soil systems

Article

Visual Evaluation of Soil Structure Variant for Rangelands in a
Semi-Arid Climate: Development of RangelandVESS

Pamela F. Mejia-Leyva !, Carlos Ratil Morales-Nieto 1(*, Jests A. Prieto-Amparan
Martin Martinez-Salvador !
Alfredo Pinedo-Alvarez 1*

W) Check for updates

Academic Editor: Zhonglu Guo

Received: 10 June 2026

Revised: 29 July 2026

Accepted: 7 August 2026

Published: 10 August 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1(®, Mansonia Pulido-Moncada 2,

3

, Griselda Vazquez-Quintero 317, Guadalupe N. Aguilar-Palma (% and

Facultad de Zootecnia y Ecologfa, Universidad Auténoma de Chihuahua, Chihuahua 31453, Mexico;
pfmejia@uach.mx (PEM.-L.); cnieto@uach.mx (C.R.M.-N.); jamparan@uach.mx (J.A.P.-A.);
msalvador@uach.mx (M.M.-S.); naguilar@uach.mx (G.N.A.-P.)

Department of Agroecology, Aarhus University, Blichers Allé 20, 8830 Tjele, Denmark;
mansoniapulido@gmail.com

Facultad de Ciencias Agrotecnoldgicas, Universidad Auténoma de Chihuahua, Chihuahua 31350, Mexico;
gquintero@uach.mx

*  Correspondence: apinedo@uach.mx

Abstract

This study addresses the need for reliable field-based tools to assess soil structural quality in
semi-arid rangelands, where existing visual methods such as the Visual Evaluation of Soil
Structure (VESS) and its modified version for grasslands (GrassVESS) may be limited by
site conditions. The objective was to develop and evaluate a modified visual soil structure
assessment method (Rangeland VESS) adapted to livestock grazed rangelands in northern
Mexico. Soil sampling was conducted in grazed and exclusion zones and soil structure
was assessed using VESS, GrassVESS, and Rangeland VESS. Thereafter, the scores of each
method were compared with soil health indicators and above-ground biomass. Results
showed distinctions in soil structural conditions between exclusion and overgrazed areas.
RangelandVESS seems to demonstrate greater sensitivity to degradation, particularly in
sandy soils, where it identified poorer structural quality compared to the other methods.
Significant correlations were obtained between Rangeland VESS scores and bulk density,
infiltration, and biomass supporting its robustness. In contrast, no significant differences
among methods scores were observed in clayey-loamy soils. However, Rangeland VESS
may provide a more reliable assessment of degradation. Overall, the findings suggest that
Rangeland VESS is a suitable tool for assessing soil structure in semi-arid rangelands and
offers improved capacity to detect grazing induced degradation.

Keywords: soil structure; visual methods; livestock; grazing; rangelands

1. Introduction

Rangelands are ecosystems composed of natural or semi-natural vegetation that pro-
vide forage for domestic and wild animals [1]. They cover about 50% of earth’s surface
area [2] and are commonly extensively managed lands, meaning that they require a low
input of energy [3-5]. These lands mainly include shrublands, grasslands, savannas,
semideserts, and deserts which are also described as drylands. Therefore, they are char-
acterized by low rainfall and high evaporation rates with an aridity index below 0.65 [6].
However, rangelands can also be found in humid areas [7]. Regarding ecosystem ser-
vices, rangelands not only provide forage for livestock production, but are also recognized
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by their cultural, supporting, and regulating services. Despite their relevance, they are
threatened mainly by human activities. For instance, overgrazing can lead to structural
deterioration by shearing as livestock exert pressure through their hooves in the soil [8-11].
The hoof pressure refers to the weight per unit area, i.e., the contact area of the hooves, of a
standing animal [12]. Other influencing factors in soil health and soil structural degradation
include stock density, grazing duration, soil water content, and climatic conditions [13-16].

Soil health threats are a consequence of poor management practices and soil suscepti-
bility under driving factors [17]. Soil structural degradation is a central factor influencing
soil health, as numerous soil degradation processes are either caused by or expressed
through alterations in soil structure [18]. In response to the need for practical and reliable
soil assessment tools, several field-based methods for the direct evaluation of soil struc-
ture have been developed [19]. Among these, visual soil assessment approaches, such
as spade-based techniques including the Visual Evaluation of Soil Structure (VESS) [20],
have been related well to laboratory measurements [21-23] and widely applied across
diverse soil types, land uses, and climatic regions [23,24]. However, the applicability of
VESS in grasslands can be influenced by the presence of a dense root-mat layer [25]. To
address this limitation, Emmet-Booth et al., (2018) [26] developed the GrassVESS method, a
modified version of VESS that evaluates the root-mat layer separately from the underlying
soil profile. While GrassVESS represents an important adaptation of the method for pasture
systems, rangelands from arid or semi-arid environments present distinct soil conditions
that may require further methodological adaptation for reliable field assessment of soil
structural status.

