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Abstract: The selection of key soil physical properties (SPPs) for studying the impact of livestock
treading is an unexplored research topic, especially in studies that analyze the influence of livestock
management on the degradation process. The objective of this work was to demonstrate that the key
SPPs for studying the impact of livestock treading depend on the objectives of the research and the
environmental characteristics of the study site. This work used discriminant analysis to establish the
most significant SPPs among the following: bulk density (BD), total porosity (P), field capacity (FC),
infiltration capacity (IC), and aggregate stability (AS). Results showed that (1) IC and BD are the key
properties for identifying the areas affected (bare patch) and unaffected (vegetated patch) by livestock
treading, (2) none of the SPPs are significant under increasing stocking rates, and (3) BD is the key
property for analyzing livestock impact with increasing stocking rate, using soil calcium carbonate
content, slope exposure, and grass cover. We concluded that the relationship between physical soil
degradation and stocking rate is not linear because it depends on environmental factors; therefore, to
establish the key SPPs, it is necessary to take this fact into account.

Keywords: soil physical properties; livestock treading; stocking rate; environmental variability;
discriminant analysis

1. Introduction

Soil compaction is the process whereby compression results from a reduction in
volume for a given soil mass. In physical terms, this process causes an alteration of the soil
structure. Soil compaction causes a reduction in the total volume of soil and an alteration
in the pore size distribution because it reduces the proportion of large pores and increases
the proportion of smaller ones [1]. The application of pressure or loads causes changes in
the soil volume. Pressure applied by livestock’s hooves causes degradation of soil physical
properties (SPPs). The extent of soil degradation, resulting from compaction, depends on
the soil water content and the magnitude of the load applied [2]. The degree of compaction
is greater in soils with elevated humidity because a sliding action often accompanies the
livestock treading, especially in mountain areas where there is a high slope gradient. The
deformation and displacement of the soil is a kind of puddling, which alters the original
structure of the soil. The hoof pressure is calculated on the basis of weight per projected
unit of contact area. A moving animal will have two or three hooves on the ground at
any one time, causing a variation in the pressure exerted on the soil. Also, treading speed,
duration of hoof–soil contact, and cattle activity (stationary or walking) are other factors
that imply an increase in the pressure applied [3]. Also, soil structure degradation due to
livestock treading alters the development of pastures due to changes in their root structure.
Specifically, root density is reduced [4], as well as certain morphological characteristics,
such as length and diameter [5].
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Soil compaction, as a result of livestock treading, has been widely analyzed. This soil
degradation process is often characterized in terms of bulk density (BD), total porosity (P),
field capacity (FC), infiltration capacity (IC), and aggregate stability (AS). Table 1 shows
the SPPs analyzed in 27 selected papers from 1981 to 2021 [2,6–31]. These papers studied
soil grazing impact, mainly in mountain regions, and are characterized by the presence of
different types of vegetation, especially grassland, and particular herd type (basically cattle
herds). Soil IC and BD were the properties most frequently used by researchers studying
grazing impact on SPPs. Both properties were used in 67.3% of the total data. The next most
used was P, in 20.4% of cases, and finally AS and FC, in 8.2% and 4.1%, respectively. The
number of SPPs analyzed per study also varied. A total of 48.2% of the studies analyzed
only one soil property, and the remaining 51.8% were divided equally between cases that
analyzed two, three, or more properties.

Table 1. Objectives of investigation and physical properties analyzed in the selected articles of soil
degradation due to grazing from 1991 to 2021.

Objectives of Investigation
Soil Physical Properties Papers

(Reference
Number)BD P FC IC AS

Grazing influence on soil hydrologic characteristics.
* [6–10]

* * [11,12]
* * * [13]

Grazing influence on soil structure. * [14–16]
* * [17]

Grazing management influence on SPPs: different stocking rate.

* [18–20]
* [21]

* * [22]
* * * [23]
* * * * [24]

Grazing management influence on SPPs: different
grazing systems.

