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a b s t r a c t
Interactions between desert vegetation and erosive forces are prominent and are part of landscape evolution
in deserts. The role of annual herbaceous plants in these processes is usually overlooked. Likewise, the
interactions and relative contributions of the different erosive forces are rarely studied.
We examined the effects of mound-forming shrubs and annual plants on sediment dispersal at small spatial scales
in the semi-arid shrubland of the northern Negev Desert of Israel. We conducted a ﬁeld experiment to test the
displacement of dyed sediment by wind, runoff and rain splash in 5 × 5 cm areas on shrub-mounds, placed
under the canopy and on mound margins, and on the biological soil crust-covered intershrub space. As
experimental treatments, we used artiﬁcial rain covers and removal of annuals and their litter.
We found that 1) most sediment displacement was caused by rain splash, which was effectively reduced by
shrub canopy and less so by annual plant cover, and 2) runoff effects were limited to a fraction of rain events,
took place only in the intershrub space, and were signiﬁcantly reduced by annual plants and their litter. The
combined effect of shrubs, annuals, and litter on sediment movement was signiﬁcantly stronger than the
effect of any single element.
Accordingly, we conclude that, in addition to shrubs, herbaceous annual plants play a signiﬁcant role in
shrub-mound growth and maintenance, and thus also, in erosion control and vegetation pattern formation in
dryland landscapes. Since herbaceous plants enhance mound formation, which in turn enhances shrub growth,
our ﬁndings are further evidence of the crucial feedback interactions that are central to understanding ecosystem
functioning, dynamics and pattern formation in water-limited ecosystems.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Vegetation and geomorphology
Many ecosystems in semi-arid regions have been under processes
involving the loss of vegetation cover, productivity, and species diversity (Okin et al., 2009), coupled with geomorphic processes, mainly
soil degradation and erosion (Reinhardt et al., 2010; Ries, 2010).
Semi-arid ecosystems, especially, experience increased risks from
such processes, due to the combined effect of sparse vegetation cover
and concentrated erosive episodes (Ludwig et al., 2005; Marston,
2010), along with an increase in anthropogenic pressure (Cantón et
al., 2011; Schönbach et al., 2011). Since soil degradation implicitly includes the loss of substrate and resources necessary for plant establishment and growth, feedback mechanisms are likely to operate between
geomorphic processes and vegetation dynamics (Ravi et al., 2010;
Reinhardt et al., 2010; Wainwright et al., 2000). These mechanisms
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play an important role in desertiﬁcation processes in semi-arid regions
worldwide (Okin et al., 2009; Schlesinger et al., 1990).
Ecohydrology in arid and semi-arid landscapes is characterized by
runoff source-sink relations, dictated by surface conditions that
determine inﬁltration and ponding at small scales, and connectivity
at larger scales (Kirkby, 2002; Okin et al., 2009). Since runoff is a
dominant erosive force, sedimentation and erosion are affected by
the same surface conditions. Other erosive forces inﬂuencing sediment transport are splash from raindrop impact and wind. Vegetation
is one of the most important factors in erosion mitigation, acting on
the erosive forces as well as on soil-surface conditions (Marston,
2010). Our aim is to examine the effects of semi-arid vegetation on
the erosive effects of these three forces (runoff, splash and wind)
under natural conditions, and to compare the relative importance of
these forces in the sediment budget.
1.2. Erosion control
Vegetation cover affects rain-driven sediment transport through
three main mechanisms: 1) reduction of direct raindrop impact, thereby protecting the aggregate structure from mechanical break-down
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(Cantón et al., 2009); 2) reduction of the splash dispersal of accumulated sediment, thus controlling the erosion-accumulation balance
(Wainwright et al., 1999); and 3) increasing surface roughness by the
herbaceous vegetation, therefore reducing runoff velocity (VásquezMéndez et al., 2010). Plant litter also reduces runoff, as Boeken and
Orenstein’s (2001) experiments in the same research site showed. In
addition, vegetation can mitigate wind-driven erosion through a reduction of air velocity and entrapment of wind-blown sediment
(Hupy, 2004; Leenders et al., 2007). So far, studies have been limited
to addressing the effects of either rain or wind, despite the likelihood
of interactions among hydrologic and aeolian effects in semi-arid regions (Ravi et al., 2010).
The material input into the semi-arid area of the northern Negev is
aeolian, bringing dust and ﬁne sand from the west into the region (Offer
and Goosens, 2001; Offer et al., 1998). Once deposited, the dust and
sand can be further mobilized by local aeolian and hydrological processes
(Shachak and Lovett, 1998; Zaady and Offer, 2010) and, in many cases, are
transported downslope by run-off and rain splash (Eldrige et al., 2002;
Field et al., 2009). Surface structure controls the redistribution of sediment by controlling its movement velocity across the surface (Kirkby,
2002; Marston, 2010). Vegetation has a large impact on surface roughness
and structure in natural landscapes, and thus plays an important role in
sediment transport and retention, leading to less erosion and increased
sedimentation with denser vegetation (Cantón et al., 2011; Michaelides
et al., 2009).