Regarding rangeland soil health, different indicators and methodologies have been
applied. Some authors [27,28] used physical, chemical, and biological quality indicators
such as visual soil erosion features, soil surface cover, and soil organic matter. A widely used
method is the Interpreting Indicators of Rangeland Health (IIRH) by [29], which evaluates
visual changes in soil structure as part of its rating system. These visual indicators include
a reduction in macropores, platy aggregates near the surface as well as the presence of
massive, angular, and homogeneous aggregates [29]. Nonetheless, the IIRH methodology
provides only generic descriptions and lacks visual guidance for each description. Visual
soil evaluation techniques, such as VESS, are useful not only because they correlate with
quantitative parameters but also because they provide immediate results, are low-cost and
labor efficient [30]. This is especially relevant in threatened ecosystems such as rangelands
in semi-arid and arid regions. Although GrassVESS [26] and VESS have been applied in
tropical, temperate, and mediterranean climates in agricultural and pasture systems [31-34],
their application in rangelands remains limited. Pulido-Moncada et al. [19] argued that
the development of visual techniques is in response to local needs. The unique structural
dynamics of semi-arid rangeland soils, influenced by limited vegetation cover and grazing
pressure, may not be sufficiently addressed by existing VESS approaches.

Therefore, this study aimed to develop and evaluate a modified version of the VESS
method adapted for rangeland ecosystems (Rangeland VESS). Specifically, the objectives
were (i) to adapt the VESS protocol to better reflect soil structural conditions under livestock
grazing in semi-dry rangelands, (ii) to examine the relationship between the visual scores
and selected soil physical and chemical properties, and (iii) to compare the performance of
the adapted method with the original VESS and GrassVESS approaches.

2. Materials and Methods
2.1. Study Site and Soil Sampling

The study site, “Lajas”, is located in the Teseachi experimental ranch (Figure 1) of the
Autonomous University of Chihuahua (UACh), municipality of Namiquipa, Chihuahua,
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in northern Mexico, with an approximate area of 12,500 ha. According to the Koppen
Climate Classification modified by Garcia (2004) [35], the climate in Teseachi is BS1kw
(semidry-temperate or steppe). The average annual temperature is 13 °C and the average
annual rainfall is 580 mm with a mean annual evaporation of 1878 mm [36]. The altitude
ranges from 1900 to 2800 m.a.s.l. [37] and according to the World Reference Base (WRB),
the soil at Teseachi is classified as Leptosol [38]. These soils are characterized as soils of less
than 25 cm depth, and they have a volume of rocks and stones of approximately 80% [39].
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Figure 1. Location of the study area (a) Chihuahua located in northern Mexico, (b) Lajas paddock
within Teseachi experimental ranch and (c) Lajas sub-paddocks assigned to different cattle breeds for
grazing. AH is Angus x Hereford crossbred, CR is Criollo, and CB is the crossbreed of AH and CR.
Yellow markers correspond to the two exclusion zones that were sampled which belong to paddock
number 2 and 3.

The study site is divided into six paddocks, each with an approximately 60 m? grazing
exclusion zone. Figure 1c shows the cattle breed assigned to each paddock (P1 to P6). The
cattle breeds are commercial beef breed Angus x Hereford crossbreds (AH), heritage breed
Criollo (CR), and the crossbreed (CB) of AH and CR. Criollo cattle present favorable traits
that make them well suited to arid and semi-arid rangelands. For instance, they appear to
adjust their foraging behavior to seasonal changes, have lighter body weight, and exhibit
greater tolerance to high temperatures [40].

To minimize topographic influences and due to the prevalence of rocky terrain, soil and
aboveground biomass (AGB) samples were collected from lower altitudes (2120-2184 m),
on north-facing slopes. A comprehensive soil characterization campaign was conducted in
November 2022. Thereafter, two sampling campaigns were conducted in November 2023
and September 2024. In each sampling campaign, five sampling points were selected per
paddock in areas showing visible signs of overgrazing. Of the six exclusion zones, only
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two were sampled (Figure 1c), and three sampling points were selected within each. The
main reason for sampling only two exclusion areas was their greater accessibility under the
existing terrain conditions. Furthermore, the selected areas were considered representative
of the remaining exclusion zones, and all six exclusion areas had been ungrazed for the same
length of time. At each sampling point, soil samples were taken and in situ evaluations
were performed. Undisturbed soil samples from each sampling point were collected at a
depth of 5 cm for aggregate stability and pH assessment. Aggregate stability was assessed
following Nyamasoka-Magonziwa et al. (2020) [41], based on a method adapted from Elliot
(1986) [42]. Briefly, 70 g of air-dried soil was carefully passed through an 8 mm sieve to
remove large aggregates. The soil was then sieved through a 2 mm mesh and submerged in
water with the water level maintained 2 cm above the sieve, allowing the sample to slake
for 5 min. Subsequently, using the Tempo mobile application set at 50 beats per minute,
the sieve was moved vertically in and out of the water 50 times over 2 min. The remaining
soil aggregates (>2 mm) were collected on a filter and oven-dried to represent the >2 mm
fraction. The material that passed through the sieve was then transferred to a 250 pum sieve,
and the procedure was repeated, ensuring that the water level completely covered the soil.
The mean weight diameter (MWD) was calculated according to Equation (1):