* * [25]
* * * [26]

Grazing management influence on SPPs: different soil moisture
contents and cattle weights. * * [2]

Grazing management influence on SPPs: different animals and
stocking rate. * * * [27]

Integrated grazing–crop system influence on SPPs:
grazed/ungrazed and conventional tillage/no tillage system. * * * [28]

Meta-analysis of livestock impacts on soil properties: different
stocking rate. * [29]

Developing a method for estimating the effects of grazing on the
soil physical properties. * * [30]

Developing a geospatial model to measure the impacts
of grazing. * * * [31]

TOTAL CITED 18 10 2 15 4
% 36.7 20.4 4.1 30.6 8.2

BD—bulk density; P—total porosity; FC—water content at field capacity; IC—infiltration capacity; AS—aggregate
stability; SPPs—soil physical properties. *—SPPs analyzed.

The choice of SPPs for analyzing grazing impacts has not always been adequately
justified. In some cases, however, the properties used were appropriated because of the
overall intended objectives. For example, a significant group of articles analyzed the
impact of grazing on certain previously established soil properties. Some studies analyzed
the effects of grazing on the hydraulic characteristics of the soil and therefore measured
IC [6–10]. Other studies analyzed the effects of grazing on the soil structure, in which case
the property measured was BD [14–16]. In these cases, the different SPPs used were clearly
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justified. Nevertheless, in some cases, the physical properties used did not correspond
directly to the specific objective, as they used indirect measurements, which increased the
work effort without providing improved results. For example, papers that aimed to study
grazing impact on hydraulic properties not only analyzed IC but also other properties,
such as P [11,12] or BD and P [13]. Other works analyzed soil compaction and used BD
and also IC [17].

Other approaches to determine the impact of grazing analyzed the influence of differ-
ent grazing systems, stocking rates, herd types, forage seeding, integrated crop–livestock
systems, etc., on the physical properties of the soil. These approaches used different SPPs
to measure the effects of grazing, as there was no agreement on which criteria provided reli-
able measurements. Table 1 reflects very varied combinations: (1) BD [18–20,29]; (2) FC [21];
(3) BD and P [2]; (4) BD and IC [22]; (5) BD and AS [25]; (6) BD, P, and IC [23,26]; (7) BD,
P, IC, and AS [24]; (8) BD, P, and FC [27]; (9) BD, IC, and AS [28]. Finally, two works that
developed a method to estimate grazing impact also used different SPPs; one used P and
AS [30], and the other used BD, P, and IC [31].

The objective of this work was based on the hypothesis that the key SPPs for studying
the impact of livestock management are variable and depend on the objectives of the
research and the environmental characteristics of the study site. We set the following
aims to demonstrate that hypothesis: (1) to determine the most significant key SPPs to
differentiate areas affected and unaffected by livestock treading, and (2) to determine the
most significant key SPPs to analyze the soil impact with an increasing stocking rate and
under different environmental characteristics. These objectives will allow a reliable analysis
of this degradation process, at the same time reducing the fieldwork and lab analysis by
focusing on the most significant measurements. Furthermore, these objectives are closely
in line with achieving sustainable livestock development, because reliably measuring the
impacts would facilitate the implementation of actions to control degradation.

2. Materials and Methods
2.1. Site Characteristics

The study site was a goat farm, representative of the grazing systems of the Mediter-
ranean mountains of southern Spain. The farm is located in the Montes de Malaga and
has an area of 176 hectares (Figure 1). The study site has an altitude between 650 m and
977 m and an average slope of 40%, with maximum values that rise to 60%. The climate is
Mediterranean with topographic features. The average annual precipitation is 701 mm and
the average annual temperature is 14.2 ◦C.

Vegetation was originally a holm oak (Quercus rotundifolia L.) and cork (Quercus suber
L.) forest. However, intensive agricultural activity significantly transformed the original
vegetation. Vineyards were the main economic activity in this area from the early 1600s to
the end of the nineteenth century. After the phylloxera plague in 1878, the land was put
to different use, i.e., it was used for olive groves and extensive animal grazing. The goat
farm used in this study came into use in the early twentieth century. Today, the vegetation
is mainly composed of different shrub species (Cistus albidus L., Ulex parviflorus Pourret,
Genista umbellata (L’Her.) Poiret, Phlomis purpurea L., Lavandula stoechas L., and Daphne
gnidium L.) and grass species (Calendula arvensis L., Medicago minima (L.) Bortal, Trifolium
sp., and Vicia sativa L.subsp. cordata (Wulfen ex Hoppe) Ascherson and Graebner).

