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Abstract
Livestock grazing is often perceived as being detrimental to the quality and func-
tioning of dryland ecosystems. For example, a study in a semiarid Kenyan savanna 
proposed that cattle form bare spaces throughout the landscape, which indicate 
ecosystem degradation. Other studies, conducted in north-eastern Spain, where 
climatic conditions range between semiarid and Mediterranean subhumid, reported 
that sheep and goat trails have increased the emergence of rill erosion processes. 
Sometimes, this negative perception is extended to include wild, large ungulate 
herbivores as well. Here, we challenge this perception by highlighting the gener-
ally nonadverse and even ameliorative impacts of moderate animal rate on geoeco-
system functioning of hilly drylands. Specifically, trampling routes (also known as 
treading paths, livestock terracettes, cattle trails, migration tracks, cowtours, etc.) 
formed across hillslopes by grazing animals—being either domesticated livestock 
or native large herbivores—transform the original two-phase vegetation mosaic of 
shrubby patches and interpatch spaces into a three-phase mosaic. The animal routes 
increase the complexity of ecosystem, by strengthening the spatial redistribution of 
water and soil resources at the patch scale and decreasing hydrological connectivity 
at the hillslope scale. As a consequence, the animal routes improve functioning of 
hilly drylands and increase their resilience to long-term droughts and climatic change. 
Therefore, instead of viewing the animal routes as degraded spots, they should be 
perceived at a wider perspective that allows to properly understand their overall role 
in sustaining dryland geoecosystems.
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1  | INTRODUC TION

In drylands, limited water availability cannot support full vegetation 
cover. Therefore, two-phase mosaics, also known as source–sink 
ecosystems, are prevalent and form a patchy vegetation cover 

(Hoekstra & Shachak, 1999; Noy-Meir, 1973), which can be highly 
heterogeneous. In relatively simple ecosystems, vegetation com-
prises mainly annual and perennial herbaceous species. In more 
complex systems, vegetation structure is made up of various life-
forms, including trees, shrubs, and herbaceous plants. Other plant 
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forms, such as geophytes, as well as nonplant organisms, such as cy-
anobacteria, green algae, microfungi, moss, and lichen that comprise 
biological crusts, can also grow in these ecosystems. Depending on 
the complexity of the system, the vegetation patches form certain 
spatial patterns, such as stripes, strands, stipples, spots, and oth-
ers (Ludwig et  al.,  1999; Meron,  2015). During rainstorms, some 
of the raindrops that fall upon the bare interpatch spaces infiltrate 
on-site, while others flow overland as runoff and accumulate in the 
downslope vegetation patches, where soil conditions allow higher 
infiltrability (Stavi, Lavee, et al., 2009). The interpatch spaces form 
source areas for suspended and dissolved materials, which accu-
mulate in the sink (vegetation) patches along with the runoff water 
(Pueyo et al., 2013). Evidence for two-phase vegetation patterns has 
been reported for the entire range of drylands, spanning between 
dry subhumid regions at the moistest extreme and hyper-arid re-
gions at the driest extreme (Hoekstra & Shachak, 1999).

Recently, the term “geoecosystem functioning” has been in-
troduced to demonstrate the complex relations and feedbacks be-
tween the physical and biotic components of natural or seminatural 
environments. Specifically, this term pertains to the capacity of land 
units to retain scarce resources of water and soil, and prevent their 
leakage outside of their boundaries (Stavi, Rachmilevitch, Hjazin, 
et  al.,  2018). In this regard, vegetation patches, and particularly 
shrub and tree plant species, fill an important role, as they consid-
erably improve the soil quality and tremendously increase water 
infiltration capacity (Tongway & Ludwig,  2003). Over time, self-
organization of the vegetation cover regulates surface processes, 
decreasing hydrological connectivity and lowering soil erosion at the 
hillslope scale. Consequently, the patterned vegetation improves 
the resilience of ecosystems under long-term droughts and climatic 
change (Meron, 2016).