transport? 2) Is this effect altered by the presence of shrub canopy
cover? 3) What are the relative contributions of different erosion
forces (wind, run-off and splash) to sediment transport?
Previous studies in this ﬁeld have measured the rates and amounts
of runoff and sediment yield at scales ranging from one to several
hundred m 2 (e.g., Eldrige et al., 2002; Oren, 2001; Wainwright et al.,
2000). These scales are relevant for ecosystem functions and management; however, they are under the inﬂuence of a non-linear scale
dependence that can mask the mechanisms acting at small scales
(Cantón et al., 2011; Leys et al., 2010). We focus on the micro-scale
(0.05 m 2) with the intent to test the effect of rainfall on sediment
displacement in the presence of different combinations of cover elements. The effects of the different cover elements can be contingent
on their location and the relative strength of the different erosion
forces, as depicted in the slope cross-section in Fig. 1. Our small spatial scale allows for testing the importance of location for vegetation
control over sediment transport.
Rainfall simulation experiments have produced a large quantity of
data (e.g., Eldrige et al., 2002; Podwojewski et al., 2011; Segoli, 2009),
yet the unrealistic rainfall intensities, spatial distribution, and duration used in most experiments may have disguised crucial, but subtle,
effects (Jomaa et al., 2012). Therefore, our focus on natural rainfall
events is likely to produce more realistic results.

1.3. Shrub mounds

2.1. The study site

Shrubs affect the landscape structure in Park Shaked (PSK), in the
north-western Negev Desert of Israel (Shachak et al., 2008), through
the development of mounds of loose soil and organic matter underneath and around their canopies (Eldrige et al., 2002). The mounds
contrast strongly with the surrounding surface as they lack biogenic
soil crust (BSC). BSC forms on the surface of undisturbed bare soil, reducing water inﬁltration and seed retention (Boeken and Shachak,
1994; Eldrige et al., 2000). The shrub-associated mounds usually
have a higher content of nutrients and more loose soil particles than
the surrounding crust-covered matrix (Zaady et al., 1998). Consequently, the mounds act as sinks for water and sediment, transported
by runoff across the BSC-covered surface. This makes shrub mounds
favorable habitats for annual plants, and therefore greatly enhances
primary production and biodiversity (Boeken and Orenstein, 2001;
Boeken and Shachak, 1998; Shachak et al., 2008).

Park Shaked LTER station (31°17′N, 34°37′E) is located in the
semi-arid region of the north-western Negev Desert, Israel (Fig. 2).
Mean annual precipitation is 150–200 mm, occurring between
November and March, with dry years receiving less than 100 mm of
rainfall. The natural landscape is a sparse shrubland, dominated by
dwarf shrubs (0.1–0.6 m height), mainly Noaea mucronata. Shrub
cover can reach 25% of the area in some locations but has decreased
considerably in the last decade (Boeken, 2008; Shachak, 2011) to
less than 10% on most slopes, due to prolonged droughts.

