s Negev
Desert. Efficient water capture depends on the presence of a stable microphytic crust which directs surplus sur-
face runoff into the banks where it is stored. We used simulated rainfall to examine the impact of soil surface
disturbance on runoff and sediment transport, and the effect of this on the efficiency of resource capture within
the Shikim system. Two disturbance regimes: 1) removal of the microphytic crust only, and 2) removal of the
crust and shrub patches by cultivation, were compared with an undisturbed control. In the undisturbed state, 32%
of rainfall was redistributed as runoff. This runoff penetrated approximately 27% deeper under the shrub patches
compared with the microphytic crust. When the microphytic crust was destroyed by simulated trampling, the
runoff coefficient declined to 13%, and there was no significant difference in water penetration between shrub
and crust patches. Complete destruction of the shrub hummocks and crust by cultivation resulted in a decline in
the runoff coefficient to 6%. The result of sustained disturbance in these patchy Negev shrublands is a break-
down in spatial heterogeneity, a loss of ecosystem function, a reduction in ecosystem goods and services such as
plant diversity and production, and ultimately a reduction in pastoral productivity. These results reinforce the
view that microphytic crusts are critical for the efficient operation of the Shikim water harvesting system. Given
that practices such as cultivation and trampling which disturb microphytic crusts result in enhanced infiltration,
crusts should be left intact to maximise the water harvesting efficiency in these desert landscapes.

Introduction

In arid and semi-arid landscapes a combination of
theoretical predictions and empirical data demon-
strate that resources, particularly water, organic mat-
ter and nutrients, are patchily distributed in the land-
scape (Noy-Meir 1973; Tongway 1995). This patchy
distribution of resources results in increased overall
productivity (Noy-Meir 1973; Montaña et al. 2001)
and manifests itself in a spatially discontinuous veg-
etation cover, with perennial plants and their associ-

ated fertile soils located within a matrix of less fertile
soil.

Patchiness in the vegetation and soil resources ex-
ists at a range of spatial scales from the landscape or
catchment scale (e.g. Macfayden (1950) and Dunker-
ley and Brown (1995), Mauchamp et al. (2001)) right
down to the scale of the individual plants (Rostagno
1989; Bergkamp 1998; Bochet et al. 1999; Eldridge
1999). Resource distribution, regulated by vegetation
and terrain, results in tight controls over landscape
function, thereby influencing productivity and diver-
sity (Yair and Shachak 1987; Ludwig et al. 1997; Hi-
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ernaux and Gérard 1999; López-Portillo and Montaña
1999). The discontinuous nature of the vegetation is
thought to be controlled by processes of upslope wa-
ter erosion and sedimentation, as well as complex in-
teractions between the individual plants and the sur-
rounding soil matrix (Puigdefébregas and Sanchez
1996; Cerdá 1997; Bochet et al. 1999; Reid et al.
1999).

Patchy or banded landscapes consist of two phases
or patch types, one which is vegetated and the other
which is essentially bare. The bare soil zone (often
called the source or run–off zone) generates runoff
(Peugeot et al. 1997; Reid et al. 1999) which travels
downslope and is absorbed within the densely vege-
tated zone (runon or sink zone) which has a greater
infiltration rate (Garner and Steinberger 1989; Ros-
tagno 1989; Schlesinger et al. 1990; Greene 1992;
Tongway and Ludwig 1994). The partitioning of re-
sources between runoff and runon zones also occurs
at differing rates depending on the scale and magni-
tude of rainfall, and hence water erosion and deposi-
tion rates. Some elements of spatial pattern are not
involved in resource redistribution all of the time, and
the mosaic of patches may operate intermittently. Fur-
thermore, resources may not be delivered to particu-
lar patches, but may remain in transit between source
and sink zones (Pickup 1985).

