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Abstract: Animals’ activities are a significant geomorphologic factor. An important reliefogenic role
is played by animals introduced by man; that is, livestock. The activity of livestock on the earth’s
surface can be direct (horizontal displacement of the soil), or indirect (preparation of ground for
degradation). In this research the areas that livestock tread most often were put under examination,
that is, places used for resting (e.g., during the night) and paths used for moving (e.g., while passing
to and from grazing spots). The experimental research areas were divided into two groups. During
the two-week study period it was noted that (1) the number of plants and their stems had declined
by 9.5% and 19% respectively, and the paths had widened by 6%; (2) the soil level had decreased,
uncovering the measurement pins by 3.5 mm up to 24 mm, depending on the slope of the ground,
while in the comparison (control) areas the pins were uncovered only up to an average 1.8 mm.
The results of the research show the scale of the phenomenon of zoogenic erosion caused by livestock.
Based on the research the following formula has been elaborated y = (−0.005x + 0.0526) T×N×SP

100×0.86 .
This provided the opportunity to calculate the average (hypothetical) data for soil loss (y), according
to the slope degree (x), the number of animals (N), the time that those animals spend in the area
(T), and the static pressure they caused on the ground (SP). The paper makes recommendations that
could lead to a reduction in soil erosion caused by livestock.

Keywords: soil erosion; alpine meadow; grazing; mountain environment; Himalaya

1. Introduction

As is well known, erosion is the process by which soil and rock on the Earth’s surface are moved
by exogenic processes and then deposited in other locations. This natural process is caused by the
dynamic activity of erosive agents, that is, water, ice (glaciers), snow, air (wind), plants, animals, and
humans. In accordance with these agents, erosion is sometimes divided into water erosion, glacial erosion,
snow erosion, wind (aeolic) erosion, zoogenic erosion, and anthropogenic erosion. Erosion acts on all elements
of the earth's surface, but first of all it is the soil cover that is exposed to its destructive impact. Ongoing
soil erosion is a critical environmental problem throughout the world’s terrestrial ecosystems [1–3].
Integrative erosion is a special type of erosion caused by the dual activity of two agents: animals
(zoogenic erosion) and humans (anthropogenic erosion). Zoogenic erosion is caused by animals
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introduced into the environment by humans, that is, livestock. This is the type of erosion specifically
examined in this article.

Two-thirds of the earth’s land area that is designated for agriculture is used as grazing land [4],
and the impact of livestock on soils has been studied since the turn of the century [1,2,5–26]. Livestock
has been found to significantly alter (e.g., by trampling, grazing, excrement) almost every aspect of soil
structure and function, including soil porosity, chemistry, microbiology, nutrient cycles, productivity,
and erosion rates [27].

This paper focuses on the soil erosion rate and surface modification in a high mountain
environment. There have been numerous studies looking at the impact of livestock on alpine
meadows (e.g., [12,28–34] and others as cited in Section 2: Anthropo-zoogenic erosion: terms and scale of
the phenomenon). Naturally, the livestock’s impact on terrain modification is not the same for each area,
or even within the same area, for example, valleys. It depends on the lay of the land (the elevation,
degree of slope, and orientation of terrain features), the kind of usage (e.g., grazing, or grazing and
staying overnight), and the intensity of usage (e.g., number of animals and their species). Some places
(spots) are more frequently visited by livestock and thus these areas are more vulnerable to changes.

This research was undertaken in order to synthesize knowledge about animals' pressure on paths
and places of frequent stay in the high mountain environment. The objectives of this study were to
examine three aspects of zoogenic erosion caused by livestock: (1) the short-term changes to vegetation;
(2) the speed of the creation and widening of the main livestock routes; and (3) the scale of the sculpture
development and modelling of the slope by the horizontal displacement of soil. Experimental research
was conducted in the high mountain environment of the Miyar Valley (Western Himalaya, India).
The research polygons were located at an altitude of between 3800 and 3900 metres above sea level.

