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Abstract: The forest ecosystems of Mexico experience soil degradation mainly due to water erosion,
which causes low vegetation regeneration. One of the strategies to diminish soil loss is through the
construction of stone bunds (SB)—hand-made structures to trap sediment and store water for longer
periods. However, little is known about their effects on pine establishment. The objectives of this
study were to evaluate the effect of SB on the survival and growth of individual P. engelmannii Carr.
specimens with respect to the distance of their planted. The study additionally sought to analyse how
SB would affect changes in the production of aerial phytomass, herbaceous vegetation cover and
soil characteristics in a reforested area of Durango State in north-central Mexico. Three treatments
were evaluated by planting pine trees at three distances with respect to the SB: 80 cm upslope bund
(UB), 80 cm downslope bund (DB) and between upper and lower bunds (BB). The variables analysed
were the following: The survival and growth of reforestation, aerial coverage and the production of
herbaceous plants, and the physicochemical characteristics of the soil. Survival showed significant
differences (p < 0.05) among treatments, UB (80%), DB (27%) and BB (30%). The production of
aerial phytomass did not show significant differences between treatments UB (1651 kg ha−1) and
DB (1058 kg ha−1), although these two were different (p < 0.05) to BB (600 kg ha−1). On the other
hand, the vegetation cover and soil characteristics did not show statistical differences. These results
highlight the importance of the effect of SB on the survival of P. engelmannii Carr. and the growth of
herbaceous vegetation.
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1. Introduction

Around the world, 33% of the surface is experiencing some level of degradation. Erosion is the
main factor in soil deterioration and each year 25 to 40 billion tons of soil is lost. The main causal
agents are wind and water—with water erosion causing the most damage [1].

When erosion occurs, the soil undergoes a gradual decrease in productivity due to the loss of
nutrients through the transportation of fine particles and organic matter [2]. This process modifies
the physical structure of the soil, whereby the surface is sealed and crusts are formed, which results
in a lessening of water infiltration and, consequently, drainage becomes faster [3,4]. However, there
are other factors that influence infiltration, such as the intensity and duration of rain, soil texture and
the moisture content of the soil [5]. Overgrazing is a determining factor in soil erosion, increasing
soil compaction due to trampling by cattle, thus limiting water infiltration and the establishment of
vegetation [6]. As a result of the above factors, the desirable species, timber and forage, decrease their
vigour and productive capacity, and they are replaced by others of lower interest, yield and nutritional
value [7]. The effects of erosion are linked to desertification and climate change due to the loss of
organic carbon, which consequently reduces biodiversity [8,9].

In Mexico, 76% of the territory is affected by degradation due to loss of soil, which varies in
degree from light to extreme [10]. As a result, soil is lost at a rate of up to 150 t ha−1 year−1 [11]. In
forest ecosystems, approximately 16 million ha are affected by erosion [12]. In Durango, 77.4% of its
territory is degraded (9.6% extreme and 7.7% strong) mainly through overgrazing (52%), deforestation
and agricultural activities [10]. About 50% of deforested areas are used for livestock activities under
overgrazing conditions. Our study area was found under these conditions.

The state of Durango has 4.9 million ha of temperate forests and is the principle timber producer
nationwide. However, forest cover has declined because of a lack of natural regeneration due to
various causes [13] that affect the forest sector and its capacity to meet the needs of future generations.

Among the strategies that are used to prevent the loss of vegetation, the federal government,
through the National Forestry Commission (CONAFOR, Spanish acronym), has promoted the
cultivation of a variety of indigenous pines species for reforestation, including P. engelmannii Carr. The
survival of these plants is favoured by improving the quality of the processes that are used to produce
pines, taking into consideration adequate land preparation and the characteristics of the site where the
trees are to be planted as well [14].

