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Abstract: The ‘wadis’ (ephemeral incised channels in arid regions) concern badlands with low
agriculture utilisation that expands to neighbouring cultivated areas. They are noticeable and unique
landforms characterised by vegetation patches and seasonal flood flows with scenic beauty that
must be conserved. The wadi characteristics have influenced the way of life of their indigenous
residents from ancient times until now. The main one is grazing with small ruminants (SR). The
authorities and public consider grazing in these areas as a destructive land management practice that
should be reduced. To assess the viability of grazing in such regions, we hypothesised that fluvial
and biological flows tightly correlate with the wadis’ landforms, channels and slopes. The site of
study is located in the Yeroham mountains nearby the Rahma planned Bedouin village. Five different
transects of channels and slopes were located over representative wadis, including those exposed
to grazing. The finding indicates that a herbaceous vegetation expansion uphill was observed only
in grazed transects, while the wadi slope patterns affect its patterns. It contains an increased soil
water content (from a similar value of 5% until 13% change in the grazed transect), 1.5% higher soil
organic matter, 0.08 mg Kg−1 higher Nitrite content and 1–2% higher clay content in the grazed
transects, up to 4 m ahead from the channel. The novelty of this finding suggested that the SR
influences the organic matter to reach the wadi channel and facilitate the adherence of aggregated
clay and the formed colluvial layer that serves as a substrate to the expanded vegetation growth.
Adequate implementation of these grazing patterns may rehabilitate degraded ‘wadis’ and increase
their tourism eligibility.

Keywords: indigenous desert residents; wadi channel; rehabilitation; grazing pattern; soil or-
ganic matter

Highlights

• The liquid excretion of SR enriches the wadis’ slopes with Nitrogen and Phosphorus;
• The digested droppings of the SR enriches the slopes with organic matter;
• The organic matter from the SR excretion forms a colluvial layer on wadi channel banks;
• Planned and managed SR grazing may be used as a land management tool for wadis’ area.

1. Introduction

The landforms of the Negev Highland represent a highly incised area with a dense
net of wadis. The region is rich in wadi channels segmenting the soil surface. The flow in
the wadis is characterised by flash floods due to convectional rainfall events [1]. Geomor-
phologically, the wadi is the last phase of the gully erosional process, as follows: rill, gully
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(in initial and then in the stabilised state), and finally the wadi [2]. In the dry Mediterranean
regions and the Arab Peninsula, the wadis’ area, occupying a total area of >2 million km2, is
laid mostly over loamy deposits or limestone [3]. The wadis’ area is settled by indigenous
residents, mostly from previously nomadic tribes, termed ‘Bedouin’. A wide part of the
Bedouin residents deals with traditional agricultural practices as grazing, mostly small
ruminant (SR) and camels, and rain-fed crop breeding. The wadi area is characterised by
the existence of highly eroded landforms embedded between the channels as loessial plains,
salty plains and rocky grounds, all of which are tightly connected to the existing wadis [4].
The integration of the unique three-dimensional shape of the wadis, an arid climate with
short-termed but intensified rainfall events, reduced vegetation coverage and thin soil
layer has led to flood creation (Figure S2). The floods result in a massive removal and
transport of soil sediments out from the system, leading to rocky karst desertification. As
an actively segmented landform, the size of the wadi has been rapidly widened, enlarged
and branched out due to the pedology process, caused mostly by the implementation of
inadequate land management practices and agriculture cultivations in its surrounding area.
These geomorphological changes lead, in the end, to a reduced agriculture utilisation. In
such areas, grazing has been considered as unsuitable management due to its negative
influences on the plant’s community, composition, size and abundance (e.g., [5–7]). Never-
theless, in preliminary surveys over the wadis’ areas in the Negev Highland, we noticed
that the vegetation coverage over the sloped banks, located in the grazed area, is higher
than in the ungrazed area. These observations were documented by [8]. Therefore, we
hypothesised that such phenomena might be explained by integrating factors related to
the wadi channel and slope’s geographic outlines, grazing, soil type, vegetation cover and
grazing management. The following objectives were defined for the study: (i) determining
the geomorphological factors influencing the wadis’ fertility, (ii) determining the spatial
grazing patterns in the wadis area and (iii) determining the influence of SR grazing on the
fertile material flows and herbaceous biomass coverage over the wadi landforms and its
topography. Intensifying the fertile material flows between the wadi landforms may addi-
tionally enhance the rehabilitation of the neighbouring areas, due to the tight connectivity
between them and the wadi [4,9].