2. Anthropo-Zoogenic Erosion: Terms and Scale of the Phenomenon

All animal activity—such as searching for food, moving, or excavating hiding places on the surface
and under the ground—causes some superficial morphological change (for examples, see [3,35]).
The process of soil destruction and the formation of zoogenic forms (on the surface or under the
ground) is termed zoogenic denudation. The future soil transport over slope—even with help of other
erosive agents, e.g., water, wind—is defined as zoogenic erosion. Preparation (preadaptation) of the
soil for erosion is defined as pro-erosive (pro-denudative) activity [36]. A well-known example of the
tremendous potential for surface relief modelling by animals can be found at the Olsen-Chubbuck Site
(26 km southeast of Kit Carson, CO, USA). Here, an old arroyo channel was probably formed from an
eroded bison trail [37].

Anthropo-zoogenic erosion is erosion caused by animals introduced into the environment by
humans, that is, livestock (e.g., yaks, camels, horses, cattle, sheep, and goats). Livestock can affect the
terrain in two ways: by shredding, and as a result, moving crushed soil materials on the surface of
the slopes; and indirectly by the destruction of vegetation and then the erosion of the naked soil by
other erosive agents, mostly by water and wind [3,36,38–43]. Two set of characteristics are particularly
important for understanding the effects of these types of zoogenic impacts. First, various grazing
animal species have different dietary preferences. Cattle, horses, and bison, in particular, consume
grasses, although when grass is less available they may shift to forbs and shrubs that are low in
volatile oils [44]. Fox and Seaney [45] found that goats generally consume a greater number of plant
species and obtained only 34% of their diet from grasses, whereas sheep and cattle obtain 78% and
90% of their diet, respectively, from grasses. The rest is made up of forbs, shrubs, and roots [44].
Second, in the case of direct impact, treading impacts vary among animal species as a result of the
differences in size relative to hoof area. When a load imposed on the soil (i.e., a shear stress) is greater
than the load-bearing capacity of the soil, it leads to a modification of the structural configuration
(i.e., soil deformation). Grazing animals can exert a large amount of pressure on the soil surface due to
their great weight and relatively small hoof area [46]. The amount of pressure exerted on the soil is
dependent on the species and the weight of the grazing animal, which increases with age (Table 1).
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Table 1. Characteristic of the livestock (cattle, sheep and goats): Mean adult body mass (kg), hoof size
(cm2), and static pressure (kg cm−2).

Average Weight (kg)
Average Hoof Size;
One Side Only * (B) Hoof Size (cm2)

Static Pressure (kg cm−2)

World (A) Himalaya (A’) Literature
One Side Only *

(A÷B) (A’÷B)

Sheep 41–80 1 34.5 4 43 5 21.5 5 0.7–0.9 7 0.95–1.86 0.8
Goat 27–140 2 34 4 39.2 6 19.6 6 0.43 9 0.68–3.57 0.87

Cattle 350–600 3 226.5 4 216 6 93–103 8

108 6
1.3–2.8 7

1.5–1.7 10 1.62–2.78 1.05

* hoof area on the one side, one front and one hind. Source: 1 [47]; 2 [48]; 3 [49]; 4 [50]; 5 [51]; 6 [52]; 7 [53,54]; 8 [55];
9 [56]; 10 [57].

The mass of the animal is distributed over four hooves; however, when moving, only two of
them touch the ground at any given time. The average size of a cow’s hoof, for example, is around
60–90 cm2 [57]. This means that the average cow exerts a pressure of 1.5–1.7 kg per cm2 while moving
on a flat surface. These values may be significantly increased when a walking animal has only two
or three hooves in contact with the ground at any one time. Also, when moving up hill these forces
may be increased by an even greater amount. In comparison, a person weighing 84 kg, with a
foot area (one foot) of 214 cm2, when walking on the entire foot’s surface, will exert a pressure of
0.39 kg per cm2 [51].

