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Plant-Soil Interactions and Desertification:
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The impact of grazing, tilling, soil movement, among others on ecosystem health is
often examined in well-defined separate experimental plots and protocols. The
purpose of this project was identification of the mechanisms of soil degradation
and rehabilitation in drylands. We analyzed the gradual changes in biotic and soil
characteristics at the interface between strongly degraded and conserved arid shrub-
land restored by 20 years of conservation grazing. We defined a soil transect of 60m
crossing the border between conserved and long term degraded shrubland. Soil
moisture content, water infiltration, soil organic matter (SOM), soil nitrate
content, and biological activity (germination frequency, biomass productivity, patch
frequency, and insect activity) were determined in equally spaced plots along the
degradation gradient. Productivity expressed by the amount of herbaceous above
ground biomass at the end of the growing season was one third in the degraded area
compared to the conserved area. This is caused by reduced germination rates and
poorer seedling growth due to lower nitrate and soil moisture content in the degraded
soil. Biological productivity was enhanced in the conserved area by exponentially
increasing density of perennials and shrub patches. Our results indicate that severe
depletion of SOM is a leading cause for long-term soil degradation in drylands with
the sparse annual vegetation incapable of restoring the SOM pool.

Keywords biological productivity, conservation, dryland degradation, plant
density, soil organic carbon

Introduction

Soil degradation, vegetation depletion, and loss of biological productivity due to
mismanagement are problems of global dimensions. In dryland environments, these
are the key processes catalyzing desertification (Dregne, 1978; Kassas, 1995; Kéfi
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et al., 2007), further accelerated by continued, uncontrolled grazing (Holland, 2004),
and tilling or mechanical soil movement (Kassas, 1995; Helman et al., 2014a). While
reduced biological productivity and plant cover, increased soil erosion, and water
runoff are the primary signs of desertification, the key physical parameter affected
is soil quality (Diacono and Montemurro, 2010; Helman et al., 2014a) and landscape
patterns (Boeken and Shachak, 1994; Kéfi et al., 2007; Shachak et al., 2008).
Degraded soils are characterized by loss of soil organic carbon resulting in reduced
nitrogen assimilation (Lal, 2004), reduced water infiltration (Eldridge et al., 2000),
and the reduced capability of soils to bind water (Sharma, 1998; Zheng et al.,
1996; Mor-Mussery et al., 2013a). Often closure of degraded areas for several years
is sufficient for ecosystem recovery, whereby the soil organic matter is being replen-
ished by plant life (Shachak et al., 1998). However, more profound degradation may
become irreversible, especially if grazing activities continue (Zhao et al., 2003). Such
desertification processes not only cause loss of productivity with serious impacts on
food production, future food security, and economic development (Hussein, 2008),
but also lead to increase in carbon dioxide emissions (Lal, 2004; Ruddimann, 2003).

Rehabilitation of degraded drylands can restore essential ecosystem services
such as biodiversity and sustainable supplies of fodder, food, and renewable energy
(Leu, 2005; Abu Rabia et al., 2008; Leu, 2010; Mor-Mussery et al., 2013b), essential
commodities in a world running out of quality farm land and water. Additionally,
dryland rehabilitation by soil restoration or afforestation can contribute significantly
to mitigation of global warming by sequestering carbon into soil and biomass
(Grainger et al., 2000; Lal, 2001, 2004; Leu, 2010).

Understanding the processes responsible for desertification is crucial for estab-
lishing efficient rehabilitation methods. Often physical processes such as soil erosion,
tilling, or excessive vegetation removal cause desertification associated with loss of
biological productivity (Safriel and Adeel, 2005; Helman et al., 2014a). In order to
explore these processes, we located a plot containing a transition from conserved
shrubland to severely degraded land situated between a sustainably managed private
farm and publicly accessible overgrazed rangeland. This transition gradient was
characterized by analyzing soil properties and biological productivity.

Materials and Methods

Survey Design

The data presented here were collected North-East of Beer Sheva, Israel, near
the municipalities of Meitar and Hura, geographical coordinates N 31�1902500, E
34�5900500 (Figure 1), at an elevation of 460m. For the years 2001 to 2010, mean
annual precipitation at the site was 232mm as determined by averaging the data
from the two nearest observation stations of the Israeli Meteorological Service
(IMS, www.ims.gov.il), Beer Sheva (185mm, 18 km south west, elevation 300m),
and Yattir Forest (279mm, 8 km north-east, elevation 680m). During the rainy
season of this study (October 2009–May 2010) calculated annual rainfall was 237mm.