1.4. Annual mound vegetation
Long-lived woody plants, such as desert shrubs, have been the
focus of theoretical and applied research into the process of landscape
modiﬁcation and ecohydrological feedbacks (Gilad et al., 2004;
Meron, 2012; Shachak et al., 2008). However, annual plants are mostly overlooked in this context, even though their contribution to biomass and cover can exceed that of shrubs in dry regions (Fernández
et al., 1991; Knapp et al., 2008). Here, we focus on annuals that may
be especially important for the process of the maintenance of
shrub-associated soil mounds (Zaady et al., 2004), although most of
the current models so far ignore this possibility (Meron, 2011). We
believe that consideration of the interactive or mutual effects of
annual and woody plants will allow for more realistic landscape
evolution models, which are key tools in theoretical and applied ecosystem study and management.
1.5. Objectives
In this study, we investigate the effects of different cover types on
overland sediment transport, focusing on these speciﬁc questions:
1) What is the effect of annual plant and litter cover on sediment

2. Methods

2.2. Experimental approach
A ﬁeld experiment was conducted during the winter and spring of
2010/11 to test sediment movement on mounds under the canopy of
the sub-shrub Noaea mucronata (Chenopodiaceae) in the study site
under natural climatic conditions. We chose to simulate a scenario
of a ﬁne layer of aeolian dust, deposited following a dust storm (personal observation on 22/10/2010), and to track its dispersal. We used
sediment collected in the ﬁeld, from similar mounds, with a vacuum
cleaner and sieved in the lab down to particles less than 350 μm in diameter. A particle size distribution analysis with high-resolution laser
diffraction revealed that the material consisted mostly of particles
with diameters of 180-190 μm or 60-70 μm (Appendix A), signifying
mostly ﬁne sand (and silt). This size group tends to be more easily
transported than the smaller clays or the larger coarse sand
(Bagnold, 1941; Legout et al., 2005). The material was marked,
using a water-resistant spray color, in order to allow tracking of its
movement along the surface following rainfall.
2.3. Experimental layout
Each experimental unit consisted of a frame of 5 cm × 5 cm made
of thin wire (1 mm diameter), placed ﬂush on the surface and pinned
down on all corners with 2 cm pins of the same material (Fig. 3). The
soil surface within each frame was covered with a layer of ca. 2 mm of
the dyed sand (total volume 5 mL), spread as evenly as possible
across the entire frame surface. Cover treatments were done prior
to placing the frame and sand, administered across an entire shrub
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Fig. 1. A schematic drawing of a slope with cover elements (shrub canopy, annual understory, litter and BSC) and vectors of sediment transport (raindrop splash, runoff and
wind, denoted by arrows). Numbers represent the three locations in our experiment: 1 — mound center (underneath shrub canopy), 2 — mound margin (outside canopy), and
3 — inter-mound matrix.

mound and its surrounding intershrub area within a 10 cm radius of
the mound edge. The treatments were: 1) clipped — clipping of all
the annual vegetation near the ground, and removal of the clipped biomass, 2) brushed — clipping the annual vegetation and removal of the
layer of litter and loose aggregates from the surface using a brush, and
3) control — no manipulation of the surface. Within each patch, the
frames were placed around a N. mucronata shrub (with at least a
20 cm diameter canopy) with one frame under the canopy, and two
frames outside of the canopy’s cover, one on the upslope and one on
the downslope mound margins (Fig. 3). In several patches, an additional frame was placed on the matrix outside of the mound.
The spatial layout of the experiment was designed so as to represent some of the variability of topographic conditions at the study
site, such as aspect and location on the slope. Accordingly, the patches
were distributed in blocks spread around the main watershed. Two
experimental blocks were located on east-facing slopes and one
experimental block on a west-facing slope. The treatments were
randomly assigned to one of three shrub patches in a small area
(inter-patch distance b3 m), forming a cluster of three patches,

each one treated differently (i.e., one set), with three sets in a block.
This design reduced the variability of weather patterns (wind, rainfall) within each set, although the stochastic nature of these factors
could still have produced random and uncontrolled variability.
The erosive forces in the ecosystem can be roughly separated into
three processes: wind erosion, runoff erosion, and rain splash erosion.
A full separation of these effects cannot be completely achieved experimentally, and the interactions between them may also play a
role in landscape evolution (Ravi et al., 2010). However, breaking
apart the two components of rain-driven erosion (runoff and drop
impact) could help us understand the importance of vegetation structure in erosion control. For this, artiﬁcial rain covers were placed over
the shrub patch on one third of the patches. These structures were
built to eliminate raindrop impacts, while allowing for wind and runoff to pass through the patches. This had the dual purpose of estimating the protection given by the shrub canopy compared with artiﬁcial
cover, and decoupling between raindrop impact and runoff.
The experiment was run twice during the wet season (from 28
November 2010 until 10 January 2011, and again from 28 January