Several studies have reported that the tread of grazing animals can cause a significant reduction in
herbage growth/yield [41,46,58–62] and thus prepare the ground for erosion [3]. It has been estimated
that the reduction in plant biomass may be as large as 25–40% [46,60–62], which is made up of
5–20% from immediately damaged and buried herbage, and 10–20% from reduced production by
the remaining damaged sward [63]. The scale of erosion caused by livestock, both from direct and
indirect impacts, is huge. Worldwide, erosion rates for pasture in mountainous regions range from
1 to 5 t/ha/year for normal vegetative cover [1,64]. Even if the average soil loss is twice as low on
pasture land as it is on cropland (6 to 13 t/ha/year) [65], the erosion rate on alpine meadows still shows
tremendous potential [1], especially when overgrazing occurs. The indirect impact (pro-denudative) is
even higher. For example, a Wisconsin riparian zone inhabited by cattle lost about 60 t/h/year of soil
along each kilometre of the stream’s length [66].

Overgrazing is a common problem that is now occurring on more than half of the world’s pasture
land, in both developing [67] and developed countries [18]. Even if studies show that, in some cases
(even in mountain areas), the soil fertility, climate, and other factors may have a greater effect on plant
cover (species diversity) when compared with grazing [29,30], the significant livestock pressure on
spots where they usually stay seems to be undeniable.

3. Study Area and Research Methodology

3.1. Study Area

Miyar Valley (Figure 1) is situated in the Punjab Himalaya region (see [68]) and is a part of the
Lahoul Range, located between the Pir Panjal and Zanskar ranges. Administratively the valley belongs
to the district of Lahul and Spiti (Himachal Pradesh). The valley is nearly 75 km long and stretches
between Udaipur (at the mouth of the valley, 2649 m) and Kang La pass (5468 m). More than 50%
(568 km2) of the area of the Miyar Valley (975.7 km2) is covered by glaciers [69].
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Figure 1. Miyar Valley in India’s Himalayan region, and the location of the study area and its slope
distribution. The grass/grazing area is marked by the white line. 1–4 study polygons. Location of
the measurement pins depending on the degree of the slope: (1) 0–45◦; (2) 45–90◦; and (3) excluded
comparison (control) area (0–90◦). (4) The locations of the two polygons (polygon A and B) designated
in order to check vegetation destruction and path widening.

Temperatures and precipitation in the Miyar Valley vary widely. The annual average values are
as follows: at the mouth of the valley, in Udaipur (2649 m), they are 9.4 ◦C and 1057 mm; in its middle
part, Sucto village (3448 m), they are 5 ◦C and 605 mm; and in the higher parts (alpine and nival zone)
the average annual temperature always stays below 0 ◦C [70]. According to Saini [71] the soil cover of
the Miyar Valley can be classified into three types: Himalayan alluvial soils, mountain and hill soils,
and high-altitude meadow soils (to get acquainted with a detailed description of the Himalayan soil
levels see [72]).

The valley is inhabited by the Tharanga people who are influenced by Tibetan Buddhism.
There are only a few hundred people concentrated in 16 villages—among others Urgos (226), Tingrat
(171), Ghumpa (45), Khanjar (48), and Sucto (37) [73]—excluding Udayapur. Inhabitants are engaged
mainly in farming and pasturing. The economy of the valley is dominated by extensive farming.
The short period of vegetation (May–September) and the low-quality soils make for limited agriculture
production. Among the main crops are, peas, barley, buckwheat, seed potato, and also those used in
medicine, kuth (Saussurea lappa) and mannu (Inula racemosa). Agriculture is accompanied by typical
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animal husbandry and pastoralism. Due to the influence of Tibetan Buddhism, the population feeds
on vegetable products and remains lacto-vegetarians [70,74].

Since the 1970s the Miyar Valley has been under the influence of small scale tourism [70,74,75],
and in 2012 approximately 700 people visited the valley [70,74].