2  | IMPLIC ATIONS OF ANIMAL ROUTES 
FOR GEOECOSYSTEM FUNC TIONING

Grazing ungulates, being either domesticated livestock or wild 
large herbivores, substantially impact geoecosystem functioning 
(Stavi et  al.,  2012; Stavi, Shem-Tov, et al., 2015). In addition to 
the direct and indirect effects of plant material consumption, the 
animals also impact the system through nontrophic effects (Stavi, 
Lavee, et al., 2009; Stavi, Rachmilevitch, & Yizhaq, 2018). One of 
the most prominent nontrophic impacts is caused by the tram-
pling or treading action of the ungulate, also named hoof action 
or hoof mechanism (Stavi et al., 2008; Stavi, Unger, et al., 2009). 
Essentially, the animals' hooves tear herbaceous vegetation, shear 
the ground surface, and compact the soil (Bilotta et  al.,  2007). 
However, the impact exerted by animals is not evenly distributed 
in space. This particularly pertains to mountainous, hilly, or un-
dulating landscapes, where animal movements are determined by 
the landform settings. Specifically, herds or flocks of ungulates 
characteristically tread in parallel lines, roughly along contours 
(Figure 1; see also Figure 2 in Rahmanian et al., 2019). This mode 

of movement stems from the animals' desire to save energy while 
moving from one site to another (Coughenour,  1991; Ganskopp 
et al., 2000).

In the hilly semiarid northern Negev region of Israel, it has 
been reported that the repetitive movement of flocks of sheep 
and goats along certain paths turns them into definite routes, 
which are distinctly different from the interpatch spaces (Stavi 
et  al.,  2008, 2012; Stavi, Rachmilevitch, & Yizhaq,  2018; Stavi, 
Shem-Tov, et  al.,  2015; Stavi, Ungar, et  al.,  2009). Across these 
hilly rangelands, trampling routes cover approximately 10% of the 
hillslopes' ground surface (Stavi, Shem-Tov, et  al.,  2015).  Similar 
routes are formed either by domesticated livestock or by wild 
large herbivores, and are common in a wide range of climatic re-
gions. For example, in Israel, animal routes occur between the dry 
subhumid region in the north of the country, through the central, 
semiarid, and arid zones, to the hyper-arid region in the south of 
the country (Figure 2).

Similar route patterns have been reported for other drylands 
around the world, such as in China (Jin et  al.,  2016, 2019; Sun 
et al., 2020), Kyrgyzstan (Liu & Watanabe, 2013), Spain (Ries, 2010; 
Ries et al., 2013), and the USA (Corrao et al., 2015, 2016; Ganskopp 
et  al.,  2000; Trimble & Mendel,  1995). Also, despite not specifi-
cally indicated, livestock routes have apparently formed in Iran (see 
Rahmanian et  al.,  2019). In different parts of the world, ungulate 
routes have received different names, including trampling tracks, 
treading paths, animal terraces, migration trails, livestock terrac-
ettes, cowtours, all of which represent similar patterns.

The unique properties of ungulate routes define them as a 
distinct microhabitat. Above all, the routes are characterized by 
comparatively high soil compaction, which results in high surface 
penetration resistance and soil bulk density (Stavi et al., 2008; Stavi, 
Ungar, et al., 2009). This effect was demonstrated in hilly rangelands 
of the semiarid Negev by comparing the ground surface penetra-
tion resistance of active routes with that of nonactive routes (in 

F I G U R E  1   Livestock-made trampling routes. Note the 
characteristic movement of the sheep flock in parallel lines across 
the hillslope. The picture was taken by H. Yizhaq in the Israeli 
hyper-arid southern Judean Desert, which is prone to long-term 
grazing by sheep and goats
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decade-old exclosures). While in active routes, the average penetra-
tion resistance was as high as 0.44 MPa, in the nonactive routes, it 
was only 0.17 MPa (Stavi, Ungar, et al., 2009: averages are modified 
from penetration depth, in mm).