Fig. 2. A. Satellite image of Israel with the location of Park Shaked LTER (arrow). B. A photograph of the landscape in the study site during the growing season, with dense annual
understory of shrub patches.
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Fig. 3. A photograph of a single shrub-patch with three frames with dyed sediment
(white squares) following removal of annuals and litter (brushed treatment). The
arrow signiﬁes slope direction.

2011 until the end of the rainy season on 10 April 2011) and once
during the dry season (from 4 May 2011 to 23 June 2011). Analysis
of Variance (ANOVA) was used to compare the overall differences in
means of sediment movement between runs.
2.4. Data analysis and environmental measurements
The response data collected in the ﬁeld were proportions of area
cleared of dyed sand from within the frames, and were arcsine
transformed to meet ANOVA assumptions of variable normal distribution. We used a factorial two-way ANOVA design with ‘vegetation
treatment’, ‘rain-cover’ and their interaction as independent variables
(Zar, 1999). This distinguished between effects of raindrop impact,
which was eliminated by rain-cover, and runoff reduction by the
different cover elements (shrub, annuals, and litter). Further analyses
on subsets of the data were performed using one-way or two-way
ANOVA where appropriate. Meteorological data, collected at a
meteorological station located at the research site, were compared
between the relevant periods; rainfall, wind speed, and wind direction at a 10 m height were measured in 15 min intervals and
summed for the relevant temporal scales.
3. Results
3.1. Patches without rain cover
A factorial ANOVA of the proportion of the area where the deposited colored dust disappeared vs. treatment (control, clipping, and
brushing) and the position of the frame on the mound (center, margin and outside) for mounds without rain cover showed a signiﬁcant
effect of surface treatment (F[2, 44] = 7.977 p = 0.001) and location
(F[2, 44] = 11.597, p b 0.0001), but no signiﬁcant interaction effect
(F[4, 44] = 0.823, p = 0.5171). The low values of sediment displacement in the control patches (48%, Fig. 4A), compared with the significantly higher values in the clipped and brushed patches (72%),
support our hypothesis that herbaceous understory vegetation reduces the erosion of shrub mounds. However, the close similarity of
the clipping and brushing treatments implies that litter and loose
sediment (present in the clipping treatment and removed in the

Fig. 4. Means and standard errors of proportional area cleared from frames vs. treatments, A — for three locations in patches without rain cover, B — for pooled marginal
and outer locations in patches with and without rain cover, C — for marginal and
outer locations in covered patches.

brushing treatment) have little effect. Rain splash may mask the effect of the litter layer on runoff-driven sediment loss, even on the
crusted intershrub matrix, as reﬂected by the lack of differences
between the mound margin and outside the mound (with ~ 70%
lost). The dramatic reduction in sediment loss that we observed
only underneath the shrub canopy (center, with 35% lost; Fig. 4A)
also reﬂects the importance of rain splash for mound erosion, and of
the shrub canopy in blocking its impact.
3.2. Effect of artiﬁcial rain cover
Artiﬁcial rain covers reduced sediment loss by ca. 50% over all
treatments (Fig. 4B), similar to the effect of shrub canopy in the uncovered patches (center vs. margin, Fig 4A). Moreover, the rain covers
reduced the effects of both treatments, compared to uncovered
patches, evident from the weaker treatment effect in covered patches
(F[2,19] = 2.82, p = 0.086). In patches with an artiﬁcial rain cover,
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raindrop impact was minimal, and the large differences between
surface treatments are most likely attributable to runoff movement.
Accordingly, we conclude that rain splash was the main cause of sediment displacement in our experiment, and that it was signiﬁcantly
blocked by both shrub canopy and artiﬁcial rain cover, and reduced
by herbaceous vegetation cover, but only slightly reduced by a layer
of loose material.
Artiﬁcial rain covers revealed that runoff erosion did occur on the
crusted area surrounding the shrub patches. While the treatment
effects in the covered patches were similar to the effects in the uncovered patches, as shown by the non-signiﬁcant interaction effect
(treatment × rain cover: F[2, 59] = 0.284, p = 0.753), the location
x rain cover interaction was marginally signiﬁcant (F[2,60]=, P =
0.0843). In contrast to the uncovered patches, in patches with a rain
cover, signiﬁcantly more sediment was lost from the frames outside
the mounds than on the margins (Fig. 4C). This large difference signiﬁes the importance of runoff in the crusted intershrub matrix and
its near absence on the mounds themselves, including the margins.
This is consistent with our own ﬁeld observations of runoff events
during the experimental period (O. Hoffman, 20/01/2012, pers.
comm.). Accordingly, we conclude that runoff movement is primarily
controlled by topography, with surface roughness by annuals and litter exerting a strong effect in the intermound, as is evident from the
differences between treatments in the outer frames (Fig. 4C).