The soils were classified as Calcaric Regosols (dominant soil). They are associated
with Eutric/Calcaric Coarsic Leptosols in areas most degraded by water erosion, and with
Calcaric Cambisols in areas less affected by erosion [32]. These are largely of loam texture,
poor in organic matter content (0.5–2%), with a pH neutral to moderately alkaline (pH
water 6.7–8.0). They have a low cation exchange capacity (10.5–15.0 meq 100 g−1) and
high base saturation (85–100%). The presence of calcium carbonate in soils varies from
non-calcareous to strongly calcareous (20.11%).
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Figure 1. Location and delimitation of the study goat farm. The figure shows the cumulative stocking
rate of the goat farm and the location of the sampling plots.

Although the herd is made up of approximately 400 Malagueña dairy goats, the
number of animals that go out to pasture oscillates between 200 and 400 goats throughout
the year due to the fact that during gestation periods the animals do not go out to graze.
This variation in the size of the herd has been taken into consideration when calculating
the stocking rate. The farm bases its feeding strategy on the availability of forage resources,
and also uses supplementary feeding resources such as concentrates, oat grain, and crop
residues, such as wheat straw. Grazing is based on a continuous year-long but very-short-
duration grazing system, where the livestock graze on a specific area of land for a short
time period (generally a few minutes) followed by a few days of rest. This grazing system
favors the existence of paths created by livestock treading (bare patch), which are clearly
distinguishable from the vegetated patches, i.e., those areas not affected by continuous
livestock trampling (Figure 2).

The stocking rate was calculated using the concept “cumulative stocking rate”, es-
tablished by Blanco [33], which is defined as the number of animals per unit of sur-
face area and unit of time that the soil supports. Scholefield and Hall [34] showed
that one of the mechanisms that influences soil compaction is the duration and num-
ber of times that livestock treading occurs in the same place. These arguments suggest
that it is necessary to take into account the frequency of grazing; for this reason, we
used the concept of cumulative stocking. The estimate of the cumulative stocking rate
of the farm was based on the observation of livestock grazing routes during four one-
week periods (one for each season of the year). The observations were based on the
number of animals grazing, delimitation of the land grazed, and length of time that
the animals remained on each land unit. The cumulative stocking rates of the farm
ranged from very low to very high: very low (<100 animals ha−1 year−1) on 10.1% of
the grazing land, low (100–500 animals ha−1 year−1) on 43.92%, moderate (500–1000 ani-
mals ha−1 year−1) on 36.53%, high (1000–2000 animals ha−1 year−1) on 3.42%, and very
high (>2000 animals ha−1 year−1) on 6.02% (Figure 1).
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Figure 2. Grazing plot with paths created by livestock treading (bare patch) and areas not affected by
continuous livestock trampling (vegetated patch).

2.2. Data Collection and Analysis

Twenty sampling plots located in the described goat farm were selected (Figure 1).
They represented the different environmental conditions and the stocking rate in the study
area. The sampling was performed on transects that were picked at random. Two transects
were established for each unit (one for the bare patch (paths created by livestock treading)
and another for the vegetated patch (area covered with vegetation between paths)). The
effects of the treading on the latter varied depending on the type of vegetation. Clearly, it
was impossible for the animals to tread on thickly covered vegetation, like areas of scrub
formation, where the SPPs remained unaltered. In herbaceous areas, although there was
some impact as a result of animal treading, in general, the physical properties of this soil
were well maintained because of the sporadic nature of the trampling and the cushioning
effect of the plant cover. Consequently, we considered that the difference between the two
patches showed the soil response to the impact of grazing.