2. Material and Methods
2.1. Site of Study

The site of study is located in the western hills of Yeroham valley, in the Negev
Highland (31◦02′5.8′′ N, 34◦55′43′′ E, 500 M.S.L). The area is so densely covered by wadis
that their 1st order unit is confluent with the Yeroham ephemeral stream in its western bank.
In the preliminary survey, which is briefly described by [8], we noticed the uniqueness
of wadi banks, in which its area has been differently grazed, while parts are exposed to
grazing and others enclosed due to intertribal agreements and those with the municipalities.
Its channel is characterized by a wide range of incision phenomena and different slotted
soil profiles (limestone and loessial layer).

The channel to 200 m uphill is covered by ruins of ancient stone dams, possibly
correlated to the agriculture terraces adjacent to ancient facilities ruins, forming a water
harvesting system [10]. The dams, agriculture terraces and the facilities were dated by the
Israel Antique authorities to have been intensively agricultural utilised in the Byzantine
era 324–638AD. Parts from the areas are still used today as pasture lands for SR and
camels, herds belonging to the Rahma Bedouin village farmers ([8]). The site’s bedrock is
limestone with a regolith layer, 0.1–1 m thick, integrated with fluvial/colluvial reworked
(or partially reworked) loess mostly from fluvial activity [11]. The area is covered by a
regolith arid regions vegetation [12,13] from the following species [14]: Malva sylvestris,
Anthemis melampodina, Moricandia nitens, Thymelaea hirsute, Zygophyllum dumosum, Anabasis
articulata, Onopordum palaestinum, Drimia maritima and species that correlated to previous
cultivated species, such as Hordeum spontaneum and Triticum aestivium. The common shrubs
are Retama raetam, Suaeda vera and Eremopyrum bonaepartis. Hereby, the wadis will be
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termed wadis of study (WOS). A demonstration one of the WOS sites and the surrounding
area is presented in Figure 1.
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Figure 1. The location of the area of the study circle—Rahma site of study. The orange arrow shows
the wadi of study (WOS) (source: Google Earth).

Over the WOS, five different transacts with slopes larger than 20 m were located
mostly in the wadi south bank based on grazing patterns (with grazing and without—the
ungrazed transect was inaccessible to the animals due to the geographic outlines of its
surroundings), on different channel flow directionality, straight and curved plots. In the
curved plot, the outward and inward slopes were studied separately [4] and over slopes
with different pedology. The characters of the different transects are presented in Figure 2
and Table 1.

Table 1. Analyzed transects over WOS.

Transect
No. Graz. Aspect Slope

Incl. (%) Pedo. Shape Channel
Width * Dam.

1 (50 m) + South 4 Regolith Straight Wide +
2 (100 m) + South 3 Regolith C.Outward Narrow −
3 (100 m) + North 3.5 Regolith C.Inward Narrow −
4 (130 m) + South 1 Loess Straight Narrow −
5 (80 m) - South 3 Regolith Straight Wide +

Transect No.: transect number, Value in brackets-distance from the confluent with Yeroham ephemeral
stream,* Wide channel: >3 m, Narrow <3 m, Graz.—Grazing, C.—curved channel. Dam.—Dammed, Incl.—
Incline, Pedo.—Pedology. ‘+’ exist, ‘−’ not exist.
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Figure 2. Wadi of study (WOS) and the analysed transects. (A) Far view of WOS. Red line: channel
with ancient dams, blue line: ancient agriculture terrace over Yeroham ephemeral stream, blue
rectangle—ancient facility (all were dated by an expert to the Byzantine era). (B) Slope 1, (C) slopes 2,
3, (D) slope 4, (E) slope 5.

2.2. Determining the Grazing Patterns of the Area

The grazing patterns were determined after inquiring with Rahma herd owners. The
data include the common grazed herds’ size, composition, species (goat, sheep or camels)
(Figure S1) and types, grazing locations and timing during the year, in addition to data
that were collected from the scientific literature and in-field analysis following the grazers
droppings [15].

2.3. Determining the Evolution of Geographical and Geomorphological Outlines

Unlike other landforms, characterising the wadi’s area is highly challenging due to its
unique spatial shape and the ongoing incision processes that are consistently affecting its
characters. Therefore, three orthophotos of the site of study from 2012, 2016 and 2020 were
analysed to assess the changes, wadis and gullies’ elongation, widening and branching,
determining the intensity of soil erosion by comparison of rocky slopes size and finally
changes of shrubbery changes that resemble the ecological functioning of the area [4].