3.2. Methods

The experimental research areas were divided into two sections.
(1) In order to examine the extent of damage to surface relief caused by livestock and its impact on

the erosion process within the studied area we undertook the following procedure. First, we checked
the indirect influences. We designated two polygons (A and B: each one 2 × 4 m; Figure 2) on the
paths that are used by livestock while moving to their grazing place. We then identified the plants, and
calculated the number of plants and the number of stems for each plant. The same polygons were used
to investigate the development of the paths. The width of the path was measured using a cord (four of
them). Each of the four cords was pulled through the polygon and then divided into three small
sections, thus twelve sections were created in each polygon (Figure 2a). The exact width of the path
was marked on the cord. While the cord was above the path, we used a spirit level to mark the width
properly (Figure 2b). The measurements were taken using a laser rangefinder, DLE 50 Professional,
from Bosch (measuring accuracy: +/−1.5 mm). They were then checked and re-measured with a
measuring tape. After the measurements were taken all cords were removed, leaving the pins secured
with rocks for later observation. One and two weeks later the measurements were repeated in order
to observe changes (plant survival and path development). Later, the number of stems and plants
were converted into percentages, and changes in path widths were indicated in centimetres. The data
obtained was then graphed.

Figure 2. The experimental procedure for investigating vegetation destruction and path widening:
(a) location of the four cords pulled through the polygon (2 × 4 m); and (b) path development and
measuring procedure.

(2) Additionally, in order to indicate the direct influence (horizontal displacement of soil),
we checked the scale of the surface sculpture modelling. For this purpose, 60 measuring pins were used.
The pins (5 pins in each polygon) were placed in the ground in three ways: two groups depended on
the degree of the slope: 0–45◦ and 45–90◦ (Figure 1), and one was dedicated as a comparison (control)
site. The pins were pushed fully into the soil, and the level that protruded from the soil after two weeks
showed how much the soil level had changed. The measurements were taken using a vernier calliper.

During our study (10–24 August 2012), we had determined how many livestock visited the part of
the valley where our polygons were located. This information came from shepherds who had a grazing
permit issued by the Himachal Pradesh Forest Department. According to the documents, during two
weeks of our study, this part of the valley was grazed by 124 sheep, 287 goats, and 18 cattle. The short
duration of this research was related to the period that a specific grazing permit occurred in. The
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shepherds hold permits for grazing that cover both specific locations and number of animals. After a
period of time, shepherds and their herd move to another location. According to the above, the number
of animals and their kind remains the same throughout the whole period of the measurements. This
means that the polygons will stay under the same pressures during the whole measurement period.

To determine the amount of zoogenic erosion caused by livestock, the data from the polygons that
were exposed to their impact were reduced by the values that came from the analogous/equivalent
control polygons. Within the latter, the erosion level was measured/analysed in reference to the
collective action of natural factors only (e.g., wind, water, freezing), that is to say, exclusive of livestock
influence. Thus, we obtained data that only shows the impact of livestock on the erosion of the
soil cover.

All polygons were located on paths that were already in use by animals. The possibility that
animals would choose paths other than those under our observation was severely limited due to
natural conditions (e.g., river cliffs, stone runs). Thus, the likelihood that animals would stay on the
path while moving was almost 100%.

4. Results

The results of research indicated that there was an undoubted presence of indirect and direct
influence on vegetation and surface relief modelling. Below, the losses in vegetation cover are outlined
in two ways: (1) by monitoring the level of plant destruction, and (2) by monitoring the width of the
path. In the third (3) section the level of the horizontal displacement of soil caused by the animals
is presented.

4.1. Vegetation Destruction due to Grazing or Trampling

Before making the plant calculations (both the number of plants and number of stems), the
plant species were identified. The audited plants belonged to three species: Persicaria affinis,
Potentilla argyrophylla, Astragalus Himalayanus (refer to [76] for detail on morphology). Figure 3a
shows the decline in the number of plants while Figure 3b shows the decline in the numbers of stems.
Of these three species, Persicaria affinis was the most resistant in terms of plant numbers as well as
in stem decline (for both polygons). On average only 3.3% (8.7% numbers of stems, respectively)
of Persicaria affinis plants were destroyed. The plant with the lowest resistance to livestock activity
was Astragalus Himalayanus. This plant lost 16.7% of its entire population and over 28% of all stems.
The resistance of Potentilla argyrophylla placed it at an average level. On average (AM: Arithmetic
Mean), we noted a nearly 19% decline (trodden, trampling, grazing) in the number of plant stems in
both polygons, and almost 9.5% decline in the number of plants during the two weeks of study.