Contour SB are built with on-site material (i.e., stones), ranging from 30 to 40 cm in height and 30
to 40 cm in width. The distance between SB depends on the steepness of the terrain, but they normally
range from 10 to 25 m (recommended slope is 5% to 60%). SB are used to reduce surface runoff,
increase infiltration and trap soil [4,12]. Moreover, they can be improved by establishing vegetation
(i.e., herbaceous, shrubs and trees) [15]. However, this practice is rarely used in reforestation activities.

SB have been evaluated on forest plantations in diverse ecosystems [16,17]; as well as in transition
zones [18]. Klik et al. [4] reported that SB increased infiltration rates and hydraulic conductivity in the
Ethiopian highlands. In another study, Radulovich [19] observed that after three years, SB increased
soil retention once vegetation was established. Alanís-Rodríguez et al. [20] found that after 10 years
soil depth increased by up to 25%. Similarly, SB have been reported to decrease soil loss by up to
68% annually with a sediment accumulation of 59-ton ha−1 [21]. On the other hand, SB compared to
Level Soil Bunds and non-terraced cropland did not show significant differences on organic carbon, N,
P, K and others [22]. An increment of soil depth may improve the crop yield due to longer periods
of humidity in the soil—even after the rainy season [4]. Nevertheless, there is a lack of information
concerning the influence of SB on the growth of trees and vegetation.

In order to observe tangible results of the effect of SB on the survival and establishment of
herbaceous and tree vegetation—as well as on soil characteristics—sufficient time is required (4 to
5 years). Therefore, it is important to carry out early evaluations in order to know how this activity
influences the initial establishment of reforestation, as well as on the recovery process of vegetation
and soil—a critical stage in the restoration of deteriorated ecosystems.
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The aim of the present study was to evaluate the effect of SB on the survival and growth of
individual P. engelmannii Carr. specimens according to the distance of plantation relative to SB. In
addition, it sought to analyse the change in the production of aerial phytomass, herbaceous vegetation
cover, and soil characteristics within a smallholding of a transition forest with a sub-humid temperate
climate in the state of Durango, Mexico. The hypothesis was that upslope and downslope bund
with SB would create better soil conditions (nutrients) for the establishment of reforestation and the
development of herbaceous vegetation when compared to BB.

2. Materials and Methods

2.1. Study Area

This study was carried out at the Tres Molinos experimental site located in Ejido El Nayar, within
the municipality of Durango, 20 km southwest of the City of Durango, Mexico. The site is located at the
geographical coordinates of 23◦50′55.73” N and 104◦46′13.37” W, at an altitude of 2304 m (Figure 1).
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Figure 1. (a) Study area; (b) polygon of the experimental area in the Tres Molinos area; (c) image taken
by the drone showing the level stone bunds; (d) reforestation with P. engelmannii Carr. above and below
the SB.

2.2. General Characteristics of the Site

The plant community corresponds to an aciculi-sclerophyll forest located on the interior slopes of
the Sierra Madre Occidental [23]. The most important communities are composed of Quercus, Juniperus
and Pinus forests as well as native grasslands [24].

The experimental site has a slope of 12%; soils are classified as lithosol; soil texture is silt loamy [23];
and its use is silvopastoral—however, since the area was reforested this activity has been excluded.
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The experimental area presents a high degree of soil degradation due to deforestation and overgrazing
(Figure 1).

The climate is temperate sub-humid. The ambient temperature was recorded from June 2017
through December 2018 in an hourly manner using a HOBO® data logger (Onset, Bourne, MA, USA),
which was located at a height of 2 m with no obstructions around it. Figure 2 shows the monthly
temperature in the study area, where the minimum temperature recorded was −9 ◦C and the maximum
temperature recorded was 35 ◦C, with an average temperature of 15 ◦C.
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Figure 2. Monthly climatic data of the experimental area during the years 2017 and 2018. (a) Maximum,
average and minimum temperatures; (b) precipitation.