Soils were sprinkled with water and covered with vegetation in order to keep the
surface water conditions constant up until the time of the sampling. Previous water levels
of the soil could vary according to the different environmental conditions of the land units,
which may have influenced the results. This error factor was avoided by making the soil
moisture levels uniform at the time of the sampling. After the soils were drained to FC
(approximately 24 h), IC was measured, and undisturbed soil samples (0 to 5 cm) were
collected using a ring of 100 cm3 to determine BD, P, and FC. Triplicate samples of SPPs
were taken in each patch. Sampling was performed in the summer of 2017. Soil BD was
determined using the core method [35]. It was calculated from the oven dry weight and
the known volume of each cylinder (100 cm3). P was calculated from the relationship
between the pore volume and the total volume of the cylinder, following the approach
of Guitian and Carballas [36]. Pore volume equaled the volume of water drawn from the
saturated cylinders. Soil FC was determined according to the method proposed by Cassel
and Nielsen [37], known as in situ FC. Soil IC was calculated in situ using a simple ring
infiltrometer (diameter 21 cm) with a constant load, following the approach of Youngs [38].
Mean infiltration rates were determined after a period of thirty minutes. Soil AS was
determined in the laboratory using disturbed soil samples and following the structural
instability index of Henin, Grass, and Monnier [39].
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2.3. Statistical Analysis

The soil sampling results were analyzed using discriminant analysis. This statistical
technique allowed us to quantify the weight of each soil physical property in the discrimi-
nation; thus, we were able to determine the key SPPs for analysis of the compaction due to
grazing. The objective was to establish a linear combination of the independent variables,
which allowed reclassification of the cases within the previously established groups. This
linear combination is the discriminant function. The optimal function is one that provides
a classification rule minimizing the probability of errors. The discriminant linear equation
(D), in unstandardized coefficients, is expressed in the following way:

D = B0 + B1 X1 + B2 X2 + . . . + Bn Xn (1)

where B0 is the constant; Bn is the estimated coefficients; Xn is the independent variables.
Statistical analysis was performed using IBM SPSS Statistics 25.0, and discriminant

analysis was carried out using the stepwise method.

3. Results and Discussion

Table 2 shows the results obtained from the SPP sampling. As expected, the impact of
the treading on the trampled soil (bare patch) compared with less or untrampled patches
(vegetated patch) caused an increase in BD and AS. The BD was 1.41 g cm−3 in the bare
patch and decreased to 1.28 g cm−3 in the vegetated patch. AS was 3.08 and 2.61 in the bare
and vegetated patches, respectively.

On the contrary, P (46.54% in the bare patch vs. 50.68% in the patch with vegetation),
FC (30.36% in the bare patch vs. 37.80% in the patch with vegetation), and IC (18.98 cm h−1

in the bare patch vs. 53.41 cm h−1 in the vegetated patch) decreased in the bare patches.

3.1. Discriminant Analysis Using the Sampling Areas as Grouping Variables: Bare Patch and
Vegetated Patch

The most significant variables introduced to discriminate in the model were IC and
BD. The variable selection process is shown in Table 3. At step zero, IC was introduced
because it had the lowest value of Wilks’ Lambda and the highest F-value. At step one,
BD was included, following the same rule. No other variables satisfy the stepwise method
criteria; hence P, FC, and AS were not included. The discriminant linear equation (D), in
unstandardized coefficients, is the following:

D = 11.292 − 9.39BD + 0.037IC (2)

This explains the 100% model variability, with a canonical correlation of 0.792. In the
case of discriminant analyses of two groups, the canonical correlation is equivalent to the
Pearson correlation. The discriminant function presents a Wilks’ Lambda of 0.373 and a
Chi-square value of 36.536 (p < 0.001).

Once the discriminant function was known, each case was classified in the best group
according to its discriminant scores. Table 4 shows the results of the new classification,
indicating both correctly and incorrectly classified cases. Of the original groups, 85% of
cases were classified correctly, including 80% of cases in the bare patch and 90% of cases
in the vegetated patch. Of a total of forty cases, six were incorrectly classified (four in the
bare patch and two in the vegetated patch). The analysis showed that 85% of the results
obtained from the five SPPs originally selected could be explained using only IC and BD.
Thus, these two SPPs were the most significant for differentiating the areas affected and
those not affected by livestock treading.
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Table 2. Results of the soil physical properties analyzed in the bare and vegetated patches of the
sampling plots.