2.4. Locating the Sampling Plots over the Transect

To determine the spatial dynamic of soil moisture content, organic matter and nutrients
over the different parts, channels and slopes of each analysed transect and to compare
between the different transect patterns, a unique measurement and analysis scheme was
designed, which is based on [16] sampling principles, as follows. Per each transect, five
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contours were defined: channel, 1 m up-slope, 2 m, 3 m, 4 m, 5.5 m. In the field, to ease
the measurement, we marked the location of each contour with orange plastic balls over
rope laid from the channel. In each contour, four plots were sampled for the herbaceous
biomass weight (HBW), soil water content (SWC), soil organic matter (SMC) and three for
nitrite and granular content (Figure 3).
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2.5. Soil Properties Measurements

The soil sampling was carried out by digging out soil mix from surface until 15 cm
depth; the root system zone of annuals in arid areas [17] and the herbaceous biomass were
harvested using a 25 × 25 cm iron frame based on [18] sampling procedure. An ANOVA
(analysis of variance) test was carried out on each fertility property, in such a manner that
each transect contour serves as a standalone treatment. The significance of the difference
was determined using JMP Pro® ver. 14, with α = 0.1. The measurements procedures are
summarised in Table 2.

Table 2. The physical, chemical and vegetal measurements were carried out in the study.

Analyzed Properties Description

Soil

Soil moisture content (SMC) Comparisons of the soil sample weights before and after drying
at 105 ◦C overnight [16]

Soil organic matter (SOM) Comparisons of the dried soil sample weights before and after
burning at 500 ◦C for 4 h. Six samples per plot.

Nitrite, Ammonium and
granular content

Mixed soil samples were dried overnight at 105 ◦C and submitted
for analyses based on [16] protocols.

Soil particles size
distribution

Composed from the following steps: (i) Filtering the soil samples
using 1000 µm net to take out the organic matter and stones,
(ii) Using 56 µm for separation of the sand particles. Adding

water solution with Na2CO3 0.2% and centrifuging it for 10 s for
separating between the silt and clay particles (iii). Drying each

phase and weighting.

Vegetation

Herbaceous biomass weight
(HBW)

Herbaceous biomass samples were harvested in spring
(March-April) randomly using a 25 × 25 cm iron frame, dried at

65 ◦C for 48 h and weighted [16].



Agronomy 2021, 11, 1730 6 of 12

3. Results
3.1. Grazing Patterns

Two grazing species are common in the area: camels (singles or groups) and SR herds.
The camels (Camelus dromedaries) mostly graze in the flooded and loess plains. Nevertheless,
due to recent national regulations that highly limit camel grazing in the Negev Highland
(Degen et al., 2019), the Bedouin knit camel groups in predefined plots over the pastoral
lands and separate them from the SR. Nevertheless, a recent study claims that these animals’
different vegetation consumption patterns can be co-grazed (e.g., Mohammed et al., 2020).
The plains between the wadis are generally sowed with cereal (mostly barely) animal
feedings. The herds in Negev Highland are primarily bred due to traditional reasons and
not for commercial purposes, as in the other Israel regions. Although the local herd owners
claim that the Jabali type is the dominant type, the dominant goats’ type is the Baladi,
which was possibly crossbred in the previous generation with the Jabali type [19]. The
sheep belong to the Awasi type, characterised by a diverse range of shapes and behavioural
patterns. The SRs are bred primarily for meat production and are sold young, three months
old, to save on feeding expenses (over the other parts of Israel, the typical selling age is
six months). The flock size is small compared with the sizes in other regions in Israel,
containing 10–50 animals with similar rates of sheep and goats younger than 3 months. The
number of grazing sessions depends on pasture state, mostly between February and June.