Similar to temperature, the monthly rainfall was recorded using a hand-made rain gauge and a
20 L water container with a 27 cm diameter and a 34 cm height. The upper part of the water container
was cut and assembled inversely at the base so that it was sealed, and this served as a rainwater
collector. It was designed this way to avoid any evaporation. The catchment height was approximately
30 cm. The annual average precipitation for 2017 was 617 mm and for 2018 it was 503 mm. The data
were corroborated with the data from the National Water Commission (CONAGUA, Spanish acronym)
climatological station situated close to the study area (Figure 2).

2.3. Site Preparation

In August 2016, in an area of approximately 3000 m2, SB were built based on the surrounding
quarry stone, 100 m long, 40 cm high and 40 cm wide. SB were hand-made by people from the
surrounding area according to a contour level design using the hose method. The distance between
each SB was approximately 10 m (Figure 1).

2.4. Physicochemical Characteristics of the Soil

At the beginning of the investigation, the physicochemical characteristics of the soil were analysed
by collecting six randomly distributed soil samples. The pH was determined using a potentiometer; the
electrical conductivity was determined using a conductivity meter; the organic matter was determined
using the Walkley-Black method; the texture was determined using the Bouyoucos method and
phosphorus and nitrates were determined using chromatography, permanent wilting point and
field capacity (Table 1). The analyses were conducted in the Environmental Sciences Laboratory
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at the National Polytechnic Institute in the Interdisciplinary Research Centre for Regional Integral
Development, Durango Unit (IPN-CIIDIR-DGO is the Spanish acronym), based on the provisions of
the Official Mexican Standard NOM-021-SEMARNAT-2000 [25].

Table 1. Physicochemical characteristics of the soil in the experimental area.

Variable Value

pH 6.0 ± 0.08
Electrical conductivity (dS m−1) 0.1 ± 0.03

Calcium carbonates (%) <0.1 ± 0.001
Organic material (%) 2 ± 0.17
Nitrates (mg kg−1) 7 ± 1.2
Phosphorus (ppm) Non-detectable

± Standard Error.

2.5. Evaluated Treatments

According to the position of the tree rows related to the SB, treatments were defined as: (1) upslope
bund (UB); (2) downslope bund (DB); and (3) between bunds (BB) (Figures 1 and 3 and Table 2).

Table 2. The treatments established to evaluate the effect of the stone bunds on vegetation and soil.

Treatment Location Legend

1 80 cm upslope bund of the
barrier UB

2 80 cm downslope bund of the
barrier DB

3 Between bunds 4.5 m BB
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The reforestation was carried out at the beginning of September 2016, with a density of 1600 plants
ha−1 which were planted at a distance of 2 m from each other. Before the reforestation, stumps were
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planted with a 30 cm wide strip and at a 30 cm depth. A total of 17, 10-month-old plants were planted
in each row. The treatments were distributed in an experimental randomized block design, with three
repetitions per treatment.

2.6. Evaluation

Since the literature establishes that stone SB have an influence on vegetation and soil [4,12,21,22],
three main aspects were evaluated to measure this influence: (a) survival and growth of P. engelmannii
Carr.; (b) aerial cover and production of aerial herbaceous plants; and (c) physicochemical characteristics
of the soil. Although these elements were analysed separately, they interact at the study site and
together may reflect the effect of the treatments evaluated.

The evaluation was carried out in October 2018 after 25 months of planting and the dependent
variables registered are described in the following section.

2.6.1. Survival and Growth of Reforestation

The number of individual plants (dead and alive) was recorded; each living specimen was
measured for (1) height (cm) from the base of the stem to the apical bud, with the help of a measurement
ruler which was graduated in millimetres and (2) basal diameter, which was recorded at the base of the
stem (mm) using a Surtex® digital vernier with an approximate accuracy of hundredths of 1 mm.