MWD = Y " WX; 1)

where W; is the proportion of the total sample in the corresponding size fraction, n is the
number of size fractions, and X; is the mean diameter of the ith class (mm).

Subsamples of the 2 mm sieved soil were used for soil pH determination in a soil-water
suspension at a 1:2 ratio following the method described in NOM-021-RECNAT-2000 [43].
In situ assessment involved soil infiltration and bulk density (BD). Soil water infiltration
was measured with the single-ring method [44]. Briefly, a metallic ring (19.5 cm height
and 12.5 cm diameter) was inserted into the soil to a depth of 5 cm, and infiltration
was recorded at 5 min intervals over a total period of 30 to 60 min. One infiltration
measurement was performed at each sampling point. For BD, the method for gravelly
and rocky soils was used [45]. This involved excavating a hole in known dimensions of
approximately 10 cm x 10 cm x 10 cm which was then filled with water to obtain the exact
volume. The excavated soil was collected and transported to the laboratory to determine
its oven-dry mass.

In addition, a soil block was collected at each sampling point for structural assessment
then carefully packed and transported to the laboratory for evaluation using the VESS,
GrassVESS, and RangelandVESS methods. The standard VESS method [20] involved
manual breakdown of the soil blocks followed by scoring of aggregates (1-5) based on
size, shape, porosity, root presence, and internal features where 1 represents the best soil
structure quality. GrassVESS [26] briefly consisted of a visual scoring system applied to
two soil layers. The lower soil layer is scored on a four-level scale based on aggregate shape
and size, while the upper (root-mat) layer is evaluated using a three-level scale considering
aggregate characteristics, porosity, and root growth pathways. The assessment is guided
by decision flow charts supported by reference images [26]. Rangeland VESS assessments
were conducted at each sampling point following the protocol developed in this study, as
described below.

2.2. Development of RangelandVESS

During the sampling campaign of November 2023, soil blocks were collected system-
atically across all paddocks, with five samples per paddock and three samples in two of
the five grazing exclusion zones. The exclusion zones are areas with expected minimal
or no structural degradation. The November 2023 sampling campaign aimed to capture
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the full range of soil structural variability, evaluate the relevance of VESS and GrassVESS
criteria, and identify additional characteristics needed for soil structure quality assessment
in rangeland soils. Extracted blocks were visually evaluated, segregated, and photographed
in the laboratory (Figure 2). While VESS and GrassVESS protocols use a spade to extract
soil blocks, the soil conditions in the studied rangeland area required the use of a mattock
to extract larger soil blocks (20-25 x 20-25 x 20-25 c¢m, adjustable for terrain), from which
smaller blocks (~10 x 10 x 10 cm, adjustable for terrain) were obtained for assessment.
Therefore, across the paddocks, only the 10 cm of topsoil was assessed as the presence of
rock fragments prevented sampling of deeper layers.

Figure 2. Example of photographic records of the soil blocks assessed from the study site. The photos
are from soil samples from paddock 2 near a water stream where heritage breed Criollo cattle graze.

RangelandVESS was developed as a variant of the standard VESS retaining its core
criteria for assessing soil block fragmentation, aggregate morphology, ease of break-up,
visible porosity, and root presence [20]. In this new variant of VESS method Rangeland VESS
(Figures 3 and 4), visible porosity, root characteristics, and aggregate strength (resistance to
rupture) were evaluated in separate fields, and root growth directionality (horizontal or
vertical growth) was additionally recorded. Rock fragments (Figure 5) were incorporated
into the two highest quality scores (Sq) to account for their influence on aggregate rupture.