Within the northern Negev Desert of Israel, spatial
heterogeneity in the shrub-dominated landscape is
characterised by a matrix of soil hummocks support-
ing patches of perennial shrubs (shrub patches) sepa-
rated by apparently bare soils dominated by micro-
phytic crusts (crust patches). The microphytic crust of
the inter-shrub matrix comprises cyanobacteria, bac-
teria, algae, mosses and some lichens (Verrecchia et
al. 1995; Zaady et al. 1997). Microphytic crust sur-
faces are tightly structured, primarily due to the bind-
ing of soil particles by polysaccharides excreted by
cyanobacteria (Schulten 1985; Malam Issa et al.
1999). Microphytic crusts trap rainfall, which either
runs off and infiltrates into nearby shrub patches
(Schlesinger et al. 1990; Shachak et al. 1999), evapo-
rates, or eventually infiltrates elsewhere downslope.
Physical soil crusts such as sieved structural, ero-
sional or deposition crusts (Valentin 1991) which oc-
cur in association with microphytic crusts, accentuate
this production of runoff. In contrast, the soil of shrub
patches lacks a well-developed microphytic crust, and
has a surface covered with loose soil particles. In the
undisturbed state, this system functions efficiently
through the capture, retention and movement of wa-

ter and nutrients from crust patches to the shrub
patches (Zaady and Shachak 1994; Shachak et al.
1999).

At the Sayeret Shaked Park near Beer Sheva in Is-
rael’s Northern Negev, a water harvesting system
(termed the Shikim system) has been developed to
trap runoff water, soil and nutrients originating from
the upslope crust patches. Water trapped behind hu-
man-made contour banks sustains fruit trees, and pro-
vide a retreat for an expanding urban population seek-
ing shady open space for recreation. These areas are
in effect ’ecological parks’, where recreation coexists
with limited pastoralism and agri-forestry.

The Shikim system comprises four parts (Figure 1).
The upper part, which is 15–30 m wide and occupies
up to 85% of the landscape, comprises a natural
patchwork of shrub and crusted patches supporting a
diverse native plant and animal community. This also
provides runoff water, soil, organic matter and nutri-
ents to the trees below. The second part is the culti-
vated strip about 2–4 m wide which is ploughed to
remove the vegetation and reduce competition for wa-
ter between the trees and the natural vegetation. The
third part is a cultivated pit which collects and ab-
sorbs runoff, soil, organic matter and nutrients flow-
ing downhill from the natural matrix. The last part of
the Shikim system is a continuous ( � 500 m long)
earthen mound or contour bank which prevents
downslope leakage of materials from the pits. Al-
though the distance between the banks is small, re-
sulting in a small runoff contributing area, the Shikim
system stores considerable amounts of water and nu-
trients which might otherwise be lost from the land-
scape (Shachak et al. 1998).

A practical consideration in relation to the man-
agement and functioning of the Shikim system is the
impact of soil disturbance on the stability of the sys-
tem, and, in particular, its effect on the flow of re-
sources between the natural and the human-made
parts of the system. In order to understand how the
Shikim system functions and how it can be managed
sustainably, we examined the movement of surface
water, and changes in infiltration, runoff and sediment
production, in relation to a range of disturbance re-
gimes within the Shikim system. We did this by com-
paring soil hydrological properties on three surface
treatments; i) the undisturbed natural patchwork of
both shrub and crust patches (’control’), ii) a ’dis-
turbed’ system where only the crust was disturbed and
the shrubs left intact (’disturbed’), and iii) a surface
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where both the crust and shrub patches had been com-
pletely removed by cultivation (’cultivation’).

Materials and methods

Study area

The study site was at Sayeret Shaked Park near Beer
Sheva in the Northern Negev of Israel (31°17� N,
34°37� E, Figure 2). Average annual rainfall is ap-
proximately 200 mm, most of which falls between
November and March. The soil is loessial, about 1 m
thick, with 14% clay, 27% silt and 59% sand (USA
classification: loess soil with sandy loam texture –
Calcixerollic, Xerochrepts (Dan et al. 1977) on
Eocene bedrock. Salt content of the 0–25 cm soil
layer is low, with electrical conductivity of 0.04
S m−1 (Teomim 1990).