To define the spatial distribution scheme of the SR over the wadi, we used two
methodologies: detailed questioning of Rahma village herd owners [20], and analysing
their dropping location [21]. The findings indicate that three spatial distribution schemes
of the SR in the wadis were defined as follows: distributed, route and centralised. The
distributed pattern is characterised by a homogenous spreading of the animals observed in
floodplains and flat areas, which resembles free grazing over the area. The route pattern
resembled the state of the herd transportation by a shepherd or leading animal [8,22].
This type was primarily observed in steep wadi slopes. The centralised pattern was
observed surrounding ‘hot spot’ such as shrubs, e.g., Retama raetam, which supply food
and shading [23] and highly productive vegetation patches (Figure 4).
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3.2. The Evolution of Geography, and Geomorphology of the Area

Comparison of orthophotos from the last decade (2012 until 2020) reveals several
trends, as marked in Figure 5 by representative plots, as follows: 1—the dynamic of
shrubbery establishment in the confluent of the eastern gully with the Yeroham channel
estuary; 2—the dynamic of wadi incision from the narrow gully into the sandy wadi;
3—vegetation establishment in wadi winding; 4—incision dynamic: formation of rills and
gullies in the loess plain.

Agronomy 2021, 11, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 4. Dropping types and concluded animal distribution from the WOS (2/2021). (A) Camels 
and small ruminant droppings; (B) homogenous distribution; (C) Retama raetam with high drop-
pings in its surrounding. 

3.2. The Evolution of Geography, and Geomorphology of the Area 
Comparison of orthophotos from the last decade (2012 until 2020) reveals several 

trends, as marked in Figure 5 by representative plots, as follows: 1—the dynamic of shrub-
bery establishment in the confluent of the eastern gully with the Yeroham channel estuary; 
2—the dynamic of wadi incision from the narrow gully into the sandy wadi; 3—vegeta-
tion establishment in wadi winding; 4—incision dynamic: formation of rills and gullies in 
the loess plain. 

 
Figure 5. Geomorphological and vegetal changes of the site of study in the last decade (2012, 2015, 
2020). 

3.3. Influence of the Geographic Outlines of Wadi on Its Herbaceous Coverage 
In general, the herbaceous biomass weight (HBW) over the studied transects was 

low, possibly due to the low rainfall amounts (Figure 2), nevertheless, several trends can 
be defined based on the geographical outlines of the wadi and its channel, as follows. 

The highest HBW was found in the plots located in the lower part of the channel, 
which is additionally wide and dammed. The wadi channel in the inward part of the 
curved plot was higher compared with the outward one. Nevertheless, both were less 
than the one on the straight channel (Figure 6A). The slope incline influenced the HBW 
distribution over it, while in the steepest one (Transect 1 and 2), an exponential decrease 
was found from the channel upslope; in the light one, a linear decrease was found (Figure 
6B). 
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2015, 2020).

3.3. Influence of the Geographic Outlines of Wadi on Its Herbaceous Coverage

In general, the herbaceous biomass weight (HBW) over the studied transects was low,
possibly due to the low rainfall amounts (Figure 2), nevertheless, several trends can be
defined based on the geographical outlines of the wadi and its channel, as follows.

The highest HBW was found in the plots located in the lower part of the channel,
which is additionally wide and dammed. The wadi channel in the inward part of the
curved plot was higher compared with the outward one. Nevertheless, both were less than
the one on the straight channel (Figure 6A). The slope incline influenced the HBW distribution
over it, while in the steepest one (Transect 1 and 2), an exponential decrease was found from
the channel upslope; in the light one, a linear decrease was found (Figure 6B).
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Along the outward transect of the curved channel plot, no vegetation was found this
year. Nevertheless, a higher soil organic matter content (SOM) and soil moisture content
(SMC) were found along it compared with the ‘Inward’ slope (Figure 7). In addition, the
SOM and SMC increased, moving away from the channel.
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columns/graph: mean± SE, Statistics: t-test (comparison of values located in the similar contour of transects), *—Significant.

3.4. Influence of Grazing on Wadi Slopes on Soil Properties

Transects 2 (grazed) and 5 (ungrazed) were chosen for studying the influence of
grazing on slopes due to their similar pedology, channel and slopes’ geographic outlines.
The grazed transect lacked herbaceous cover, probably due to the drought. Nevertheless,
differences were found between the slopes regarding their fertility. Furthermore, twice
higher soil moisture (Figure 8A) and 1% higher soil organic matter content (Figure 8B)
were found in comparison with the ungrazed slope. In addition, a higher nitrite content
was found in the grazed transect (Figure 8C). Two percent higher clay content was found
in the grazed slope, from channel banks until 4 m upslope, compared with the ungrazed
slope (one exception found in the 3 m contour of the grazed, which can be explained by
the influence of significant rock existence [24].
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values located in the similar contour of transects), *—significant (α = 0.1).