2.6.2. Aerial Cover and Production of Aerial of Herbaceous Plants

Aerial Cover

The aerial (canopy) vegetation cover was measured using Canfield lines [26]; for this experimental
unit, three lines of 3 m in length (27 in total) were established and placed parallel to one side of the
planting lines at a distance of 30 cm (Figure 3) and between SB.

On each line intercept (Canfield), the following variables were estimated:

• Aerial coverage of herbaceous plants;
• Shrub cover;
• Soil without coverage (considered as bare ground);
• Mulch. This refers to residues that were derived from material of plant origin.

Production of Aerial of Herbaceous Plants

The production of aerial of herbaceous plants was estimated by cutting the plants at ground level
in plots of 0.5 m2 and later the phytomass was dried in a forced air oven at 55 ◦C until a constant weight
was attained. Finally, the dry weight and production were determined and extrapolated to kg ha−2.
The number of ha required to support an animal unit (ha UA−1) was calculated (with an assumption
that a cow with 450 kg of live weight consumes 13.5 kg day−1 yr−1, using the following equation [27]:

Rc = b (RA)/(AF × DU)c, (1)

where Rc represents Rangeland Coefficient, RA is annual forage requirement (4927.5 kg), AF is available
forage (aerial phytomass kg ha−1), and DU represents the degree of use (recommended proportion of
forage consumed 50%).

2.6.3. Physicochemical Characteristics of the Soil

During the month of October 2018, after 25 months of planting, nine soil samples were collected
per experimental unit to determine any change in soil quality. The variables under consideration
were the same as those at the beginning of the investigation. The analyses were carried out in the
Soil Laboratory at the National Centre for Disciplinary Research in Relation to Water, Soil, Plant,
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Atmosphere (CENID-RASPA, is the Spanish acronym) at the National Institute of Forestry, Agriculture
and Livestock Research (INIFAP, is the Spanish acronym).

The soil moisture variable was measured at the beginning of the study. However, due to
inconsistencies in the equipment (hand-made gypsum sensors) in determining this parameter, it was
decided not to report these data.

2.7. Statistical Analysis

The data of the variables, such as survival, aerial coverage of herbaceous, arboreal and shrub,
mulch, and soil without coverage, were expressed as a percentage. These data frequently do not
present a normal distribution because they are more adjusted to a binomial distribution. Hence, to
approximate a normal distribution, the data were transformed using the arcsine and square root
function [28]. Subsequently, the data underwent a Shapiro–Wilk normality analysis (p > 0.05). When
the height and diameter did not fulfil the assumption of normality, the nonparametric statistical test of
Kruskal-Wallis was used. The variance analysis was performed on the variables which were normal.
A comparison of means was carried out using Duncan’s Multiple Range Test (DMRT) (p < 0.05) for
finding any significance. Statistical analyses were performed using the SAS 9.0 program [29].

3. Results

3.1. Survival and Growth of Reforestation

The UB treatment obtained the highest degree of survival (80%), which was statistically different
(p < 0.05) to the DB and BB treatments, which exceeded the other treatments by 27% and 30%,
respectively (Table 3).

Table 3. Survival, height and diameter of P. engelmannii Carr. 24 months after planting.

Treatment Survival (%) Height (cm) Diameter (mm)

UB 80.3 ± 6.4 a 26.2 ± 1.8 a 33.9 ± 1.4 a

DB 53.3 ± 11.1 b 28.7 ± 2.7 a 34.6 ± 1.3 a

BB 49.6 ± 8.6 b 24.8 ± 1.9 a 33.9 ± 1.5 a

a b Different letters for the same variable indicate significant differences between treatments, according to the Duncan
multiple range test (p < 0.05) ± standard error.

However, the height variable did not present any statistical difference between treatments (p > 0.05),
with a contrast lower than 4 cm between the extreme values. In addition, the diameter, with values of
33.9 to 34.6 mm had no significant difference (p > 0.05) (Table 3).