Sustainability 2018, 10, 951 7 of 17

Figure 3. Correlation between time of grazing and/or being trodden (X-axis) and relative vegetation
cover (Y-axis) of Persicaria affinis ( ); Potentilla argyrophylla (N); Astragalus Himalayanus (#); and total
(�) (a) decline in the number of plants, and (b) decline in the numbers of stems. Data for Polygon A is
marked with a solid line, while Polygon B with a dotted line.

4.2. Path Creation and Widening

While moving to and returning from grazing sites, livestock create paths or widen existing ones.
Figure 4 shows the speed of these changes for both polygons (A and B) as a set containing twelve
measurements with a cord. In all cases the paths were wider after one to two weeks of exposure
to livestock impact. The average changes for polygons A and B were 1.0 and 1.5 cm, respectively.
The maximum value of change was 14.3% (3.3 cm) for the increase in path width. In accordance with
this, each part of the path became approximately 6% (AM: polygon A = 5.7% and B = 6.3%) wider than
it was when observations started.

Figure 4. The graphs of the data from the path widening experiment for both polygons, A and B (a,b),
respectively. Each bar graph shows the width of the path for the initial stage, and one and two weeks
later. The line graph shows changes in path width indicated in centimetres.

4.3. The Horizontal Displacement of Soil

The third part of our study was concerned with the direct influence of livestock on erosion, namely
the horizontal displacement of soil by the animals. Measurement pins placed on slopes that were of
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various inclinations (from 10◦ to 85◦)—for both the exposed areas and the comparison sites—showed a
range of results, however all were strongly correlated (ρ: −0.89–−0.98) with an increase in the slope’s
angle (Table 2). Furthermore, the coefficient of variance showed low-variance (0.07–0.71) between pins
located at the same slope angle, that is, the loss of soil was generally equal for pins placed on slopes
with the same inclination.

Table 2. Values of soil loss from the experiment according to the slope’s degree of inclination,
with Standard deviation, Mean, Coefficient of variance for both livestock exposed and comparison
(control) area. For exposed areas, values of Pearson correlation coefficient were also shown.

Slope Degree
Soil Loss on a Specific Pin (mm)

Standard Deviation Mean (mm) Coefficient of
Variance1 2 3 4 5

Exposed area

10◦ −1 −2 0 −1 −1 −0.71 −1.00 0.71
15◦ −2 −2 −2 −3 −1 −0.71 −2.00 0.35
25◦ −4 −5 −3 −4 −3 −0.84 −3.80 0.22
35◦ −6 −5 −4 −7 −8 −1.58 −6.00 0.26
50◦ −16 −17 −18 −16 −15 −1.14 −16.40 0.07
55◦ −20 −15 −17 −21 −19 −2.41 −18.40 0.13
65◦ −21 −17 −19 −18 −21 −1.79 −19.20 0.09
85◦ −22 −24 −19 −17 −24 −3.11 −21.20 0.15

Pearson correlation
coefficient −0.95 −0.97 −0.92 −0.89 −0.98

Comparison (control) area

10◦ −1 −1 0 −1 −1 −0.45 −0.80 0.56
45◦ −1 −2 −2 −1 −1 −0.55 −1.40 0.39
65◦ −2 −2 −1 −1 −2 −0.55 −1.60 0.34
85◦ −2 −2 −3 −1 −1 −0.84 −1.80 0.46

Figure 5 presents a boxplot for data from the soil loss experiment. On the slopes with a
10-degree inclination, the difference between the exposed and comparison sites (AM: −1 mm; −0.8 mm;
respectively) was barely visible. As was expected, the situation looks much worse on slopes with a
greater inclination. On the slopes with a 45-degree inclination, this difference was over four times
greater (AM: −1.4 mm; −6 mm; respectively), and for the 65-degree slope, the soil loss values
were 12 times greater for the exposed than the control site (AM: −1.6 mm; −19.2 mm; respectively).
It was noted that there was the same, 12 times greater, difference between the exposed areas and the
comparison site for an 85-degree slope (AM: −1.8 mm; −21.2 mm; respectively). When analysing
the loss of soil on the comparison (control) sites, it was noticed that in the polygons with inclinations
between 45 and 85 degrees the average level of loss was in the range from −1.4 to −1.8 mm. Moreover,
the greatest soil loss (−3 mm) was noted on the slope with an 85-degree inclination (on the one pin
only). Overall, the moderately-sloping areas was less seriously affected than steep areas for soil loss.