Winter temperatures (DJF) were 8.1–19.2�C, and average summer temperatures
(JJA) were 21–34.6�C, data from IMS.

The study area was selected crossing a clearly visible vegetation gradient across
the border of a privately owned sustainably grazed farm, and publicly accessible ran-
geland. The transect (Degradation gradient) was placed perpendicular to the farm’s
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border (Figure 1A) and marked with red=white tape (Figure 1C). The distances from
10 to 50m were marked by color-coded rocks placed every ten meters and are
defined as ‘‘distance points.’’ The 0–20m area was defined as Long time degradation,
the area starting with 40m was considered as Conserved shrubland, as identified
from aerial photographs and visual assessment (Figure 1C). All data were collected
every 10m from the 10m to the 50m mark. All data replicates were collected within
25m2 squares centered on the corresponding ‘distance point.’ Three pictures each
(February 2008) were analyzed for the germination analysis. Infiltration analyses
was performed in January 2010 determining three values per distance point. Four
samples were collected at each point for soil moisture and SOM in April 2010. Iso-
pod holes were quantified in February and June 2010. Four soil samples from each
distance point were collected, mixed carefully, and submitted for nutrient analysis.

Soil Analyses

The soil texture in the area is classified by theUnited States Department of Agriculture
(USDA) as Sandy clay loam type (USDA, 1999). Minimal difference in mechanical

Figure 1. Graphic description of the research area; degraded plots are marked in red, inter-
mediate states in yellow, and conserved plots in green. (A) Aerial photo of the Degradation
gradient from Long time degraded to Conserved shrubland, 2007. The research area is indicated
by a black rectangle, the border of Noam Farm is indicated by a thin black line. (B) Aerial
photo of the research area from 1990 showing the degradation gradient’s location as a black
frame. Part of the highly degraded area was apparently under cultivation and tilled 20 years
ago, while the now conserved shrubland to the left appears to have been used for grazing.
(C) Photographic view of the Degradation gradient from the degraded toward the conserved area.
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composition between the Long time degraded and Conserved areas of the transect were
observed. Soil moisture and Soil Organic Matter (SOM) contents were determined as
follows: four soil samples from the top 20 cm were collected randomly at each distance
point (20 cm is considered as root zone of annual vegetation in arid areas, Fischer and
Turner, 1978). Soil moisture content was determined gravimetrically by drying the soil
overnight at 105�C. SOM was determined by burning the dry soil for four hours at
400�C (Sparks, 2003) andmeasuring themass difference of burnt versus dried samples.
SOM and moisture content were calculated as percentages of dry soil and averaged
for the number of independent subsamples.

For determination of soil nitrate content, the samples were carefully mixed
(Sava, 1994) and submitted for analysis to the Gilat Service Laboratory of the
Ministry of Agriculture (Gilat Field Services Laboratory, Ministry of Agriculture
and Rural Development, Israel; http://www.agri.gov.il/en/departments/109.aspx).

Infiltration was measured using a disk tension infiltrometer (Decagon Devices,
Inc.). The height of the water column in the infiltrometer was measured in
one-minute intervals up to six minutes in three replicates centered on each ‘‘distance
point.’’ The infiltration rate was calculated as described by Eldridge et al. (2000).

Quantification of Biomass Productivity

Woody perennials were manually counted in 100m2 squares centered on each
distance point.

Annual herbaceous biomass was determined by randomly collecting four samples
in 25m2 squares centered on each distance point along the transect. Annual her-
baceous vegetation was collected in iron wire rectangles of 20� 30 cm in April when
the amount of annual herbaceous biomass reached its maximum. The collected sam-
ples were dried for 48 h at 60�C, weighed, and expressed in g per m2 units (Sava, 1994).

Germination Frequency

Germination was evaluated by taking 4MB resolution digital photographs of
50� 50 cm sized areas with a ruler added as internal scale. The photos were adjusted
and printed on A-4 paper to give areas of defined size. Seedlings were marked on
the prints, counted manually and divided into size classes. Three random replicates
surrounding each distance point were chosen, counted, normalized to 1m2 and
averaged (Dell’Aquila, 2009).