Land Unit Sampling
BD

(g cm−3)
P

(%)
FC
(%)

IC
(cm h−1) AS

Mean SD Mean SD Mean SD Mean SD Mean SD

1
Bare patch 1.36 0.031 48.36 3.89 29.32 3.22 10.01 2.60 4.17 0.39

Vegetated patch 1.26 0.007 50.25 2.65 43.77 0.67 35.58 8.00 2.19 0.19

2
Bare patch 1.39 0.033 47.28 1.68 32.09 1.28 34.19 4.68 2.41 0.28

Vegetated patch 1.25 0.034 51.46 2.51 38.94 2.67 76.73 1.89 2.09 0.43

3
Bare patch 1.34 0.012 51.40 1.05 36.63 2.01 8.34 3.57 2.99 0.37

Vegetated patch 1.28 0.049 52.98 1.95 40.07 2.85 28.19 10.56 1.89 0.30

4
Bare patch 1.30 0.055 51.29 1.15 37.72 1.51 32.52 2.96 1.90 0.29

Vegetated patch 1.24 0.028 52.57 1.02 40.73 1.37 63.39 11.30 1.73 0.30

5
Bare patch 1.52 0.045 42.63 1.40 26.57 1.73 18.90 10.10 2.61 0.19

Vegetated patch 1.30 0.12 50.93 4.44 38.44 6.27 37.25 3.52 2.19 0.11

6
Bare patch 1.46 0.079 42.72 3.03 27.10 3.27 8.34 3.57 4.21 0.32

Vegetated patch 1.31 0,04 50.14 1.71 36.90 2.75 42.53 2.48 2.52 0.44

7
Bare patch 1.49 0.047 42.16 1.60 25.80 1.46 24.18 2.70 2.54 0.13

Vegetated patch 1.25 0.079 51.75 3.72 37.73 4.24 80.07 15.45 2.77 0.47

8
Bare patch 1.43 0.15 44.02 4.86 30.07 5.91 7.42 3.27 3.01 0.16

Vegetated patch 1.27 0.029 49.19 1.17 36.91 1.77 30.02 5.05 3.66 0.12

9
Bare patch 1.45 0.059 43.54 2.39 27.08 1.74 8.34 3.57 2.22 0.10

Vegetated patch 1.32 0.066 45.24 3.50 27.05 2.26 46.7 12.40 3.26 1.05

10
Bare patch 1.41 0.034 47.07 1.38 31.27 1.29 20.56 9.53 2.38 0.048

Vegetated patch 1.16 0.01 52.42 1.15 42.25 0.96 41.14 4.64 2.37 0.064

11
Bare patch 1.50 0.04 45.95 2.09 28.58 2.54 15.01 4.15 5.97 1.69

Vegetated patch 1.38 0.034 46.80 1.95 32.02 1.83 19.45 2.84 3.65 0.86

12
Bare patch 1.35 0.07 47.42 3.56 31.74 3.40 41.70 3.90 2.37 0.12

Vegetated patch 1.30 0.041 50.23 0.89 35.78 1.92 75.06 2.73 1.66 0.13

13
Bare patch 1.49 0.039 42.63 3.66 25.79 1.46 16.67 3.09 2.87 0.50

Vegetated patch 1.23 0.044 50.64 2.81 40.04 1.06 53.38 7.37 2.34 0.22

14
Bare patch 1.54 0.045 41.74 2.50 24.54 2.34 9.45 2.24 4.34 0.19

Vegetated patch 1.41 0.028 46.52 0.58 28.94 1.53 35.02 3.70 4.01 0.86

15
Bare patch 1.32 0.014 50.54 1.28 35.37 1.27 13.89 1.76 3.92 0.55

Vegetated patch 1.28 0.041 53.15 1.76 41.08 4.40 84.23 10.85 3.17 0.48

16
Bare patch 1.31 0.018 50.86 1.54 35.65 0.87 32.24 11.29 2.34 0.64

Vegetated patch 1.27 0.019 53.59 2.32 41.41 4.78 70.06 7.39 2.41 0.023

17
Bare patch 1.33 0.009 46.57 1.60 32.34 0.42 38.36 3.19 2.36 0.20

Vegetated patch 1.27 0.025 50.75 2.09 38.01 3.83 80.07 13.32 1.99 0.21

18
Bare patch 1.47 0.023 46.70 1.88 28.46 2.73 20.01 4.02 2.79 0.18

Vegetated patch 1.29 0.17 49.93 5.37 36.59 8.18 77.56 23.64 3.07 0.35