After the second sampling campaign, which captured the soil structural variability of
the study area, key visual features were iteratively classified in the laboratory, resulting in
a scoring system comprising four Sq classes for clayey—loamy soils and three Sq classes
for sandy soils. Subsequently, the scoring system was validated during the September
2024 sampling campaign which also served to compare the three assessment methods.
Following standard VESS principles, blocks sharing characteristics between two categories
were assigned to intermediate scores.

https://doi.org/10.3390/soilsystems10080090


https://doi.org/10.3390/soilsystems10080090

Soil Syst. 2026, 10, 90

60f16
Where:
Select overgrazed areas, zones with low or undesirable grass diversity,
areas near water bodies, and resting areas that are typically shaded.
For comparison, also sample zones with no visible signs of degradation.
When:
Preferably after the rainy season; wait two to three days following a
rainfall event to avoid excessively moist conditions.
Steps:
Block extraction
Extract a block with dimensions >20 x 20 x 20 cm with the mattock (if
possible you can use a spade). From this block obtain one of 10 x 10 x
10 cm (adjustable for terrain)
Block and aggregates break-up
Place the block on a contrasting surface and break it up with your
hands. Start breaking the larger aggregates preferably by their natural
breaking lines
Scoring
Compare your soil block and aggregates with the soil quality (Sq)
categories. In doubt of which category to choose, it can be an
itermediate one e.g., 2.5
Traits to asses 1
Friable Strength Considerable effort to break
Smaller Aggregate size  Bigger
Granular Aggregate shape Angular, platty
d Highly porous Porosity Limited porosity
Grow throughout layer Roots Few, horizontal oriented
Figure 3. Rangeland Visual Evaluation of Soil Structure (Rangeland VESS) instructions page.
Aggregate appearance Roots within aggregates ::rl:l:t::r:lre
Block appearance Strength Aggregates size | Aggregates shape Porosity Roots (;‘lﬂye;v
- Sand a Sand! Sand
Clayey-Loamy andy Clayey-Loamy ancy Loamy| ™"
Clayey-Loamy: Both:
Predominantly less Clayey-Loamy: Both: Block: Roots grow
than2 cm. Larger | Granular structure, . throughout the layer
Both: Loose layer and ) N B 7
3 5 aggregates are rounded aggregates| without directionallity.
Friable, easily highly porous. 1
B composed of smaller Sandy: Small aggregates held
| |fragmented with fingers Small aggregates
ones. Rounded T T s together by roots.
Sandy: aggregates b Aggregates: Roots within
Predominantly <2 cm small aggregates
1
Both:
Clayey-Loamy: Block: Roots grow
AT Clayey-Loamy: Clayey-Loamy: Ag.gr.egates with lli\mugh?uttrje lay.er
ey About 50% are <2 cm |Rounded, and some| visible pores. without directionallity. 2
Yo, and between 30-50% subangular Occasionally less Small aggregates held
fragmented with fingers|
range from2 to 5 cm aggregates porous. together by roots
aggregates Aggregates: Roots within
It te:
3cm 2cm 3cm A
Both:
ClL L = CLk L E Both:
Clayey-Loamy: ayey-.namy ayeyu.namy 9 i Block: Limited growth
Predominantly Predominantly Reductionin
Rock fragments iz throughout the
K4 between5-7 cm, |angular aggregates, | visible pores on ) )
facilitate the rupture of . layer. Evident horizontal-
about20-40% range | occasionally platy | the aggregate £
the aggregate. Easy to oriented root growth
i from2to4cm, and structure. faces. s 3 2
break with one hand f Aggregates: Reduction in
<20% are <2cm Sandy: Porosity between e
Sandy: = the amount of roots within
" Sandy: Mix of rounded and aggregates. _
Friable, crumbles " ot . aggregates. For sandy soils,
e Predominantly <2cm. | platy aggregayes |Visible horizontal- %
easily with fingers ) y these are mostly horizontal-
Afewof3 cm with rounded edges| oriented cracks =
T e oriented
Clayey-Loamy: Clayey-Loamy: Both:
Rock fragments work | Predominantly larger Both: Both: Block: Predominantly
as fractures that create| than5cm, with 20- Massi\‘!e Uknited o.rosi haorizontal-oriented root
smaller clods. The 40% that can be B P 5 growth.
appearance with on aggregate
fragmented down to 2 " Aggregates: A few ornone
) sharp edges. faces. Visible A
still difficult to break 4cm ; i roots within aggregates.For| 4 3
Predominantly platy horizontal- )
Both: Sandy: % sandy, roots are horizontal-
e structure. For oriented cracks. i
Difficult to break. It About 30-40% are oriented.
B , sandy, also smooth Mayhave
requires considerable | between 3-5 cm. Rest Ui . Roots could (not) be
effort to break with one | of aggregates are <2 = clustered within cracks or
hand cm around the aggregate
2cm 2cm

Figure 4. Rangeland Visual Evaluation of Soil Structure (RangelandVESS) assessment page with
description of considered parameters.

https://doi.org/10.3390/soilsystems10080090


https://doi.org/10.3390/soilsystems10080090

Soil Syst. 2026, 10, 90

7 of 16

Figure 5. Rock fragments (yellow circles) visible within soil aggregates after breaking the soil blocks.
Blocks (a,b) correspond to paddock 3, where AH (Angus x Hereford crossbred) cattle graze, and
(c) to paddock 1, where CB (crossbreed of AH and Criollo) cattle graze.