Invertebrate Activity

We quantified isopod activity as a measure for invertebrate activity, which is an
important factor in determining the extent of desertification (Whitford, 1993). The
isopod Hemilepistus reaumuri (H. Milne-Edwards)- dig frequencies (Shachak et al.,
1976) were counted using an iron frame of 20� 30 cm. The measurements were done
in four random locations centered on each distance point. The counts were taken
once in February and once in June.

Statistical Analysis

Analysis was performed using JMP ver. 5.0 SAS Institutes co software. ANOVA
analysis was performed to 90% confidence (a¼ 0.1), differences were considered
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significant between values marked as ‘‘a’’ (lowest), ‘‘b’’ (intermediate), and ‘‘c’’
(highest). Mixed letters (‘‘ab’’ or ‘‘bc’’) reflect differences between values with less
than 90% confidence (Sall and Lehman, 1996).

Results

SOM and Nutrients Content

Mechanic content analysis of the soil at the study site in June 2009 was: Sand:
19–23%, Silt: 52–58%, Clay:19–27%, and Rockiness 9–18%. The SOM content in
matrix soil (defined as exposed soil between shrub patches, Golodets and Boeken,
2004) of the Long time degraded area was profoundly depleted to less than one
percent of the soil weight. This is only 25% of SOM content of the matrix soil in the
conserved area (90% statistical confidence) (Figure 2A). Nitrate concentration was
significantly increased in the conserved versus the degraded soil samples (Figure 2B).

Effect of Degradation on Soil Moisture Content

Soil moisture content along the Degradation gradient was determined underneath
shrub canopies (where applicable) and in open matrix soil. Similar trends in water
content along the transect were observed, both under shrub canopies and in the
matrix, with soil moisture content steadily increasing by about 25% from the Long
time degraded to the Conserved soil, or by over 1% of gravimetrically measured soil
moisture content (Figure 3). About one percent higher water content was observed
in soil under shrub canopies compared to the exposed matrix soil in all plots tested.

Water Infiltration

The water infiltration rates in matrix soil increased four-fold from the Long time
degraded to Conserved soil along the transect (Figure 4A). As demonstrated at the

Figure 2. Soil quality assessment in samples collected along the Degradation gradient from the
Long time degraded plots (0–10m) towards the Conserved area (40–50m). (A) Soil Organic
Matter (SOM) content (in % of soil dry weight, n¼ 4). (B) Nitrate content in a mix of four
samples from each distance. �Missing sample (due to technical reasons). Thin lines on columns
represent the Standard Error; Letters above columns represent significant differences between
plot averages (a< 0.1, see tools and methods, statistical analysis).
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Figure 3. Soil moisture (in % of soil dry weight) in soil samples collected along the Degradati-
on gradient, from 10m (Long time degraded) to 50m (Conserved), separately determined in
matrix soil (squares) or underneath shrub canopies (triangles) in April 2010. Thin lines above
and beyond data points represent the Standard Error (n¼ 4).

Figure 4. Water infiltration rates in soil along the degradation gradient from Long time
degraded (10m) to Conserved (40m) soil. (A) infiltration rates in exposed matrix soil
(n¼ 3); (B) comparison of infiltration rates in Conserved matrix soil (at 40m distance in the
Degradation gradient) to infiltration in shrub patches at the same distance (n¼ 3). Thin lines
above and beyond data points represent the Standard Error.

90 A. Mor-Mussery et al.
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40m location, water infiltration under shrub canopies was three times higher than in
matrix soil (Figure 4B). Higher infiltration in conserved matrix soil and further
threefold increase of infiltration in the frequent shrub patches results in much higher
water infiltration capacity in the conserved area compared to the Long time degraded
area, explaining the significantly higher soil moisture observed in the conserved soil
(Figure 3).

Plant Biomass Measurements

The density of patches formed by perennial plants or shrubs in the Conserved area
was about 15 times higher than in the Long time degraded area (Figure 5A). A 2.5
fold higher productivity of annual herbaceous biomass was observed in matrix soil
in the Conserved area compared to the long term degraded plots (statistical confi-
dence of 90%), with a gradual increase along the transect (Figure 5B). In turn, the
increased patch density significantly contributed to higher soil quality and pro-
ductivity in the conserved area. The patches were more complex in the conserved
area with higher amounts of plant species and higher seedling density per patch
observed (data not shown).