Agronomy 2021, 11, 1730 9 of 12

4. Discussion
4.1. The Interrelation between Grazing and Wadi’s Fertility

Many parameters affect the urine and dropping amounts of small ruminants including,
age, species and physiological state, but mostly the dietary state. Nevertheless, in a flattened
area without inside or outside flows, the SR droppings, enriched the soil with phosphorus
up to 50% from the intake [25], while urine enriched the soil by 50% nitrogen from the
intake [26]. As opposed to the flattened terrestrial ecosystem in the wadis and gullies,
the geographic outlines critically influence the ecosystem function and the ‘common’
ecosystem factors such as water and nutrient contents [4,5]. These geographic outlines can
be conceptually separated into the wadi channel and its slopes. The interrelation between
these parts affects the water, and biomaterial flows in the channel and between the wadi
and its neighbored areas [3].

This interrelation was documented in the soil fertility study in curved channel plots
and one of their slopes (Figure 7), and the fertility interrelations between the transect
location over the channel and the herbaceous distribution over the slopes (Figure 6). In
addition to the spatial channel shape, an additional factor must be considered to the
existence of ancient Byzantine terraces over the channel [27,28].

The study finding additionally indicates that SR grazing, which is carried out on the
wadi slopes, influences the ecological functioning of the whole wadi. Trampling, vegetation
harvesting and spreading excrement are how ruminants interact with the ecosystem [29].
Therefore, the finding of this study has to be analysed regarding these means. Our primary
surveys indicated that the herb’s weight was low, possibly due to the low rainfall amounts
in the 2020–2021 season, which prevents their harvesting by the grazing animals [30].
Therefore, this means that it will be neglected here. The ecological functioning of the wadi
due to grazing can be described as follows (Figure 9). The initial ecological feedback loop
of the wadi channel [4] was intensified by ancient dams [27]. The SR excretions over the
wadi slopes enriched the slope’s soil with nitrogen (Figure 8C) and possibly phosphorus
compounds [31]. The animals’ solid excretions were contributed to soil organic matter and
soluble nutrients, while the animals’ trampling enhanced these processes [32].
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circle—animal dropping; purple circle—animal fluid excretion; grey circles—sediments.

The organic matter flooded into the channel edges brings fine particles to a buildup and
to adhesion and abrasion caused by the animal trampling [33], due to the natural bedrock
weathering process [34], forming a colluvial layer [35], as documented in Figure 8D. This
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colluvial layer, enriched in organic matter nutrients and high moisture content, is expanded
upslope, resulting in a vegetation expansion upslope (Figure 6B). A similar process was
documented previously in another landform, expressing the area rehabilitation.

4.2. Suggestions for In-Field Implementation

To intensify the rehabilitation processes in the wadis’ areas previously described, one
should consider the herd owner’s mental patterns and the herding patterns of the SR in the
wadis’ area [29,36]. Our preliminary meetings with Rahma Bedouin herd owners noticed
that their attitude for herding is a hobby or, more accurately, a traditional occupation with-
out profits. This attitude leads to low awareness of the ecological state of the pastureland
of the wadis’ area [8]. Therefore, one of the study’s main goals is to build with the herd
owners a profitable scheme for SR breeding, and to design ecological herding management
for the wadis’ area for a long-term view for the area rehabilitation [36].

The herding scheme in the wadis’ area should rely on the patterns described in
Section 4.1, considering the grazing as a manure management tool [37], with influence on
the whole wadi area. The old Bedouin herd owners are known as experienced bellwether
SR trainers [38]; therefore, based on their contribution, it is possible to use the three
herding patterns (distributed, route and centralised) as suggested for the wadi ecological
rehabilitation, which may be used for a suitable herding scheme [39].

The novelty of this study is the determination of interrelations between an “imported
ecosystem engineer”—the grazers, the wadi geographical outlines and its soil fertility. Such
interrelations, which formed after years of existent grazing, were approved until this study
only on natural organisms as harvester ants [39,40].

5. Conclusions

Intensification of the triangular interrelation of grazer–wadi geographic outlines and
soil fertility by adequate SR grazing may lead to rehabilitation of degraded wadi areas.
The SR influence on biomaterial flows from the slopes to the wadi channel may be used for
vegetation increase in the channel, leading to increased tourism utilisation of previously
defined badlands.
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Abbreviations

HBW Herbaceous biomass weight
SMC Soil moisture content
SOM Soil organic matter
SR Small ruminants (goat and sheep)
WOS Wadi or Wadis (dry channel in arid regions)
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