Sustainability 2018, 10, 951 9 of 17

Figure 5. A boxplot of the data from the soil loss experiment according to the slope’s degree of
inclination. Values from the exposed (a,b) and comparison areas (c).

5. Discussion

5.1. Indirect and Direct Environmental Effects Caused by Livestock

During the two-week experiment the places frequently visited by livestock showed an average
plant reduction rate of 10%. These values are similar to Kellett’s [63] which shows a plant reduction of
5–20% from immediately damaged and buried herbage. Note that the grazing season in the upper
Miyar Valley starts at the end of May and finishes in the mid-September. The vegetation period is
not much longer. Likewise, the results obtained are within range of values for other studies, for
example, Carter [60], Schothorst [61], Muller [62], and Bilotta et al. [46], who estimated the plant
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reduction to be as large as 25–40% during the vegetation season. Naturally, this kind of high impact
will not remove specific plants from their natural habitat area; plants will find other areas. However,
this reduction favours, to a large extent, the erosion process, especially because it is strongly correlated
with path development.

As research has shown, during our short-term observation, the size (width) of the paths grew
significantly (average increase of 6% in only 2 weeks). However, there is no need to raise an alarm
concerning this matter. In future, the animals will use the pre-existing paths and the process of
widening will stop when paths reach the proper size for the animals—up to 50 cm wide in the case
of big mammals [37,77]. A graphical interpolation (logarithmic model for path development) of the
data clearly shows that with time the further development of the path slows down and finally stops.
Appropriate to the model and animal behaviour, the paths that now range from 18.2 to 25.5 cm will
grow to a maximum of 30 cm wide.

Both processes described above, that is, the rate of plant destruction and path widening, may
greatly (but mostly indirectly) increase erosion level. Paths and areas with vegetation completely
removed introduce other much more powerful erosive agents like water and wind, which affect surface
relief modelling in a much more serious way (for examples see [31,66]).

The force imposed by an animal’s hoof can be divided into two components: a normal component
acting vertically downward into the soil, and a tangential component acting horizontally on the soil
surface [31,78]. Our study revealed that these two components might have a great impact. They may
intensify the horizontal soil displacement from four to 12 times (on slopes of 45 and 65 degrees or
more) compared to places cut off from livestock activity. The hooves act as a razor by cutting away
slices of soils up to 2.4 cm thick in a period of only two weeks. Results suggest, among other things,
that on slopes inclined at an angle of more than 10 degrees, livestock should stay only while grazing,
but not during resting or night stays.

5.2. Model of Zoogenic Erosion Caused by Livestock

The results from the experiment were placed on a graph and a linear trend line was drawn
(Figure 6). To determine the regression model of best fit for the data gathered, the R-squared value
(coefficient of determination) was checked. In general, the higher the R-squared (range: 0–1), the better
the model fits the data. Linear regression analyses were performed to identify the mathematical models
that best approximated the relationship between soil loss (y) and slope gradient (x). For this study,
the R-squared value was 0.92 for the area exposed to animal activity and 0.98 for the comparison area.
The mathematical models that describe the changes are presented below:

Exposed area: ya = −0.3164x + 2.4463 (1)

Comparison area: yb = −0.0134x − 0.7153 (2)

The elaborated mathematical models for both study cases, the exposed area Equation (1) and the
comparison area Equation (2), provided an opportunity to compare data from the experiment (Table 2)
with those from the model (Table 3). The elaborated model, even if not ideal, shows a similar trend
for the changes. In the experiment the slope with a gradient of 50 degrees lost 13.4 mm of soil, while
the model shows a loss of 16.4 mm (compare data from Table 2 with Table 3). This data, however,
still illustrates only the case study, that is, the impact of three livestock types (sheep, goat, cattle)
showing various static pressures on the ground (Table 1).
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Figure 6. Model of zoogenic erosion caused by the study sample (124 sheep, 287 goats, and 18 cattle):
exposed (�) and comparison area ( ).