Figure 5. Biological activity along the Degradation gradient. (A) Standing annual herbaceous
above ground biomass along the gradient from 10m (Long time degraded) to 50m (Conserved),
determined in April 2010 (n¼ 4); (B) Frequency of perennial plant patches (patches per
100m2) along the gradient from 10m (Long time degraded) to 50m (Conserved) shrubland.
March 2010; �Result may be the result of a very shallow soil layer. (C) Isopod holes in
February and June 2010. Thin lines on columns represent the Standard Error; Letters
above columns represent significant differences between plots averages (a< 0.1 see tools
and methods, statistical analysis).
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Germination Analysis

A gradual increase in seedlings density was observed in matrix soil from long-term
degraded to conserved areas, with seedling density increasing from 115 to about
220 seedlings per m2, with the threefold increase in dicotyledon-seedlings in the con-
served areas especially remarkable (Figure 6). The most abundant species in the area
was the annual grass Stipa capensis (Thunb). Larger forms of this species with at
least five leaves with length of 3–5 cm and more were much more abundant in the
Conserved area than in the Long time degraded area indicating more vigorous
seedling growth in conserved soil in addition to the higher rates of germination.

Number of Isopods Digs

The number of isopods digs was up to 60% times higher in summer in the Conserved
compared to the open area, and five times higher in winter (Figure 5C). Similarly, the
amount of snail excrements found in the conserved area was significantly higher than
in the Long time degraded area (not shown).

Discussion

The research site described herein is unique in featuring an irreversibly degraded plot
near a diverse, functional shrubland ecosystem, separated by a few dozen meters of
transition zone (Figure 1 A). This is in contrast to recent similar reports that com-
pare plots kilometers apart or more (Leu et al., 2014; Helman et al., 2014a), where
effects other than human influence and management, such as local differences in
rainfall, topography, soil composition, soil management history, and so forth may
interfere with the interpretation of research results. As deduced from aerial photo-
graphs, the long term degraded area has been subject to agricultural use and tilling
20 years ago (Figure 1B), while the now restored shrubland suffered of overgrazing
only and was left to recover by conservation management after its incorporation into
a private farm in 1992 (Figure 1A; Leu et al., 2014). The direct neighborhood of the

Figure 6. Germination rate along the Degradation gradient from Long time degraded (10m) to
Conserved (50m), determined in matrix ground (A). (B) represents one of the pictures used for
data collection. Thin lines above and below data points represent the Standard Error (n¼ 3);
Note: Polynomials trendlines for germination.
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conserved and degraded areas within the transect analyzed guarantee that any differ-
ences in soil quality, plant life, and visual ecosystem assessment observed across the
gradient are the direct result of soil degradation or rehabilitation processes. All
physical, chemical, and biological measurements performed in this work thus reflect
the transition from severely degraded to conserved shrubland. Though covering only
a small experimental area, the high density of data points in the area and the direct
correlation of all parameters assessed together with the visual assessment of
degradation provide an excellent degree of confidence for the accuracy of our
observations.

The results of our studies, including a diverse range of floral, faunal, and soil
chemical parameters, all showing with high confidence significant changes from
the long term degraded toward the Conserved area in tight correlation with transect
distance.

The significant reduction in biological productivity of annual vegetation
together with much lower patch density observed in the persistently degraded area
(Figure 5) is a clear sign for degradation or desertification as defined by Safriel
and Adeel (2005). The almost complete absence of shrub patches in the persistently
degraded plot (10m) confirms the importance of those patches for resource conser-
vation and recovery in arid shrublands (Reid et al., 1999; Shachak et al., 2008). Our
recent observations (Leu et al., 2014) presented a clear picture on the impact of patch
density on soil quality, annual plant productivity, and rangeland quality. However,
those observations found a six-fold difference in patch frequency between conserved
and overgrazed plots only, while across the gradient described here patch frequency
in the long term degraded area is 15 times lower than in the conserved area. Absence
of shrub patches together with sparse annual vegetation causes excessive soil crusting
(Boeken and Shachak, 1994; Li et al., 2006; Shachak et al., 2008) and increases run-
off intensity, leading to seed and soil loss by wind- and water erosion. Analysis of
germination frequency (Figure 6) provides an additional, clear indication as to the
impact of soil degradation on biological productivity. Reduced germination rates,
probably by seed loss and lower soil moisture lead to reduced seedling numbers,
while the simultaneously observed poorer growth on degraded soil is apparently
the result of reduced soil nutrient and moisture content as well.