The landscape comprised a series of discontinuous
shrub mounds within a matrix of biologically crusted
soils. The sub-circular shrub mounds supporting
Noaea mucronata (Forssk.) Asherfon & Schweinf.
and Atractylis serratuloides Cass. (Feinbrun-Dothan
and Danin 1991) were less than 30 cm high and typi-
cally 20–30 cm across. The inter-mound surfaces
were dominated by a microphytic crust of bacteria,
cyanobacteria, algae, mosses and lichens. All rainfall
simulations were carried out on a north-facing slope.

Experimental context and measurements

Within an area of approximately 40 m by 20 m, we
selected fifteen 1 m2 plots for detailed rainfall simu-
lation experiments (see below). Five plots each were
assigned to a control treatment (Treatment 1) and a
’disturbed’ treatment (Treatment 2). A further five
plots were located in the adjacent cultivated strip im-
mediately upslope of three contour mounds (Treat-
ment 3, see Figure 1). The cultivated strip was first
cultivated in 1991, and again in August 1997 two
months prior to the study. All plots were on similar
slopes (mean ± standard error = 9.2 ± 0.6%).

Prior to simulated rainfall, approximately 25% of
each of the five plots in Treatment 2 was treated with
a wooden stake to simulate the trampling action of
sheep hooves. Trampling was achieved by bringing
down the stake from a height of approximately 10 cm
in a circular arc motion, and dragging the leading
edge of the stake through the soil crust for approxi-
mately 7 cm to mimic as closely as possible the drag-
ging action of the hoof along the soil surface as the
next step is taken.

Soil physical properties

Measurements of gravimetric soil moisture were
taken immediately adjacent to the plots before simu-
lation in the 0–20 mm depth layer within which most
of the soil nutrients and soil crust occurs. A 500 g
sample of the 0–20 mm layer of the soil was collected
from the crust patch on all three treatments (includ-
ing the completely cultivated treatment) for duplicate
(n = 2) measurements of soil properties according to
the following methods:

1. (a) pH and electrical conductivity (EC): a 1:5 soil
water suspension shaken for 1 hour

2. (b) organic carbon: Walkley-Black wet combus-
tion technique (Colwell 1969)

3. (c) particle size analysis on the < 2 mm fraction of
the soil according to Loveday (1974) using dis-
persed samples.

Vegetation measurements

Projected foliage cover of all vascular plants was
measured prior to simulation, by digitising coloured
aerial photographs of each plot. Plant and litter bio-
mass was measured by clipping, drying and weighing
all above-ground vegetation after rainfall simulation.

Figure 1. Diagrammatic representation the control, ’disturbed’ and
cultivated treatments in relation to the natural patchwork of crusts
and shrubs, and the human made patches. Not to scale.
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Additionally, during the spring of 1996 and 1997,
plant biomass was measured on five 1 m2 plots on the
crust patches, the cultivated strip and the earthen
mound, and the density of all annuals growing in five
1 m2 plots on both the shrub and crust patches as-
sessed.

Rainfall simulation measurements

Fifteen runoff plots were constructed by hammering
sheets of steel into the soil to a depth of about 5 cm
and placing a flume at the lower end of the plot for
collecting runoff water and sediment. The plots were
subjected to simulated rainfall with a rotating disc
rainfall simulator using distilled water (Morin and
Cluff 1980). The rainfall simulator nozzle delivers
simulated raindrops from a standard height of 2.05 m
producing rainfall with drop sizes of 2.5 mm diam-
eter and with energy of approximately 30
kJ m−2 min−1 at a pressure of 60 kPa. Although the
rainfall intensity was set at 37.5 mm h−1, mean inten-
sity (46.4 mm h−1) varied slightly among plots due to
varying in the local topography and hence the height
above the ground (range 39.8–51.6 mm h−1). Simu-
lated rainfall was applied at a constant rate for 30
minutes, by which point the values for both infiltra-
tion and runoff had stabilised. The value at this point
is defined as steady-state.

On each plot we measured time to ponding (Tp;
time taken for water to accumulate over about 60%
of the plot), the volume of rainfall required to initiate
runoff, and the time taken for runoff to commence
(Trun). The time elapsed between Tp and Trun de-
pends principally on surface morphology and surface
detention. The depth to water penetration was mea-
sured at 10 locations on each of the shrub and crust
patches in the control and ’disturbed’ plots, or at 10
random locations on the cultivated plots. This depth
is governed principally by soil porosity, and predomi-
nantly by biopores constructed by invertebrates.