2.3. Comparison Between Visual Soil Evaluation Methods

The September 2024 sampling campaign was conducted with the purpose of compar-
ing VESS, GrassVESS, and Rangeland VESS. The same number of soil blocks as in the first
campaign were collected in the exclusion zones and in sites showing visible overgrazing
(three and five samples, respectively). The same soil block from each sampling point was
used to perform the assessment with the three methods. The evaluations were performed
by one operator to reduce variability due to human factors. The rock fragments restriction
of the area allowed only for the evaluation of one layer of soil in the three methods. For
GrassVESS, the evaluation was based on the lower portion (Sq) score which refers to the
soil layer beneath the root mat.

2.4. Statistical Analysis

The non-parametric Spearman correlation coefficient was used to correlate the VESS
scores to the measured soil properties. The Kruskal-Wallis and Dunn'’s post hoc test with
Holm adjustment tests were used to compare the results between the visual soil structure
assessment methods according to soil textural types. All the analyses were performed in
RStudio 2025.05.1 software.

3. Results
3.1. Description of Soil Structure Assessment

There was a distinction between the different degrees of soil structure quality. Soil
blocks from exclusion zones had the highest quality as assessed by the three methods.
Exclusion zones in all the paddocks had a granular structure with small and rounded
aggregates (Figure 6). The soil blocks in these zones had plant and root materials with AGB
ranging from 40 to 100 g.
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Figure 6. Soil blocks from exclusion zones in rangelands showing small and rounded soil aggregates.

Some soil blocks were extracted from areas near water bodies used by cattle. Together
with samples from overgrazed zones, these blocks exhibited the poorest Sq and showed
platy soil structural deformation (Figure 7), with some roots growing predominantly
horizontally. Additionally, aggregates in these areas were often massive, subangular,
angular, and with low visible porosity. Similar characteristics were observed in other
overgrazed locations. In sandy soils, poorly scored aggregates were smaller, but still
massive with sharp edges which restricted root penetration or resulted in few horizontal
roots. Rock fragments, characteristic of Leptosol soils, were present in all blocks, and
facilitated aggregate rupture with some fragments creating cracks or fractures that enabled
root growth.

Figure 7. Platy soil structure as result of soil degradation due to livestock grazing in rangelands.

3.2. Comparison Between RangelandVESS, GrassVESS, and VESS

Regarding methodological adaptation, all methods incorporated intermediate scores,
and a consistent evaluation scale (Sq 1-2 = good, 3 = moderate, and 4 = poor) was applied
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for RangelandVESS and GrassVESS. An exception was observed in sandy soils under
RangelandVESS, where the scale was adjusted to Sq 1-3. To ensure comparability, the
scores from GrassVESS and VESS scores (Sq 1 = good to 5 = poor) were harmonized
following the classification proposed in [36], where Sq < 2 was classified as good, Sq > 2 to
<3 as moderate, and >3 as poor.

For clayey-loamy soils, no significant differences in Sq’s were detected (x> = 0.018,
p =0.99). The non-grazed zones were classified as good (Sq < 2) using the three methods
(n = 6). As evaluated by RangelandVESS, overgrazed zones in clayey soils (1 = 18) ranged
from good to poor (Sql to Sq4), demonstrating a decline in soil structural quality. Eight soil
blocks from both sampling sites near water bodies and resting areas were classified with
poor quality, showing visual signs of platy structure, massive appearance, sharp edges,
and being larger than 5 cm but less than 10 cm (Figures 2 and 7). Across paddocks in
clayey soils, the evaluations performed with GrassVESS also ranged from Sql to Sq4. For
GrassVESS, Sq1 scores were found in exclusion zones but also in areas where cattle graze.
For the standard VESS, scores ranged from Sql to Sq 3, indicating a good to moderate
soil structural quality across paddocks in clayey soils. The scores from the methods are
in accordance with the arithmetic mean of the quantitative parameters measured across
both clayey and sandy soils, that also reflect a decline in soil quality as indicated by lower
infiltration, AGB, and MWD, and higher BD (Figure 8a-d).