With respect to soil quality, the most evident difference and apparently the key
explanation for persistent long term degradation at the 10m distance points is the
extremely low soil organic carbon content of less than 1%, apparently the result of
both soil disturbance and continued overgrazing. Previously, we compared other
soils, for example, degraded by continuous overgrazing, tilling, or contour trenching,
to conserved shrubland soils, but never found a higher than 50% reduction of SOM
(Helman et al., 2014a; Leu et al., 2014), except in the run-on slopes prepared for tree
planting by contour trenching, where annual vegetation is suppressed by herbicide
application leading to similarly low SOM resulting in severe vegetation depletion
(Mor-Mussery et al., 2013a). Thus the fourfold reduction of SOM observed in this
study in the long-term degraded soil is likely a contributing factor for the inability
of the area to recover when compared to other, less degraded plots recently observed.
In support of this notion, and confirming our observation, are reports showing
that low SOM results in reduced nitrogen assimilation (Lal, 2004; Zaady, 2005),
lower water infiltration, higher water runoff, lower soil moisture (Sharma, 1998),
and as a consequence lower biological productivity, as confirmed by the data
presented here.
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The major contributing factor to the restoration of SOM in the conserved area
seems to be annual plant root biomass left in the soil, which improves water
infiltration and re-establishment of adequate soil nutrient contents, animal activity,
and biological patches (Mor-Mussery et al., 2013a) as observed in the conserved
plots at distances 40 and 50m. Thus, our results clearly demonstrate a mechanism
of desertification initiated by reduced plant productivity causing the loss of soil
fertility. Furthermore reduced patchiness facilitates erosion of seeds and soils from
exposed matrix soils, adding to further ecosystem degradation and loss of soil
moisture and soil fertility to the extent permanently reducing plant growth. Those
interdependencies are partly summarized in Figure 7 which is based on the present
study as well as on our recent observations in the same areas (Leu et al., 2014;
Helman et al., 2014a,b). As a major result of the present analysis we can postulate
existence of long term, almost irreversibly degraded soils where biological pro-
ductivity and soil quality have deteriorated to a state that cannot be restored based
on the systems own resources, mostly as a result of both mechanical disturbance and
overgrazing. Intermediate degradation as found at the 20–30m distance points here,
or in the grazed plot described by Leu et al. (2014) with higher SOM and patch
density has the ability to recover spontaneously after reduction of grazing pressure.
In summary, the observations described here have far reaching consequences on soil

Figure 7. Schematic representation of the major degradation and rehabilitation mechanisms
acting in arid–semiarid shrublands based on this work and other recent observations. Starting
from an overgrazed base case, reduced grazing intensity as applied at the research site will
induce steady recovery processes leading to establishment of conserved shrubland. Adding soil
disturbances such as tilling, compaction, or soil movement to overgrazed areas can lead to
irreversibly degraded shrubland as seen at the degraded end of the gradient (10m plot), where
spontaneous recovery becomes impossible. The same color code as in Figure 1 is used to
indicate degraded (red), intermediate (yellow), and conserved states (green).
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rehabilitation and carbon sequestration strategies in the degraded drylands. Figure 7
shows a schematic representation of some major degradation and rehabilitation
mechanisms acting in arid–semiarid shrublands based on the results described here
as well as in other recent observations (Leu et al., 2014; Helman et al., 2014a). While
grazing alone induces degradation levels that can be reversed by temporary enclos-
ure, severe soil disturbances such as tilling, compaction, or contour trenching can
lead to irreversibly degradation as seen at the degraded end of the gradient (10m
plot), or in a contour trenched area nearby recently described (Mor-Mussery et al.,
2013a; Helman et al., 2014a,b).

Therefore, the restoration of highly degraded drylands is only possible by
direct introduction of organic matter, nutrients, litter, and seeds (Diacono and
Montemurro, 2010), together with active introduction of landscape features such
as planted shrubs, trees, or man-made pits and mounds that act as seed traps and can
induce spontaneous re-vegetation (Boeken and Shachak, 1994, 1998; Buis et al., 2010).
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