The volume of runoff was measured each minute
using a vacuum pump attached to the lower end of
each runoff plot. Samples of soil and water were
bulked, but one minute sub-samples of runoff from
4–5, 9–10, 14–15, 19–20, 24–25 and 29–30 minutes
were collected to assess changes in sediment concen-
tration over time. Sediment was dried at 105o for 24
hours and expressed as either oven dry soil per litre
of applied rainfall (sediment yield) or as sediment
concentration in grams of sediment per litre of runoff
water.

Simulated rainfall does not always reproduce the
characteristics of natural rainfall. For example, natu-
ral rainfall is highly intermittent, often with short-du-
ration high-intensity storms of less than a few minutes
duration separated by rain-free periods of many min-

Figure 2. Location of the study site at Sayeret Shaked in the western Negev and the rainfall isohyets.
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utes. Under natural rainfall, zones of ponding will
develop, separated from other zones of high hydrau-
lic conductivity, which do not normally pond due to
abundant plant roots or faunal macropores. Conse-
quently, during natural rainfall, runoff may often be
short lasting and intermittent. Under simulated rain-
fall however, rainfall is pulsed and of uniform inten-
sity, with often little or no temporal variability. Thus
the pattern of ponding may not be contiguous across
a plot. Therefore, rainfall simulation may produce
greater runoff and therefore a higher runoff coefficient
than would otherwise occur under natural conditions.
Whilst there are obvious shortcomings with the use
of rainfall simulation, it is nonetheless an effective
technique for determining relative differences be-
tween treatments, and allowed us to examine differ-
ences in hydrological properties in an area of ex-
tremely variable rainfall.

Statistical analyses

One-way analysis of variance (Minitab 1994) was
used to examine differences in vegetation, soil and
hydrological properties after any transformations nec-
essary to stabilise the variance.

Results

Soil physical and chemical properties

The most pronounced differences in soil physical and
chemical properties occurred between the cultivated
plots and the other two treatments (control and ’dis-
turbed’ plots), which were generally not significant
differences (P > 0.05) from each other (Table 1). Pre-

dictably, bulk density was significantly less on the
cultivated soils compared with the other treatments.
Similarly, electrical conductivity was lower on the
cultivated soils. Rainfall simulation on the cultivated
plots resulted in a significant (P < 0.05) reduction in
the silt content of surface soils (Table 1).

Vegetation characteristics

There was no significant difference in mean (± stan-
dard error) projected foliage cover between the con-
trol plots (15.3 ± 1.7%) and the ’disturbed’ plots (16.2
± 2.5%; P > 0.05). Within both the control and ’dis-
turbed’ plots, shrub patches, comprising both shrubs
and their associated mounds, occupied 22 ± 1.5% of
the area (range 18–32%). Total above-ground plant
biomass was higher on the control plots (223.7 ± 54.0
g m−2) compared with the ’disturbed’ plots (140.9 ±
28.7 g m−2). However, the extensive within-treatment
variability meant that there were no significant differ-
ences in biomass between the treatments (P > 0.05).
The density of annuals was significantly greater in the
shrub patches compared with the crust patches (P =
0.013; Figure 3A). Biomass was significantly greater
on the contour bank, followed by the cultivated strip,
and least on the crust patch (P < 0.001; Figure 3B).

Time to ponding, time to runoff and depth of
wetting

Time to ponding, time to runoff and volume of rain-
fall to commencement of runoff increased signifi-
cantly with increases in disturbance (P = 0.001; Ta-
ble 2). On average, water took four to five times
longer to pond and commence running off on the cul-
tivated plots compared with the control plots. Simi-

Table 1. Soil physico-chemical data from the top 0–20 mm of the surface from the three treatments. Mean values (± standard error) within
a row followed by a different letter are significantly different at P = 0.05.