It has been proposed that trampling routes increase the com-
plexity of dryland ecosystems, turning the original two-phase 
mosaics into three-phase mosaics (Stavi et al., 2012). Specifically, 
because of the low water infiltrability of the routes' ground sur-
face, it has been suggested that the routes modify the spatial 
redistribution of water and suspended/dissolved resources at 
the patch scale. Studies have shown that the routes are “net con-
tributors” (net source areas) of runoff and associated resources, 
which accumulate in the downslope vegetation patches (Stavi, 
Rachmilevitch, & Yizhaq,  2018; Stavi, Shem-Tov, et  al.,  2015).    
Additionally, it was shown that the routes modify the compara-
tively homogeneous profile of hillslopes, intensifying its step-like 
structure. This effect was demonstrated for the semiarid hilly 
northern Negev by measuring the ground surface incline along 
catenary transects. The average catenary incline of active routes 
was 5.7°, whereas the catenary incline of routes in decade-old ex-
closures was 10.2° (Stavi, Ungar, et al., 2009). This effect is fur-
ther substantiated by 3D modeling of a representative hillslope in 
the hyper-arid north-eastern Negev, which is transected by animal 
routes. The model shows that the average catenary incline of the 
routes is 3.3% (2.0°), while the general incline of the hillslopes is 
12.8% (7.3°) (Figure 3).

It has been suggested that the compacted, smooth surface of 
the routes increases hydrological connectivity at the patch scale, 
increasing the contribution of runoff water to the downslope veg-
etation patches. At the same time, the intensified step-like pro-
file of the ground surface lessens hydrological connectivity at the 
hillslope scale, lowering the leakage of runoff water out of the sys-
tem (Stavi, Rachmilevitch, & Yizhaq, 2018). Therefore, the overall 

nontrophic impact of animal routes on the functioning of dryland 
geoecosystems is not adverse. Moreover, it improves the hydro-
logical functioning of ecosystems by increasing their resilience to 
long-term droughts and climate change (Stavi, Lavee, et al., 2009; 
Stavi, Rachmilevitch, & Yizhaq, 2018; Stavi, Shem-Tov, et al., 2015). 
This effect was verified by mathematically modeling the impact of 
animal routes on shrubby vegetation under decreasing precipita-
tion regimes. The model shows that the presence of routes miti-
gates the decrease in vegetation biomass under long-term drought 
conditions. Specifically, the model demonstrates that under “nor-
mal” precipitation regime, the ecosystem's net primary produc-
tivity (NPP) is ~10% greater in ecosystems with animal routes 
than that in ecosystems without routes, while under drought 
conditions, the difference between them can increase to ~50% 
(Figure 4). Thus, the modification of landforms by ungulate routes 
can be considered ecosystem engineering, in which key species of 
animals, plants, or microorganisms regulate—through nontrophic 
effects—the productivity of other organisms by controlling their 
access to resources or by modifying their habitat conditions (see 
Gilad et al., 2004; Jones et al., 1994, 1997).

The trampling routes not only redistribute water and soil re-
sources at the patch and hillslope scales but they also regulate the 
vegetation structure through zoochory, including both endo- and 
epi-zoochory mechanisms (Aschero & García, 2012). For example, 
both livestock animals and wild ungulates serve as effective vectors 
of plant seeds, which pass through their gastrointestinal system 
(Faust et  al.,  2011; Stavi, Zinnes, et  al.,  2015). The excreted dung 
along the routes (Lange,  1969) affects seed dispersal and germi-
nation, and modifies vegetation composition. Also, seeds and pol-
len may be transported by the animals' fur and hooves (Kaligarič 
et al., 2016) and then redeposited along the routes. Further, seeds 
buried by the hoof action receive better conditions for germination 
and growth (Eichberg & Donath, 2018; Faust et al., 2011).

F I G U R E  2   Ungulate-made trampling 
routes transecting hillslopes. Notes: A 
dry subhumid rangeland prone to long-
term grazing by domesticated cattle. 
The picture was taken by I. Stavi in the 
Ramot Menashe region of northern Israel 
(a); a semiarid land prone to long-term 
grazing by domesticated sheep and 
goats. The picture was taken by I. Stavi 
in the northern Negev of Israel (b); an 
arid region prone to long-term grazing 
by domesticated sheep and goats. The 
picture was taken by H. Yizhaq in the 
central Negev of Israel (c); a hyper-arid 
nature reserve, where ungulate population 
is dominated by the (reintroduced) 
native Asiatic wild ass (Equus hemionus). 
The picture was taken by I. Stavi in the 
Makhtesh Ramon region of southern 
Israel (d)

(a) (b)

(c) (d)
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3  | POSSIBLE LIMITATIONS