—&—RVESS —6—VESS —B—GVESS a 200 —&—RVESS —6—VESS —5—GVESS b
70.50 1.80
60.50
5080 T 160
@ 40.50 =
g 30.50 8 140
& 20,50
1.20
10.50
0.50 X 1.00
Good Moderate Poor Good Moderate Poor
VSE Class VSE Class
—&—RVESS ——VESS -8-GVESS c —4—RVESS ——VESS —B-GVESS d
0.75 21.00
_ 0.70 T 17.00
3 €
£ 0.65 £ 13.00
o s
Eo.eo £ 900
0.55 E 5.00
0.50 1.00
Good Moderate Poor Good Moderate Poor
VSE Class VSE Class

Figure 8. Arithmetic mean across soil types of (a) above-ground biomass, (b) bulk density, (c) mean-
weigth diameter, and (d) infiltration per method classification.

In the case of sandy soils, significant differences in Sq’s were detected among methods
(x* = 7.42, p = 0.024). Dunn’s post hoc test with Holm adjustment indicated significant
differences only between RangelandVESS and VESS (p = 0.024), whereas GrassVESS did
not differ from the other methods (p > 0.05). Six of the soil blocks extracted from sandy soils
(n =12 of the 30 sampling points distributed across the grazing areas) were classified as poor
(S5q = 3) using Rangeland VESS. In contrast, the VESS method did not classify any block as
having poor structure; thus, structural quality assessed with VESS was limited to good (Sq1)
and moderate (5q2). Ten of the twelve blocks received higher Sq scores, indicating greater
soil structural degradation, when evaluated with RangelandVESS compared to VESS.
Although no significant differences were found with GrassVESS, eight of the twelve blocks
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had lower Sq compared to RangelandVESS. This means that RangelandVESS reported
poorer structural quality in sandy soils. GrassVESS predominantly indicated moderate soil
structural quality, with only one block classified as poor (5q3). This block recorded an Sq
value of 2.5 using VESS, which could be interpreted as moderate or poor, and Sq3 using
RangelandVESS. Only one soil block presented a good structural quality as assessed with
the three methods. Based on the 12 sandy soil samples evaluated, the results suggest that
RangelandVESS is more sensitive than the other two methods to the structural degradation
of sandy soils in the study area. Nevertheless, further evaluations in other sandy rangeland
soils are required to determine whether this pattern is consistent.

3.3. Relation Between Visual Evaluation of Soil Structure and Other Soil Parameters

RangelandVESS was significantly correlated with VESS (rs = 0.62) and GrassVESS
(rs = 0.76). Even though RangelandVESS and GrassVESS share the same Sq score range
for clayey soils, VESS showed a stronger correlation with GrassVESS (rs = 0.84). These
two methods assigned the same score to 13 of the 18 clayey soil blocks. This similar-
ity may stem from the way GrassVESS and VESS classify aggregates based on size,
whereas RangelandVESS applies stricter criteria, meaning that smaller aggregates are
more likely to be classified as having poor structural quality. RangelandVESS had sig-
nificant correlations with key soil and vegetation indicators (Table 1). BD had a posi-
tive correlation (rs = 0.56), indicating that higher Sq scores, reflecting poorer soil struc-
ture, were associated with denser soils. Negative correlations occurred with MWD
(rs = —0.35), infiltration (rs = —0.72), and AGB which had the strongest negative correlation
(rs = —0.77). This means that as Sq increased, there was poorer soil structural quality, a
decrease in aggregate stability, soil permeability, and restricted vegetation growth. VESS
and GrassVESS were significantly correlated with the same properties except for MWD, but
the correlations were weaker except for infiltration and GrassVESS (rs = —0.73). Among
soil indicators, BD had significant negative correlations with infiltration (rs = —0.38), and
AGB (rs = —0.63). Infiltration showed a positive correlation with AGB (rs = 0.62).

Table 1. Correlation matrix (Spearman ) of soil properties and visual soil assessment methods (1 = 36).

pH BD PO INF AGB MWD  RVESS  VESS GVESS
pH 1.00

BD —0.04 1.00

PO —038*  —007 100

INF 0.18 —0.38*  —0.05 1.00

BM —0.01 —0.63** 0.10 0.62**  1.00

MWD  —0.32 —020 0.8 0.15 0.24 1.00

RVESS  —0.01 0.56 ***  —0.09 —0.72%*  —077** —035*  1.00

VESS 016 0.33* —0.00 —0.70**  —054*  —0.09 0.62**  1.00

GVESS ~ —0.14  042* —0.07 —0.73**  —055* —026  076**  084™* 100

BD = bulk density, PO = porosity, INF = infiltration, AGB = above-ground biomass, MWD = mean weight
diameter, RVESS = Rangeland VESS, VESS = Visual Evaluation of Soil Structure, GVESS = GrassVESS. * Correlation
is significant at p = 0.05 level, ** p = 0.01, *** p = 0.001.