19
Bare patch 1.40 0.013 49.75 1.67 32.91 1.38 6.67 1.95 3.01 0.03

Vegetated patch 1.22 0.076 52.90 2.45 41.37 5.29 55.88 8.93 1.97 0.22

20
Bare patch 1.39 0.058 48.09 2.78 28.11 1.28 12.78 5.54 3.19 0.60

Vegetated patch 1.29 0.051 52.06 0.72 37.94 1.94 35.86 3.82 3.33 0.076

Mean bare patch 1.41 0.04 46.54 2.25 30.36 2.06 18.98 4.38 3.08 0.35

Mean vegetated patch 1.28 0.05 50.68 2.24 37.80 3.03 53.41 7.99 2.61 0.35

SD—standard deviation; BD—bulk density; P—total porosity; FC—water content at field capacity; IC—infiltration
capacity; AS—aggregate stability (>AS > structural instability).
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Table 3. Variable selection in a stepwise regression. IC is selected at step zero and BD is selected at
step one. No other variable at step two is included in the model because the minimum partial F is
3.84 and no variables reach this value.

Step Tolerance F to Enter Wilks’ Lambda

0 Bulk Density (BD) 1.00 41.68 0.48
Total Porosity (P) 1.00 21.54 0.64
Field Capacity (FC) 1.00 32.91 0.54
Infiltration Capacity (IC) 1.00 42.41 0.47
Aggregate Stability (AS) 1.00 2.97 0.93

1 Bulk Density (BD) 0.90 9.94 0.37
Total Porosity (P) 0.92 3.90 0.43
Field Capacity (FC) 0.93 8.05 0.39
Aggregate Stability (AS) 0.86 0.28 0.47

2 Total Porosity (P) 0.35 0.53 0.37
Field Capacity (FC) 0.33 0.19 0.37
Aggregate Stability (AS) 0.74 2.48 0.35

Table 4. Classification results. Each case is classified in the best group according to its discriminant
scores. Of the originally grouped cases, 85% are correctly classified, 80% of cases in the bare patch,
and 90% of cases in the vegetated patch.

Group Predicted Group Membership Total

1 Bare Patch 2 Vegetated Patch

Count 1 Bare Patch 16 4 20
2 Vegetated Patch 2 18 20

% 1 Bare Patch 80.0 20.0 100
2 Vegetated Patch 10.0 90.0 100

3.2. Discriminant Analysis Using the Cumulative Stocking Rates as Grouping Variables: Low,
Moderate, High, and Very High Cumulative Stocking Rates

The independent variables were the SPPs analyzed in the bare patches (i.e., trampled
areas). Statistical analysis showed that none of the variables used were significant to identify
the groups previously established because the cases studied were not well classified. None
of the variables satisfied the criteria of the stepwise method. In this discriminant analysis,
the Wilks’ Lambda values were very high, correlating with low F-values (Table 5).

Table 5. Variable selection in a stepwise regression. No variables are included in the model because
none satisfy the criteria of the stepwise method (the minimum partial F to enter is 3.84).