The positive effects of routes on geoecosystem functioning seem to 
be valid as long as animal rate (number of animals per unit of land per 
unit of time: Coughenour, 1991) is moderate (Stavi, Rachmilevitch, 
& Yizhaq,  2018; Stavi, Shem-Tov, et  al.,  2015). At the same time, 
high animal rate can be detrimental to the functioning of the land 
unit. A possible adverse impact is the substantial decrease in her-
baceous vegetation cover, with the consequent excess expansion 
of bare patches. For example, in a semiarid Kenyan savanna, cattle 
grazing was reported to form degraded bare spaces throughout the 
landscape. Yet, long-term grazing exclusion has led to revegetation 
of the bare spaces by herbaceous plants, demonstrating the poten-
tial reversal of degradation processes and recovery of these range-
lands (Augustine et  al.,  2019). Further, overgrazing may entirely 
remove vegetation, consequently simplifying the ground surface 

and preventing ecosystem self-organization. This effect is expected 
to increase hydrological connectivity at the hillslope scale, acceler-
ating erosional processes and causing land degradation (Gamoun 
et al., 2010; Stavi, Shem-Tov, et al., 2015).

An alternative adverse impact is the excess increase in spatial 
redistribution of water as overland flow, which accumulates in the 
woody vegetation patches that expand at the expense of herba-
ceous (forage) vegetation. Despite the expected increase in the 
ecosystem's NPP, this chain of effects decreases ecosystem com-
plexity, reduces plant species diversity, and lowers the economic 
value of rangelands (Schlesinger et  al.,  1990; Stavi, Shem-Tov, 
et al., 2015). At the same time, if animal rate is too low, or where 
animal grazing is excluded, herbaceous (Augustine et  al.,  2019) or 
woody vegetation cover may increase, decreasing or eliminat-
ing the bare interpatch spaces (Archer et  al.,  2017; Stavi, Lavee, 
et al., 2009; Turner et al., 2003). A similar effect was reported for 

F I G U R E  3   Fine-resolution orthophotograph of a representative hillslope (31°16′50.5″N, 35°14′13.9″E) in the hyper-arid south-eastern 
Negev of Israel. Notes: A 1.5 cm/px orthophotograph (panel a). A high-resolution calculation of a characterizing hillslope, demonstrating the 
downslope descent rate of change in the trampling routes along the sampled transect (panel b). Width is presented for the routes (orange 
lines), and incline is presented for the entire transect (panel c). Ground surface mapping was conducted using an unmanned aerial vehicle 
(UAV), acquired in August 2020, using a MAVIC PRO quadcopter equipped with a 12.35 MP RGB camera (DJI Technology Co., Shenzhen, 
China) operated by DJI Ground Station Pro®. Flight altitude was 50 m above ground level, with an overlap of 85% for photogrammetric 
processing done with Agisoft Metashape Pro® (version 1.6.3, https://www.agiso​ft.com/). Postprocessing of the UAV images resulted in 
orthomosaics with 1.5 cm/px spatial resolution and a 3.0 cm/px digital elevation model (DEM). The incline (%) was calculated using the 
SLOPE algorithm of ArcGIS Pro (ESRI ver. 2.7.0) run over the DEM raster. The average hillslope incline is 12.8%, while the mean catenary 
incline of the trampling routes is 3.3%

https://www.agisoft.com/
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the northern Negev region, where goats grazing on the fresh foliage 
of the dominant shrub species, Sarcopoterium spinosum (L.) Spach, 
regulate its cover (Stavi et  al.,  2008). Whether the vegetation is 
herbaceous or woody, increased plant cover decreases the runoff 
source areas of bare spaces, lessening spatial redistribution of water 
(Durán Zuazo & Rodríguez Pleguezuelo, 2008; Stavi, Rachmilevitch, 
Hjazin, et al., 2018) and lowering geoecosystem resilience under po-
tentially degraded climatic conditions (Stavi, Rachmilevitch, Hjazin, 
et al., 2018). The impact of animal rate on the ecosystem's vegetation 
pattern, hydrological functioning, and durability under long-term 
droughts and climatic change is schematically illustrated in Figure 5.