Table 3. Values for soil loss from elaborated model.

Exposed Area Comparison (Control) Area

Linear Regression Model ya = −0.3164x + 2.4463 yb = −0.0134x − 0.7153

R2 0.92 0.98

Slope Degree (x)
Soil loss level (mm)

ya yb ya − yb Level of Change

10◦ −0.72 −0.85 0.13 0.85
20◦ −3.88 −0.98 −2.90 3.95
30◦ −7.05 −1.12 −5.93 6.31
40◦ −10.21 −1.25 −8.96 8.16
50◦ −13.37 −1.39 −11.99 9.65
60◦ −16.54 −1.52 −15.02 10.89
70◦ −19.70 −1.65 −18.05 11.92
80◦ −22.87 −1.79 −21.08 12.79
90◦ −26.03 −1.92 −24.11 13.55

Tread impacts vary among animal types. Given the differences in total hoof area and the weight
of the animal (Table 1), the weighted arithmetic mean for the static pressure has been calculated. Based
on the animal sample (total 429: 124 sheep, 287 goats, and 18 cattle) the weighted arithmetic mean
for static pressure is 0.86 kg cm−2 of hoof area (Table 4). Grounded in this approach the number
of animals of the same type that would cause the same amount of soil destruction was calculated
(461, 424, and 351, respectively). By knowing this, we were able to calculate the daily value of soil
losses that would be caused by 100 animals, each one of which exerts a static pressure on the ground
equal to 0.86 kg cm−2.
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Table 4. Static pressure (kg cm−2) for the study population and its weighted arithmetic mean. Also,
the number (N) of a single species of animal that would cause the same pressure as animals from this
study sample (124 sheep, 287 goats, and 18 cattle) has been shown.

No Total
Static pressure (kg cm−2) Number of Animals that Caused the Same

Pressure as All Three Together (N) 1
Mean Weighted Arithmetic Mean

Sheep 124
429

0.8 461
Goat 287 0.87 0.86 424
Cattle 18 1.05 351

1 N =
Total numer o f sample ∗ Weighted arithmetic mean o f static pressure

Mean static pressure

By knowing the daily soil loss caused by 100 animals, a linear trend line can be drawn (Figure 7).
In the model, each of these animals exerts a pressure of 0.86 kg cm−2 on the ground while moving.
While Equation (3) shows the value of soil loss caused by 100 animals but intensified by natural
denudation, Equation (4) presents values caused by 100 animals only (only livestock impact i.e.,
values from the areas exposed minus those from the comparison areas).

y = −0.0053x + 0.0407 (3)

y = −0.005x + 0.0526 (4)

Figure 7. Daily soil loses caused by 100 animals.

The final mathematical model Equation (5) gave us the opportunity to calculate the average data
for soil loss according to the slope’s degree of inclination (x), the number of animals (N), the time that
those animals spend in an area (T), and the static pressure they caused on the ground (SP).

y = (−0.005x + 0.0526)
T × N × SP
100 × 0.86

(5)

where:
X—slope degree (0-90◦)
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T—time (days)

N—number of animals

SP—static pressure caused by animal (kg cm−2)

By knowing these four most important variables (x, T, N, SP) the soil loss value can be calculated.
Table 5 shows the hypothetical soil loss value elaborated in the case of each animal and based on
the formula Equation (5). The data obtained from the model (in total) are similar to those from the
experiment (compare Table 5 with Table 2). Thus, the model is correct.

Table 5. Soil loss level during the (T) two-week period according to animal species (sheep, goat, cattle),
their (N) number (124, 287, 18, respectively), (ST) static pressure caused (kg cm−1) (0.8, 0.87, 1.05,
respectively), and (x) the slope’s degree of inclination (0–90◦). Data elaborated on the basis of the
formula Equation (5).