4. Discussion
4.1. Conceptual Basis for the RangelandVESS Method

The VESS method was chosen in this study because it has been widely applied across
different soil types and climates, and it shows strong relationships with both laboratory
measurements and other field-based soil parameters [21-23]. In rangeland ecosystems
such as grasslands, visual soil structure assessment methods have helped assess structural
quality. For instance, Cui et al. (2014) [25] successfully evaluated grassland productivity
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in Ireland using VESS, while Tuchtenhagen et al. (2018) [46] used VESS to assess a native
grassland in Pampa, Brazil, under a humid subtropical climate. To better capture grasslands
nature, Emmet-Booth et al. (2018) [26] adapted VESS and developed GrassVESS but as
specified, it is for temperate maritime managed grasslands and has not been tested in
semi-arid regions. Under these climate conditions, low soil water content can increase soil
strength by enhancing cohesion and the angle of internal friction [47,48]. This increase may
limit the formation of large aggregates such as those described in VESS. The soil aggregates
from our blocks were smaller than those reported on VESS for the higher Sq’s. The largest
found were <7 cm (Sq4) and came from sites close to water bodies, while those in VESS
can be >10 cm for Sq4 and 5 [20] and GrassVESS describes aggregates > 7 cm [26]. The
differences in aggregate size might be related to the water limitation, and its relationship
with soil strength, in semi-arid areas in comparison to temperate grasslands and croplands.
Hence, this aspect was documented in Rangeland VESS as part of the description of the Sq's
and as new visual aids.

Another consideration for method adaptation is the difference in stresses exerted on
soil by cattle compared to agricultural machinery. Cattle have been reported to exert static
pressures of 144 kPa [49], 160, and 192 kPa [12] and up to 200 kPa in simulated walking [14],
although, this pressure may be underestimated and may increase two- to four-fold when
walking [12,15,50]. This increase occurs because, during movement, the animal’s weight is
distributed over fewer hooves while additional kinetic energy is applied [12,16]. In agricul-
tural fields, machinery has been reported to exert vertical stress up to 360 kPa depending
on wheel load, tire inflation pressure, depth, soil texture, and moisture conditions [51].
Additionally, in agricultural settings, the number of passes increases soil compaction [52].
While animals have random movements, cattle tend to create overgrazed zones, which
could mimic the effect of repeated passes. However, the results of this study indicate that
structural degradation, reflected in larger aggregates and higher BD, in highly overgrazed
zones is less pronounced than that reported in agricultural fields [22]. Moreover, in Chi-
huahua, heritage Criollo cattle, lighter in weight than commercial breeds such as Angus and
Hereford cattle, are widely used. This breed has been reported to explore larger areas, main-
tain a more diverse diet, and adjust its movement according to forage availability [40,53].
Although this study did not explore differences in soil structural quality among breeds,
Criollo cattle are thought to exert less stress on the soil and generate fewer overgrazed
areas due to their foraging behavior [54]. Hence, this may also be better reflected in the
Rangeland VESS assessment criteria.

Additionally, the soil stress caused by cattle trampling may also influence the de-
velopment of platy structure due to shear stress [10]. While the cow exerts a normal or
vertical force, the hooves, which have a contact area with the soil creating a frictional
force, apply a force acting parallel to a plane (the soil), which causes sliding as the resistive
force from the soil is exceeded [55-57]. This shear stress has also been reported to alter
the directionality (horizontal) of saturated hydraulic conductivity [58]. Site observations
revealed predominance of platy soil structure, particularly in areas close to water bodies,
where livestock congregation and trampling are more intense. Thus, this feature was
included in the description of the Sq’s. Rangeland VESS assigns greater relevance to this
type of structural deformation, as it is identified from Sq3 onward, in contrast to GrassVESS,
which includes this feature at Sq4, and VESS, where it also accounted for at Sq4. Another
novel aspect of RangelandVESS is the inclusion of root directionality. In both clay and
sandy soils, a predominance of horizontal roots was observed likely due to the platy struc-
ture. Munkholm et al. (2015) [59] reported similar horizontal root growth in compacted
sandy soils, supporting the patterns identified using RangelandVESS. This feature can be
influenced by the aggregate shape, especially if there is a predominance of platy structure.
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4.2. Relationship with Quantitative Indicators

The significant correlations between the studied soil indicators (BD, MWD, and infil-
tration) and RangelandVESS, indicate the suitability of the method to assess soil structure
quality. For AGB, the strongest correlation was with Rangeland VESS (rs = —0.76). This rela-
tionship indicates consistency with the scoring, as a lower Sq corresponds to better structure
and therefore, more AGB. This was also supported by BD and infiltration measurements,
as zones where blocks exhibited a higher degree of soil compaction showed restricted
AGB, with values as low as 0.50 g (Figure 8a). Likewise, the positive correlation between
Rangeland VESS and BD is consistent with previous studies, as BD is often reported to be
highly correlated with visual soil evaluation (VSE) methods [60-62]. These correlations
highlight the role of soil structure in the productivity of rangeland ecosystems and the
importance of visual methods as a reliable tool for monitoring.