As described above, this work emphasizes the mechanism 
through which animal routes impact the functioning of mountain-
ous, hilly, or undulating land units. In such landscapes, the inclined 
surface is a precondition for the formation of these routes. To some 
extent, this is consistent with Sun et al. (2020), who reported that 

in the Chinese Loess Plateau, sheep terracettes occur only in steep 
hillslopes (incline >30°) and are generally absent in comparatively 
gentle hillslopes (incline <30°). However, in Oregon, the USA, cat-
tle routes were observed in moderate hillslopes, with an average 
incline of ~4.5° (Ganskopp et al., 2000). Although their impact on 
geoecosystem functioning is generally positive, it seems that under 
certain circumstances, animal routes may accelerate soil erosional 
processes. For example, across the semiarid and subhumid regions 
of Spain, sheep and goat routes were reported to accelerate rill 
erosion (Ries, 2010; Ries et al., 2013). Specifically, average runoff 
coefficient and sediment discharge from route surface were ~30% 
and almost fivefold greater, respectively, than in nonroute surface 
(Ries, 2010). The tremendous increase in sediment yield from route 
surfaces was attributed to the hoof action that shears and loosens 
mineral material, which then becomes available for transport (Ries 
et al., 2013).

F I G U R E  4   Mathematical modeling of the impact of trampling routes on vegetation pattern and biomass under decreasing precipitation 
regime. Notes: The simulations are for 5° hillslopes. The vegetation pattern (stripes or banded vegetation perpendicular to the slope that 
developed spontaneously from random initial conditions) is shown for hillslopes without trampling routes (column a), and for hillslopes with 
8 trampling routes defined by lower infiltration values (column b), under 4 annual precipitation rates (the green lines indicate vegetation, and 
the yellow background indicates bare soil). The average biomass density along the precipitation gradient is shown in panel c. The average 
biomass in hillslopes with trampling routes is considerably greater than that in hillslopes without trampling routes throughout the modeled 
precipitation range. For more details on the mathematical model, see Appendix S1

(a) (b) (c)

F I G U R E  5   Animal rate impact 
on vegetation pattern, ecosystem 
functioning, and resilience under long-
term droughts and climatic change. 
Note: Modified from Stavi, Shem-Tov, 
et al. (2015)
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Regardless, the formation of animal routes has also been re-
ported in flat land units and plains, where their occurrence was 
proposed to affect the emergence and establishment of seedlings, 
as well as the structure and composition of vegetation (Eichberg 
et al., 2008; Rosenthal et al., 2012). Particularly, this topic has been 
extensively studied with respect to the ecological impacts of live-
stock on the surroundings of water points (piosphere). For example, 
the density of livestock routes (Lange,  1969) and number of dung 
pellets (Lange, 1969; Walker & Hkitschmidt, 1986) were reported to 
increase with proximity to water points. Despite not being specif-
ically assessed, it was suggested that livestock routes increase soil 
erosion in piosphere environments (Walker & Hkitschmidt,  1986). 
One way or another, it is known that treading routes can also be 
formed by nonungulate (nonhoofed) animals, such as African el-
ephants (Loxodonta africana: Dai et  al.,  2007), gopher tortoises 
(Gopherus polyphemus: Halstead et al., 2007), and others.

4  | RESE ARCH GAPS

Additional studies are required to answer open questions regarding 
the mechanisms through which animal routes affect the geoecosys-
tem functioning of drylands. For example: (1) How do lithology, to-
pography, and soil type affect route formation and pattern?; (2) How 
are the morphology and patterns of routes regulated by regional 
climatic conditions (in the long term), and by local climatic fluctua-
tions (in the short term)?; (3) What is the optimal cover of animal 
routes to maximize forage production while sustaining geoecosys-
tem functioning?; (4) What is the best animal rate to form the opti-
mal cover of routes?; (5) How does the routes' optimal cover change 
for hillslopes with different inclines or of different shapes (concave 
vs. convex morphology)?; (6) How does the routes' optimal cover 
change for hillslopes with different aspects (e.g., north- vs. south-
facing hillslopes)?; (7) How does the routes' optimal cover change 
across climatic gradients?; and (8) How is the impact of animal routes 
on the spatial distribution of soil-water at the patch and hillslope 
scales regulated by the abovementioned issues?

These and other questions necessitate thorough research of this 
topic, which has direct implications for elemental cycling, ecosys-
tem health, and environmental sustainability. Global climatic change, 
with the forecasted aggravation of aridity in the world's deserts 
and the expansion of dryland areas (see Cook et  al.,  2014; Fu & 
Feng, 2014; Lickley & Solomon, 2018), emphasizes the importance 
and applicability of such future studies.
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