3.3. Seasonal variation in erosion processes
The experiment was run twice in the rainy season. The overall
mean proportional area displaced was similar in both periods with a
mean of ca. 50%. Rainfall simulations and observations have shown
that runoff generation requires a minimum rainfall amount, which
may vary considerably according to surface conditions (Podwojewski
et al., 2011; Ruiz Sinoga et al., 2010). Examination of the frequency
distribution of rainfall intensity throughout two winter months
(November–December 2010) revealed a high frequency (15 out of
the 20 rainy days) of extremely low-intensity events with less than
5 mm of rain/day, below the threshold for runoff generation (ca.
5 mm/hour, Eldrige et al., 2002; Segoli et al., 2008). Moreover, another
four days registered less than 15 mm/day, which would only create
runoff if the entire daily amount were concentrated in less than three
hours. Thus, runoff only occurs in a small fraction of rain events, whereas all events create raindrop impact. Accordingly, raindrop impact may
be responsible for more sediment loss, and consequent erosion and
deposition, simply due to its higher frequency (Jomaa et al., 2012;
Wainwright et al., 2000).
After the rainy season, we removed all the remaining dyed sand
and replaced it. The experiment was then run again during the dry
season to examine the effects of treatments on wind-related erosion.
On average, the proportion that was cleared of the frame area in the
dry season (10% ± 2%) was only a fraction of that in the rainy season
(mean 50% ± 4%). Due to the low values and high variability
resulting from the dry season experiment, we could not discern the
effects of treatment and position. These results reﬂect the relatively
weak effects of wind-driven erosion processes in the study site,
compared to the rainfall-driven processes.
Wind measurements (Appendix B in supplemental material)
showed that the threshold velocity for sand entrainment (ca. 6 m/s
at 10 m height; Fryberger et al., 1979) was reached many times
throughout the dry season, ca. 10% of the time (averaged for 15 min
intervals) between April and August. Nevertheless, wind erosion in
the experiment was very low during this period, even following in
situ annual vegetation removal. Apparently, this is due to surface
wind speed reduction by the shrub canopy and the remaining vegetation at the larger scale (Leenders et al., 2007; Wolfe and Nickling,
1993) (See Appendix C for small-scale wind measurements).