Control Disturbed Cultivated

Initial soil moisture (%) 3.36 (0.30)a 3.30 (0.05)a 3.21 (0.07)a

pH (water)(1:5) 8.80 (0.01)a 8.84 (0.01)a 8.50 (0.05)b

Bulk density (Mg/m3) 1.36 (0.03)a 1.40 (0.01)a 1.21 (0.001)b

EC (dS/m) 85.0 (1.75)a 93.7 (3.33)a 75.0 (1.57)b

Organic carbon (%) 1.88 (0.05)a 2.03 (0.03)a 1.91 (0.07)a

Clay (< 0.002 mm)(%) 12.7 (0.82)a 14.4 (0.39)a 14.8 (0.23)a

Silt (0.02–0.002 mm)(%) 9.9 (0.38)a 9.9 (0.22)a 7.3 (0.20)b

Sand (0.02–2.0 mm)(%) 77.4 (0.57)a 75.7 (0.46)a 77.9 (0.31)a

n 5 5 5
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larly, about five times more rainfall was required to
initiate runoff on the cultivated compared with the
control plots.

Pooled across both crust and shrub patches, there
was no significant difference in water penetration be-
tween the control plots and the ’disturbed’ plots (P =
0.124), but water penetration was significantly greater
under the shrub patches compared with the crust
patches (P < 0.01). There was a significant treatment
(control vs ’disturbed’) by patch (shrub vs crust) in-
teraction (P = 0.001) indicating that water penetrated
further ( � 27%) below the shrub patches on the con-
trol plots compared with the ’disturbed’ plots, but be-
tween the shrubs on the crusted soil, there was no
significant difference in water penetration between
the control and ’disturbed’ treatments (Table 2).

Steady-state runoff

Steady-state runoff (SSR) rates were significantly
greater on the control plots compared with either the
cultivated or ’disturbed’ plots (P = 0.027), which

were themselves not significantly different (P > 0.05).
The high variability in runoff rates for the ’disturbed’
and cultivated plots meant that runoff rate was gen-
erally not significantly different, except for the inter-
mediate 8–14 minutes after commencement of simu-
lations (Figure 4). The rate of increase in runoff was
three times greater in the control plots (mean = 1.5
mm h−1 min−1) compared with the other treatments
(0.5 mm h−1 min−1).

As we expected, the significantly greater runoff
from the control plots equates with a low level of in-
filtration on these plots, assuming that surface deten-
tion and interception by vegetation are similar on both
treatments. There was a general increase in steady-
state infiltration (SSI) with the severity of soil disturb-
ance. Approximately a third of all applied water was
shed as runoff on the control plots. The coefficient of
runoff (runoff as a proportion of applied rainfall), de-
creased significantly with the degree of disturbance
(P = 0.001), though there was no significant differ-
ence in coefficients on the ’disturbed’ and cultivated
plots (Table 2) where generally more than 85% of ap-
plied rainfall infiltrated.

Sediment yield and sediment concentration

The sediment collected from the plots represented to-
tal contribution from rainsplash and flow-driven ero-
sion processes. Sediment yield for the duration of the
simulations ranged from 2.49 ± 0.50 g L−1 rainfall on
the control plots to 3.30 ± 1.03 g L−1 rainfall on the
cultivated plots. Sediment concentration (g/L runoff)
followed a similar trend (Table 2). Sediment yield
however varied considerably within any treatment,
and was sometimes high on the control plots and
sometimes low on the ’disturbed’ and cultivated plots.
Consequently, differences in sediment yield or sedi-
ment concentration between treatments were not sig-
nificant (P = 0.20). Changes in sediment removal dur-
ing the course of the simulations were markedly
different both within and between treatments. There
were no significant differences in average removal
rates over time between treatments (P = 0.37), and
rates ranged from 0.128–0.228 g L−1 min−1 on the
control plots, to 0.58–16.3 g L−1 min−1 on the ’dis-
turbed’ and 0.06–3.6 g L−1 min−1 on the cultivated
plots (Figure 5).

Figure 3. a) Density of annual plants (m−2) on the crust and shrub
patches, and b) plant biomass (g m−2) on the crust, cultivated strip
and contour bank. Different letters within a graph indicate a sig-
nificant difference in the variable at P < 0.05.