Step Tolerance F to Enter Wilks’ Lambda

0 Bulk Density (BD) 1.00 0.25 0.95
Total Porosity (P) 1.00 0.43 0.92
Field Capacity (FC) 1.00 0.44 0.92
Infiltration Capacity (IC) 1.00 0.20 0.96
Aggregate Stability (AS) 1.00 0.35 0.94

These results showed that, surprisingly, a linear relationship could not be established
between the degradation of soil properties and the stocking rate. This was because the
study was carried out at a farm located in a mountainous region, where environmental
conditions vary from one area to another. Therefore, the impact of grazing on SPPs depends
on other parameters, not solely on the stocking rate. In other words, the different soil
response to degradation depends on environmental factors.
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This is in close agreement with the results of other works. Blackburn [13] indicated that
hydrological effects of livestock grazing were a consequence of the interactions of climate,
vegetation, soil, intensity and duration of livestock use, and the type of grazing livestock
and the land management influence on SPPs. Manono et al. [40] observed a lower bulk
density and a higher water volumetric content in the soils under sheep grazing than under
dairy grazing due to the greater impact of the cows’ hooves. In addition, applications of
irrigation water and organic effluents in the grasslands increased the organic carbon content
and improved the structure and the soil hydrological characteristics. The relief, soil texture,
and plant cover deserve special attention with respect to environmental factors. Blanco
and Nieuwenhuyse [41] observed that slope gradient was correlated with bulk density
in tropical mountain cattle farms. This result was used to establish the livestock carrying
capacity based on this environmental factor. Van Haveren [14] showed that the effect of
grazing intensity on soil compaction depended greatly on soil texture and, particularly, on
the clay content of the soil [42]. Ess et al. [43] indicated that compaction depended on the
amount of plant residue on the soil surface. Blanco [44] established in studies carried out in
the Mediterranean mountains that compaction also depended on vegetation cover, to which
was added the calcium carbonate content of the soil and the slope exposure (north, south,
east, and west). Therefore, the impact of grazing on SPPs depends on certain environmental
factors, not only on the stocking rate. As a result, soils with the same stocking rate may
have different levels of impact.

3.3. Discriminant Analysis Using Stocking Rates and Calcium Carbonate Content, Slope Exposure,
and Grass Cover Factors as Grouping Variables

A new discriminant analysis used three environmental factors (soil calcium carbonate
content, slope exposure, and grass cover) and the stocking rate as grouping variables
(Table 6). The three groups were a combination of these factors, which were based on the
conclusions reached by Blanco [44] for the same area studied in this article. Group 1 covered
an area of 85.5 ha (48.7% of the total farm) and was represented by 10 sampling plots. Group
2 extended over an area of 58.7 ha (33.4%) and had seven sampling plots. Finally, Group 3
was the smallest unit (31.5 ha, 17.9%) and was represented by three sampling plots.

Table 6. Group characteristics. These groups were established by Blanco [44] based on calcium
carbonate content, slope exposure, and grass cover factors because these influence the vulnerability
of soil physical properties to the impact of animal trampling in the study area.

Groups Land Units Sampling Plots

1
Calcareous slopes (all slope exposures) and
non-calcareous slopes with northern exposure (grass
cover > 10%).

1–4, 12, 15–17, 19, 20.

2 Non-calcareous slopes with eastern and western
exposure and mountain summits (grass cover > 25%). 5, 7, 8, 10, 11, 13, 14.

3
Non-calcareous mountain summits (herbaceous cover
< 25%) and non-calcareous slopes with northern and
southern exposure (grass cover < 10%).

6, 9, 18.

Land units with a cumulative stocking rate of 1 (500–1000 animals ha−1 year−1); 2 (100–500 animals ha−1 year−1);
3 (<100 animals ha−1 year−1).

These factors were the most relevant to evaluate soil vulnerability to degradation
caused by extensive grazing on the farm used for this study. Calcium carbonate content
plays a fundamental role in SPPs. Dietze et al. [45] observed that the soil calcium carbonate
increased structural stability and improved the water infiltration times into the soil. Cal-
cium ion favored the formation of a stable structure because it produced flocculation of the
soil ions [46]. Slope exposure was a factor of microclimatic variability because it determined
how the soil received different levels of solar radiation, especially between north-facing
and south-facing slopes. The review by Singh [47] showed that these microclimatic dif-
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ferences influenced vegetation and SPPs. North-facing slopes were more protected from
the evapotranspiration processes and therefore had a higher moisture balance throughout
the year than soils that had a different type of slope exposure. These conditions favored
the growth of vegetation, crop production, and good soil properties and improved the soil
structure, infiltration rate, water holding capacity, hydraulic conductivity, and aeration.
Grass cover has beneficial effects on the SPPs, through the incorporation of organic matter.
This fact improves the stability of soil aggregates [48] and protects the soil from the impact
of rainfall, thus reducing hillside erosion [49]. Also, grass cover absorbs and reduces part
of the impact of the animal trampling, which in turn reduces the effects of this trampling
on the SPPs [44].