Slope Degree (◦)
Soil Loss Level (mm)

Sheep Goats Cattle Total

10 0.04 0.11 0.01 0.16
20 −0.77 −1.93 −0.15 −2.84
30 −1.57 −3.96 −0.30 −5.83
40 −2.38 −5.99 −0.45 −8.83
50 −3.19 −8.02 −0.61 −11.82
60 −4.00 −10.06 −0.76 −14.81
70 −4.80 −12.09 −0.92 −17.81
80 −5.61 −14.12 −1.07 −20.80
90 −6.42 −16.15 −1.22 −23.79

6. Conclusions

The research results presented in this paper provided a closer look at the question of the degree
of anthropo-zoogenic erosion caused by livestock in areas that they tread most often. The elaborated
model provides the possibility for estimating, in a simple way, the degree of soil loss according to
the slope degree, the number of animals, the time that those animals spend in the area, and the static
pressure they cause on the ground. In this way, managers receive a tool by which they are able to
properly locate the places where livestock tread most often, that is, places used for resting (e.g., during
the night) or paths used for moving (e.g., while passing to, and back from, grazing spots). It allows the
erosion caused by livestock to be minimised in places where its impact is significant.

7. Recommendations and Additional Considerations

Some places, due to their function (main paths, places where animals spend the night) and thus
longer exposure time to livestock activity, are much more vulnerable to change. As our research shows,
these changes might cause a serious threat. According to this study two recommendation are made to
limit the indirect and direct modes of soil erosion:

• Introduce at least two main paths for the movement of livestock, for example, one to move to
the grazing site and a second to move out from it. Because of this, the amount of complete plant
destruction will be twice as small, and the erosion initiation process will be slower.

• Locate the places where livestock usually stay (e.g., during the night) on slopes with
approximately 10 degrees of slope. The destruction will be lessened due to reduced traffic
of livestock, and potentially lessen the risk of erosion. Also, a flat surface that is heavily trodden
can lead to wetland creation. Thus, a 10-degree slope is better than a flat surface because water is
drained from it by gravity.
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These recommendations might be accompanied by a third one: when the land administrator or
user (i.e., shepherd) notices erosion, his or her first reaction should be to move the animals to another
(new) place. This recommendation concerns both paths and sites where animals stay during the night.
Through this action, vegetation will have time to recover and the risk of erosion will be lessened.

All the above recommendations should be placed in a special brochure and given away to
the shepherds. This task is easy to achieve, as shepherds are obligated to obtain a grazing permit.
Such permits for areas within Himachal Pradesh are issued by the State Forest Department, and it is
similar in other states. Therefore, the preparation of the brochure should be done by these departments.

This educational action might be a small step along the way to the sustainable development of
the upper parts of the alpine valleys, and shepherds should play an important role along this path.
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following sheep grazing in abandoned mountain meadows. Appl. Veg. Sci. 2001, 4, 97–102. [CrossRef]

31. Pande, T.N.; Yamamoto, H. Cattle treading effects on plant growth and soil stability in the mountain
grassland of Japan. Land Degrad. Dev. 2006, 17, 419–428. [CrossRef]

32. Dumont, B.; Garel, J.P.; Ginane, C.; Decuq, F.; Farruggia, A.; Pradel, P.; Rigolot, C.; Petit, M. Effect of cattle
grazing a species-rich mountain pasture under different stocking rates on the dynamics of diet selection and
sward structure. Animal 2007, 1, 1042–1052. [CrossRef] [PubMed]

33. Cheng, J.; Wu, G.L.; Zhao, L.P.; Li, Y.; Li, W.; Cheng, J.M. Cumulative effects of 20-year exclusion of livestock
grazing on above-and belowground biomass of typical steppe communities in arid areas of the Loess Plateau,
China. Plant Soil Environ. 2011, 57, 40–44. [CrossRef]

34. Dong, Q.M.; Zhao, X.Q.; Wu, G.L.; Shi, J.J.; Ren, G.H. A review of formation mechanism and restoration
measures of “black-soil-type” degraded grassland in the Qinghai-Tibetan Plateau. Environ. Earth Sci. 2013,
70, 2359–2370. [CrossRef]

35. Butler, D.R. Zoogeomorphology: Animals as Geomorphic Agents; Cambridge University Press: Cambridge, USA,
1995; ISBN 978-0-521-03932-1.
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