592



Discussion

The use of contour catchments to harvest both water
and sediments from natural landscapes is a common
management practice in drylands (Evenari et al. 1983;
Bruins et al. 1986; Critchley et al. 1991). Contour
catchments create water and nutrient enriched patches
within natural landscapes, and are used to enhance
yields and the reliability of production for humans, or
to improve the value of the ecosystem for plants and
animals. In the Negev these catchments provide pri-
mary production for livestock, sites for highly diverse

native plant communities (Boeken and Shachak
1994), and sites for planting trees for firewood or
shade. In similar landscapes, water harvesting sys-
tems such as the ’khadin’ of the Thar desert in India
(Kolarkar et al. 1983), the ’Khuskaba’ in Pakistan
(Sheikh et al. 1984), the ’teras’ in the Sudan (Ni-
emeijer 1998) and traditional systems in Morocco
(Kutsch 1983), Tunisia (El-Amami 1977), Libya and
Egypt (Reij et al. 1990) serve the same purpose.

The functioning of contour catchment systems is
controlled by source-sink relationships among a hier-
archy of patches at varying spatial scales. One level
is the movement of water, soil and organic matter

Table 2. Mean (± standard error) values for selected hydrological properties for the control, ’disturbed’ and cultivated treatments. Different
letters within a row indicate a significant difference in that variable at P < 0.05; n.a. not applicable.

Control Disturbed Cultivated

Time to ponding (min) 2.9 (0.67)a 9.1 (1.69)b 15.4 (2.36)c

Time to runoff (min) 3.7 (0.59)a 9.6 (1.67)b 15.8 (2.35)c

Rainfall to produce runoff (mm) 2.7 (0.43)a 7.2 (1.45)a 13.6 (2.02)b

Wetting front (mm/25 mm rainfall)

shrub patch 151.8 (3.35)a 110.9 (3.55)b n.a.

crust patch 81.9 (5.11)a 99.5 (2.60)a n.a.

cultivated n.a. n.a. 132.0 (4.26)

Steady-state infiltration (mm/h) 24.4 (3.27)a 37.0 (2.77)a,c 43.1 (2.66)b,c

Steady-state runoff (mm/h) 19.3 (3.20)a,c 10.2 (2.00)b,c 8.3 (2.57)b

Runoff coefficient (%) 31.9 (5.20)a 13.3 (2.06)b 6.1 (2.17)b

Sediment concentration (g/L runoff) 8.3 (1.62)a 40.4 (18.40)a 96.9 (54.27)a

Sediment yield (g/L rainfall) 2.49 (0.50)a 2.96 (0.89)a 3.30 (1.03)a

Figure 4. Runoff rate (mm h−1) for the control (crust and shrub
patches intact), disturbed (shrub patches intact, crust disturbed) and
cultivated (shrub and crust patches removed) plots.

Figure 5. Sediment concentration curves (g L−1 runoff) for each
of the five plots within each of the three treatments.
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from the natural matrix to the human-made catch-
ment. Within the natural matrix is the movement of
water and materials between crust and shrub patches,
and within the human-made patch is the movement
of water and materials from cultivated strip to culti-
vated pit. In order to manage these contour catchment
systems it is important to understand the factors con-
trolling the retention of soil and water in the catch-
ment, and therefore its productivity, and how this al-
ters under different management regimes.

Crust-shrub relationships in the natural matrix

Efficient, sustainable production in patchy, crusted
landscapes depends on the redistribution of water and
sediments from the crusted bare surfaces to vegetated
patches (Haase et al. 1996; Peugeot et al. 1997;
Bergkamp 1998). In our studies in the western Ne-
gev, the movement of runoff water from crust to shrub
patches was moderated by an extensive and stable
cover of microphytic crusts. This crust was dominated
by cyanobacteria (e.g. Microcoleus vaginatus, Nostoc
punctiforme) and mosses (Aloina bifrons, Crassidium
crasinerv var. laevipilum) which provide most of their
soil protection within the top few millimetres of the
surface. In patterned landscapes worldwide these mi-
crophytic crusts tend to be hydrophobic, and when
associated with erosion crusts (Valentin 1991), en-
hance runoff by preventing the growth of vegetation
through reduced seed capture and seedling emergence
(Malam Issa et al. 1999; Veste et al. 2001). Despite
their relatively low hydraulic conductivity (Eldridge
et al. 2000), and poor ability to intercept overland
flow on steep slopes even when undisturbed, some
infiltration through the crusts occurs.