In Blanco [44], there is a detailed analysis of the research performed to determine the
extent to which these factors influence the SPPs. The purpose was to reduce the initial
variations caused by environmental factors in the SPPs in order to specifically analyze the
impact of animal treading on those properties. The independent variables were the SPPs
analyzed in the bare patch areas.

The most significant variable used to discriminate in the model was BD. Table 7 shows
the variable selection process. The discriminant lineal equation (D), in unstandardized
coefficients, is the following:

D = −36.767 + 26.030BD (3)

Table 7. Variable selection in a stepwise regression. BD is selected at step zero and no other variable
at step one is included in the model because the minimum partial F is 3.84 and no variables reach
this value.

Step Tolerance F to Enter Wilks’ Lambda

0 Bulk Density (BD) 1.00 27.54 0.24
Total Porosity (P) 1.00 18.36 0.32
Field Capacity (FC) 1.00 10.84 0.44
Infiltration Capacity (IC) 1.00 1.73 0.83
Aggregate Stability (AS) 1.00 2.88 0.75

1 Total Porosity (P) 0.70 1.12 0.21
Field Capacity (FC) 0.47 0.13 0.23
Infiltration Capacity (IC) 0.97 0.21 0.23
Aggregate Stability (AS) 0.90 2.35 0.18

The canonical function explains the 100% variability rate of the model, with a
canonical correlation of 0.874. The discriminant function presents a Wilks’ Lambda of
0.236 and a Chi-value of 24.557 (p < 0.001). Once the discriminant function was known,
each case was classified into the best group according to its discriminant scores. Table 8
shows the results of the new classification where the correctly and incorrectly classified
cases are shown. Of the original groups, 70% of the cases were correctly classified,
including 100% of the cases in Group 1 and 40% in Groups 2 and 3. Of a total of twenty
cases, six were incorrectly classified (three in Group 2 and another three in Group 3).
The conclusion is that 70% of the results obtained from the five SPPs can be explained
using only BD. Thus, this soil physical property is the key variable for analysis of the
impact of animal treading on the bare patch.
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Table 8. Classification results. Each case is classified in the best group according to its discriminant
scores. Of the originally grouped cases, 70% are correctly classified, 100% of cases in Group 1, 60% of
cases in Group 2, and 60% of cases in Group 3.

Group Predicted Group Membership Total

1 2 3

Count 1 10 0 0 10
2 0 2 3 5
3 0 3 2 5

% 1 100.0 0.0 0.0 100
2 0.0 40.0 60.0 100
3 0.0 60.0 40.0 100

4. Conclusions

The results obtained showed that IC and BD were the key SPPs for evaluating soil
compaction as a consequence of goat trampling in Mediterranean mountain areas. These
were the two most relevant properties to take into account when distinguishing soils with
treading impact (bare patch) and those without (vegetated patch).

It has traditionally been accepted that a linear relationship exists between soil physical
degradation and the stocking rate. However, this fact takes into consideration only part
of the phenomenon of the grazing impact on the SPPs, because soil compaction is a
complex relationship between the type of grazing livestock, the stocking rate, and certain
environmental factors. This work has demonstrated that, in the study area, where there
are the same livestock types and different environmental conditions, the soil physical
degradation versus stocking rate relationship is not linear because soil degradation resulting
from livestock treading depends on the environmental variability. In our opinion, this is
one of the main findings of the work.

Factors that influence soil vulnerability to degradation due to livestock treading in the
study area, in Mediterranean mountain conditions, are calcium carbonate content, slope
exposure, and grass cover. Within this context, BD is the key variable for analyzing the
physical impact of grazing on the bare patches of the study area. For practical purposes, it is
of special interest for future research to determine the environmental factors that influence
soil degradation due to trampling that are adapted to each ecosystem.
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