3.2. Aerial Cover and Production of Aerial of Herbaceous Plants

3.2.1. Aerial Cover

Although the components of the evaluated herbaceous coverage did not show any significant
statistical differences between treatments (p > 0.05) (Table 4), the results indicate that in the area near
the stone barrier, the herbaceous coverage can produce a greater percentage of vegetation (44% and
32%) in UB and DB conditions, respectively, when compared to BB conditions (27%).
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Table 4. Plant cover with respect to its location on the stone bunds SB.

Component
Treatment

UB DB BB

Aerial coverage

Grasses (%) 26.5 ± 6 a 34.2 ± 7 a 21.7 ± 5 a

Composite (%) 2.1 ± 1 a 1.1 ± 1 a 1.2 ± 1 a

Shrubs (%) 3.8 ± 2 a 8.4 ± 6 a 3.7 ± 2 a

Total 32.4 ± 6 a 43.7 ± 7 a 26.6 ± 5 a

Mulch (%) 11.2 ± 4 a 6.2 ± 2 a 6.9 ± 1 a

Soil without coverage (%) 56.4 ± 6 a 50.1 ± 7 a 66.5 ± 5 a

a Same letters for the same variable indicate no significant differences between treatments, according to the Duncan
multiple range test (p < 0.05) ± standard error.

However, the results show that the soil without cover shows that 50% of the surface is devoid of
vegetation—regardless of the treatment. Regarding the presence of mulch, there were no significant
statistical differences (p > 0.05) between treatments (Table 4).

3.2.2. Production of Aerial Phytomass

There were no significant differences between treatments for the conditions UB (1651 kg ha−1)
and DB (1058 kg ha−1), but these two results were different (p < 0.05) to BB (600 kg ha−1) (Figure 4),
where UB exceeded the other treatments with 175% for BB, while DB was 76% higher. Based on the
availability of forage in each of the conditions, the calculated Rangeland coefficients were 6, 9 and
16 ha UA−1 in the treatments UB, DB and BB, respectively.
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3.3. Physicochemical Characteristics of the Soil

Based on the results of Table 5 and according to NOM-021-SEMARNAT-2000 [25], the soil is
considered to be moderately acidic, which is characteristic of forest soils. Salinity occurs with minimal
effects, while values of soil organic matter (SOM) place it in a central classification, and with respect to
nutrients, these are considered minimal values.
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Table 5. Physicochemical characteristics of the soil of the experimental area by treatments.

Variable
Treatment

UB DB BB

Sand (%) 32 35 33
Clay (%) 33 27 33
Silt (%) 34 38 34

Textural class Clay loam Loam Clay loam
pH 6.1 ± 0.32 a 6.3 ± 0.07 a 6.4 ± 0.24 a

Electrical conductivity (dS m−1) 0.3 ± 0.02 a 0.3 ± 0.04 a 0.2 ± 0.03 a

Calcium carbonates (%) 0.6 ± 0.08 a 0.6 ± 0.17 a 0.5 ± 0.08 a

Organic material (%) 1.9 ± 0.69 a 1.5 ± 0.26 a 1.8 ± 0.50 a

Nitrates (mg kg−1) 3.0 ± 1.10 a 2 ± 1.4 a 2 ± 0.9 a

Phosphorus (ppm) Non-detectable Non-detectable Non-detectable
Available potassium (mg kg−1) 867 ± 295 a 717 ± 142 a 767 ± 136 a

a Same letters for the same variable indicate no significant differences between treatments, according to the Duncan
multiple range test (p < 0.05) ± standard error.

4. Discussion

4.1. Survival and Growth of Reforestation

The UB treatment had the highest percentage of survival of P. engelmannii Carr. (80%), exceeding
the other treatments by approximately 30% and 63%, respectively, as reported by CONAFOR [14] after
one year of planting. Similarly, our results are greater than those reported by Prieto et al. [17] with
17.5% and 67.5%, in individuals of the same species, after 13 months of planting on a site with similar
environmental conditions.