Nutrient-enriched soil mounds under perennial
shrubs such as Noaea mucronata and Atractylis ser-
ratuloides trap this runoff water and entrained sedi-
ment, creating highly productive patches compared
with the surrounding relatively depauperate crust
patches. Our results indicated that 32% (+ 5.2%) of
applied water generated from simulated rainfall was
shed from the natural matrix and redistributed to the
shrub patches. Runoff coefficients for the control
plots in our study were high ( � 33%, Table 2), but
of similar magnitude to the highest runoff coefficients
from natural rainfall calculated for 60 m2 plots of a
natural matrix in the same study area (Shachak et al.
1998). Similar high runoff coefficients have been re-
ported for biologically crusted sand dunes at Nizzana

in the Central-Western Negev (20–39%; Yair (1990)),
and for bare inter-canopy patches within a piñon-ju-
niper woodland in New Mexico (Reid et al. 1999). In
studies in west Niger, catchment-scale runoff coeffi-
cients ranged from 30–44% whilst runoff plot values
were 45–46% (Peugeot et al. 1997). In the present
study, about 60–80% of the rainfall amount remained
in the natural matrix to support its productivity and
diversity, and therefore about 120–140% of normal
rainfall is available for plant growth in the human-
made patches. In other natural systems this water ac-
cumulation is sufficient to sustain the growth of trees
and shrubs normally restricted to more mesic areas
(Galle et al. 2001).

Disturbance and redistribution of water

Increased disturbance to the crust and shrubs in our
study resulted in a decline in steady-state runoff rate
(Figure 4, Table 2), with reduced water movement to
the human-made patches. Disturbed microphytic crust
within a shrub mosaic in the Shikim system induces
two changes in the spatial distribution of water, and,
consequently, the distribution of productivity. First,
disturbance reduces water flow to the shrub patches,
with obvious consequences for the herbaceous veg-
etation under the shrubs. Undisturbed mound soil un-
der the shrubs traps and stores about 40% more water
than undisturbed microphytic crust soils (Table 2).
However, when only the crust is disturbed by tram-
pling, infiltration under the shrub patches is not sig-
nificantly different from that under the crust. A dis-
turbed, crust-dominated patch will therefore be
unable to sustain a highly productive and diverse as-
semblage of herbaceous plants in the shrub understo-
rey.

Second, cultivation results in increased water pen-
etration when the crusts are destroyed. We attribute
this mainly to the destruction of the continuous
polysaccharide sheaths in the crust, and exposure of
macropores (foraging holes of termites and ants) be-
neath the crust (Elkins et al. 1989). Thus, disturbed
microphytic crust reduces the water flow to the hu-
man-made pits, lowering the degree of resource en-
richment in the pits. The net effect of this crust dis-
turbance is a more uniform distribution of water in
the landscape, which in drylands, results in reduced
productivity (Noy-Meir 1973; Yair and Shachak
1987). Similar reductions in productivity have been
described for patterned mulga (Acacia aneura) wood-
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lands in eastern Australia (Noble et al. 1998; Ludwig
et al. 1997) and brousse tigrée in Niger (Hiernaux and
Gérard 1999; Seghieri and Galle 1999). Severe tram-
pling can result in the formation of cattle or sheep
tracks, and a concentration of water flow within rills
and gullies which either flow through the vegetated
patches or around them, resulting in water stress and
eventually the death of trees and shrubs (Hiernaux
and Gérard 1999).