5

4. Discussion
4.1. Usefulness of the experimental approach
The use of natural rainfall within an experimental framework has
several limitations and beneﬁts. The main limitation is the natural
variation in the spatial distribution of the rain, leaving some
unexplained variation in the results and limiting repeatability to
some extent. However, we argue that the beneﬁts of using the naturally occurring rainfall outweigh these limitations, since simulated
rain differs from natural events in its high intensity and its even
spatial and temporal distribution (Abudi et al., 2012). Regarding the
effects of intensity, the minimum used in simulated rain experiments
in the northern Negev region, 30 mm/h (Abudi et al., 2012; Eldrige et
al., 2002), is more than ten times the average (1.74 mm/h) and more
than twice the maximum (13.3 mm/h) compared to values recorded
throughout 2011. Using extremely high rain intensities can lead to
overestimation of runoff and sediment yield potential under current
climatic conditions. Moreover, due to the non-linear nature of runoff
onset and erosion processes (Ghahramani et al., 2012), results
obtained in such experiments are hard to relate to the naturally
occurring processes.
4.2. Combined effects of herbaceous and woody vegetation
The results show that both the shrubs and the annuals on the
mounds reduce sediment loss from shrub mounds. The effect of raindrop protection by shrub canopy is clearly evident (see Fig. 4A), with
herbaceous cover affecting rain splash impact to a lesser degree,
while litter and other loose material do not contribute. In contrast,
annuals and litter have an effect on runoff, but only in the crusted
intershrub matrix, since runoff does not occur on mounds. Even in
the matrix, runoff erosion appears to be secondary in importance to
raindrop splash since strong runoff occurs only in some rain events
(Furbish et al., 2009). Results were similar for locations with only
one element of vegetation (shrub or annuals), but sediment loss
was lowest when all three cover layers (i.e., shrub, annuals, and litter)
were present. Our conclusions are further supported by the experimental work of Zaady et al. (2004) on the effects of herbicide usage,
which demonstrated the signiﬁcance of biological activity for both
runoff generation and soil resource retention. Due to herbicide application, the reduced activity of crust-forming micro-organisms has led
to soil loss following rainfall, and the reduced growth of annual plants
in the shrub patches has hampered the sink function of the shrub
patches. In that case, as in our current study, the results clearly demonstrate that the geomorphic process of rain-induced soil erosion is
affected by a combination of the different functional groups of organisms as landscape modulators (see also Li et al., 2008).
4.3. Effects on mound formation
In addition to our results on erosion control, annual plant cover
also increases the deposition of sediment on the mound by trapping
material dispersed via rain splash or wind and runoff, thereby enhancing the growth of shrub-mounds and the formation of landscape
patterns (Boeken and Orenstein, 2001). The formation and growth
rate of the mounds have so far been attributed to the effect of shrubs
on patterns of splash and runoff (Buis et al., 2010; Shachak and
Lovett, 1998). However, the dense stands of annual plants on
mound margins may be particularly important in shaping the
mound (Hoffman, 2011, unpublished). The shapes and sizes of
mounds on a particular slope, and their density, determine the hydraulic connectivity and ﬂow patterns, as they are the elements of
pervasive roughness (Kirkby, 2002). Consequently, since the combination of the different cover elements is important for mound growth
and maintenance, pattern formation is an emergent property of the
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entire plant community (shrubs, annuals and BSC), which cannot
be fully predicted when considering each element alone (e.g.
Chaudhary et al., 2009).
The additive effect of annual plants on shrub-mound formation and
maintenance is drastically reduced by intense livestock grazing, except
directly under the shrub canopy where they are protected (Facelli and
Temby, 2002). Consequently, mound growth is slower due to erosion
by raindrops and trampling by livestock (Golodets and Boeken,
2006). This geomorphic effect of grazing may take years to be visually
apparent, but could have strong long-term consequences on productivity due to a reduction of resource retention on slopes.
5. Conclusions
Current mathematical models of pattern formation in drylands
typically consider only an inﬁltration-vegetation feedback and root
augmentation growth as driving mechanisms (e.g. Gilad et al., 2007;
Meron, 2012), yet patterns of sedimentation and erosion on the soil
surface have a strong effect on hydrological processes, stressing the
need to introduce a soil-vegetation and an annual-shrub feedback
(Meron, 2011). Furthermore, separate and interactive effects of different water- and wind-driven processes have rarely been studied
in natural landscapes, although they are prominent, especially in
semi-arid regions (Field et al., 2009; Ravi et al., 2010, 2011). The complexity of interactions between the different cover types and physical
processes needs to be considered when trying to predict future scenarios under climate or land-use change. For the semi-arid northern
Negev shrubland speciﬁcally, the recent large reduction in shrub
cover due to recurrent droughts may have further consequences on
ecosystem structure and function (Shachak, 2011). Any attempt to
predict these consequences should take into account the interactive
and combined effects between functional plant groups and hydrological and aeolian processes.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.catena.2013.04.003.
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