Although height was not significant, the similar growth in the different treatments can be explained
by the cespitose habit that characterizes P. engelmannii Carr. in its first years of growth in place of a
greater increase in diameter [30,31]. On the other hand, the recommended annual precipitation for the
optimal growth is 600 to 900 mm [30]. However, the values recorded at the study site were at the lower
limit and/or below the minimum (617 mm in 2017, and 503 mm in 2018), which could have limited the
development of pine trees [32].

4.2. Plant Aerial Cover and Production of Aerial of Herbaceous Plants

4.2.1. Aerial Cover

Although more than 50% of soil lacks vegetation in all treatments, it is expected that over time the
implementation of SB will reduce the proportions of bare soil on site. According to Klik et al. [4], the
areas near the SB offer better conditions for the development of the vegetation due to the retention of
solids and the accumulation of mulch (organic matter, litter, etc.) which is dragged towards the SB.

4.2.2. Production of Aerial Phytomass

The presence of SB favoured the production of aerial phytomass in treatments that were situated
close to the SB, while the BB treatment was inferior—which can be due to the deterioration that the
area had suffered as a result of overgrazing. According to Technical Advisory Committee for Regional
Determination of Coefficients of Rangeland (COTECOCA, Spanish acronym) [24], the Rangeland
coefficient for that forage productivity site is 18 ha UA−1, considering the degree of utilization to be
50% in good condition, based on the native vegetation. However, regarding the phytomass that was
estimated in the present study, the coefficients for the three conditions were 6, 9 and 16 ha UA−1 (UB,
DB and BB, respectively).

In their respective studies, Klik et al. [4] and Strohmeier et al. [33] explained that the implementation
of SB improved the hydrological conditions of the soil by interrupting the hydrological connectivity of
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the slope, by which the surface runoff is reduced—which increases the time of infiltration along its
structure as well as the soil moisture content of the whole land. By holding the water longer, there can
be an increase in crop yield, since this factor extends the growing season after the rainy season. Those
authors suggest that this technique is an effective alternative to establish an agriculture that resists
climate disorders in areas with erosion problems.

On the other hand, Hermosillo et al. [34] noted that the SB favour the spreading of moisture
especially near to them, whereas Ramírez et al. [35] observed that this was due to the presence of solids
and organic matter that was dragged towards the SB. Another important aspect is that the presence of
SB retains the seeds that are dragged by the runoff, which turns the space into a natural seed bank [6].

4.3. Physicochemical Characteristics of the Soil

According to NOM-021-SEMARNAT-2000 [25], the soil characteristics evaluated before the
investigation (2016) were similar to those analysed two years later.

It is expected that SB influence vegetation growth and establishment positively by increasing soil
depth and nutrients due to an increment of the soil retention [2]. Similarly, Hishe et al. [36] agreed that
SB have positive effects on the physicochemical properties of soil by diminishing erosion.

Although contour SB are one of the most expensive (US $0.98 m−1) soil conservation practices,
its benefits pay off [37]. According to Cotler [38], soil and nutrients loss has an average cost of US
$46.1 ha−1, annually. The calculated investment return in this study site would be in 6.5 years, taking
into account that SB may last up to 15 years without considering other benefits, such as carbon
reserves; water storage in the soil; the increase of the grassland coefficient; and others that point to
forest regeneration.

5. Conclusions

The contour stone bunds showed a positive effect on the survival of P. engelmannii Carr., as well as
in the production of herbaceous phytomass. Although it is considered that the time elapsed since the
implementation of the stone bunds is not enough to expect significant results in the variables that were
measured, it is expected that in the medium and long term, the growth of the plant cover of P. engelmannii
Carr., and the improvement in soil characteristics, could be visible. Therefore, it is recommended to
evaluate these experimental plots over a longer term to monitor pine tree establishment in addition to
the physicochemical characteristics of the soil.
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