Disturbance and the loss of ecosystem function

The impact of sustained disturbance on these patchy
desert landscapes in a breakdown in spatial heteroge-
neity, a loss of ecosystem function, and concomitant
reductions in ecosystem goods and services such as
soil, nutrients, seeds, plant production and habitat. In
the case of the Shikim system in the Negev, disturb-
ance results in reduced capacity to harvest water and
therefore reduced pastoral productivity, both in the
human-made and natural parts of the system. As with
other patterned arid and semi-arid systems, a reduc-
tion in patchiness at a range of scales has marked and
long-term impacts on the capacity of the landscape to
support plants, animals and human populations.

The pits can support a high diversity, biomass and
cover of natural and introduced vegetation for a vari-
ety of human activities. They also provide grazing
and shade for livestock, and shade, fruit and timber
for humans. Disturbances that alter both the source
strength of the natural matrix and therefore the spa-
tial arrangement of patches, influence the balance be-
tween resource leakage and retention, and therefore
the possibility of marked changes in ecosystem func-
tion. Grazing animals have the potential to alter the
size, shape, number and configuration of patches
(Shachak et al. 1999). Excessive overgrazing reduces
the cover of shrubs, and productivity of the shrub
hummocks, and increases runoff generation. Human
disturbances also have an impact on the system, with
shrub removal for firewood, cultivation and the use
of motor vehicles pulverising the soil crust and im-
pairing the functioning of the Shikim system. Depend-
ing on the requirements of crops or trees in the hu-
man-made patches, moderate levels of disturbance
may be beneficial, however, to adjust the inputs of
water and sediment redistributed to the pits. Thus the
management of the Shikim system is an issue of patch
management, and is a trade-off between the level of
resources to be absorbed by the shrub patches and the

level of resources to be redistributed to the human-
made sinks.

Management of catchments

The first question in relation to patch management is
how many human-made patches the landscape can
support and where they should be located. Our results
suggest that we should minimise the size of the hu-
man-managed part of the landscape in order to opti-
mise the efficient use of water. As maximum runoff
occurred on the undisturbed control plots, manage-
ment that aims at maximising the ratio of matrix to
human-made patches would result in efficient use of
water in the human-managed part. Management for a
high ratio of matrix to human-managed part could be
achieved by having either many narrow strips along
the slope, or a few wide strips. The selection between
the two is essentially a matter of determining patch
size and fetch (the distance between patches), which
can be assessed using standard landscape survey tech-
niques or landscape function analysis (see Ludwig et
al. (1994)), and will depend on the water requirement
of the plants in the human-made part. The selection
of plant types for the human-made patches will de-
pend on environmental factors such as slope and soil
type as well as catchment to cultivated area ratios
(Reij et al. 1990).

A second question is related to the management of
the natural matrix in order to increase resources in the
human-made parts. Additional runoff could be
achieved by the strategic removal of shrubs and their
associated mounds, provided that disturbance is min-
imal (Shachak et al. 1998). A decline in the number
of shrub patches however will be at the expense of
reducing the productivity and diversity of the natural
matrix.

A third question relates to disturbances associated
with the management and utilisation of the Shikim.
Disturbances result from: construction of the human
made pits, which destroys the natural matrix, repeated
cultivation that destroys any regenerating crust in the
pits, and livestock grazing that tramples the crust in
the pits and the natural matrix. It is clear from our
study that any disturbance to the soil crust outside the
human-made pits affects the main process of redistri-
bution of water. Therefore, the process of construc-
tion of the human-made part of the Shikim system
should be restricted to the narrow strip of the pits. In
addition, if the system is designed to support live-
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stock, stocking rates should be managed so that dis-
turbance of the soil crust is minimised. The only place
where soil crust disturbance is beneficial is in the pits.

Our study indicates that cultivation increases both
the infiltration and the depth to which water will pen-
etrate, and therefore enhances the sink function of the
pits. Soil crust disturbance may reduce the stability
of the system if any eroded soil reduces the capacity
of the pits to hold water. As shown in this study, the
shrub patches can control soil erosion from the natu-
ral matrix to the human-made pits. By functioning as
sinks for water and soil, the shrub patches play a dual
role in the Shikim system, as ’islands’ of high produc-
tivity and diversity in the natural matrix (sensu Gar-
ner and Steinberger (1989)), and as sinks for eroded
soil, therefore preventing deposition of eroded soil in
the pits.
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