4.3. Comparing RangelandVESS, VESS, and GrassVESS

Rangeland VESS has different assessment descriptions and visual aids, however, no
significant differences were found among methods for clayey-loamy soils. This was
expected for the first two Sq representing good structural conditions as no big differences
in aggregate size and shape are expected. Another reason is that shared features among
methods remain. Characteristics such as ease of breakage and the presence of subangular
and angular aggregates may lead to similar results across methods. Nonetheless, presenting
mixed evidence across VESS scores may confuse operators when assigning a score, as they
are required to integrate characteristics spanning Sq3 to Sq5. Moreover, when assessing soil
structure using Rangeland VESS, the scoring ranges Sq3 to Sq4 for clayey soils and Sq1 to Sq3
for sandy soils, can facilitate evaluation, as the indicator descriptions are more coherently
integrated. Hence, we encourage the local application of RangelandVESS, as it incorporates
site-specific characteristics making interpretation more straightforward. However, we
acknowledge that increasing the reliability and reproducibility of the method would require
evaluations by a greater number of operators. This would allow for a more robust validation
of the method and could also be achieved by assessing a larger number of soil blocks when
the same area is evaluated by different operators [63]. Additionally, the method must
be sufficiently clear and self-explanatory to enable operators to apply it consistently and
obtain comparable results. To further support consistency, future users should receive
adequate training and gain practical experience in applying the method [30,64]. Thereafter,
the method could be tested to discriminate among rangeland management practices and
serve as a tool to support decision-making. Furthermore, RangelandVESS classified the
samples as having good, moderate, and poor quality while VESS only indicated good and
moderate qualities. GrassVESS identified three blocks as having poor soil structure versus
eight from RangelandVESS. Based on this, the assessments with VESS and GrassVESS
seem to underestimate soil structural degradation. This is supported by the stronger
correlation of Rangeland VESS with BD reflecting a closer alignment with its assessment
criteria which restricts smaller aggregates to higher Sq scores indicating a poorer structural
quality. Additionally, this is consistent with the low AGB values (2.30-17.8 g) observed in
blocks with higher BD and Sq4 scores as assessed with Rangeland VESS.

For sandy soils, differences among soil blocks assessed with RangelandVESS and
VESS were statistically significant. This was reflected in the Rangeland VESS results, which
classified seven of the 12 blocks as Sq3. In contrast, VESS classified only one block as
5q2.5, while GrassVESS classified one block as Sq3. We attribute this mainly to variations
in aggregate size and shape, as RangelandVESS applies stricter criteria to these soils. For
instance, in Sq3, the largest aggregates are slightly larger than 5 cm and are predominantly
massive and have a platy structure. Blocks with aggregates that met these criteria also
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exhibited low AGB quantities and higher BD. When using VESS, aggregate size may lead
the user to assign a lower score, such as Sq2 or Sq3, which include aggregates ranging from
2 mm to 10 cm, indicating better structural quality. Thus, when conducting assessments
with VESS in semi-arid rangelands, soil structural degradation may be underestimated.

5. Conclusions

RangelandVESS seems to successfully capture soil structural conditions in semi-arid
rangelands under livestock grazing. Its assessment criteria, especially the size of aggregates,
may allow for a more accurate classification of soil blocks, particularly those exhibiting
poorer structural quality. This is supported by the stronger correlation with key soil pa-
rameters. Nevertheless, further validation is needed, including assessments by multiple
operators and the application of agreement analyses, to rigorously evaluate the repro-
ducibility and reliability of the method. Additionally, future studies should test its ability
to discriminate among different rangeland management practices. Although no significant
differences were found among RangelandVESS, VESS, and GrassVESS in clayey-loamy
soils, further studies are encouraged, particularly in drier parts of the region where water
scarcity may further restrict aggregate size. The Chihuahuan Desert, which supports high
levels of livestock production but also exhibits a high degree of soil degradation, repre-
sents a priority area for promoting the method. Other areas where the applicability of
Rangeland VESS should be tested include those where Criollo cattle exclusively graze. The
combined influence of lighter Criollo cattle and arid conditions may better correlate with
the soil structural characteristics captured by Rangeland VESS. The observed differences in
aggregate size may be influenced by soil water content in semi-arid regions. These climatic
factors, together with land-use type, highlight the need for methodological adaptation.
Therefore, visual evaluations should not be considered universal, as their applicability may
depend on climate and land use.
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The following abbreviations are used in this manuscript:

VESS  Visual Evaluation of Soil Structure

IIRH Interpreting Indicators of Rangeland Health
UACh  Autonomous University of Chihuahua
WRB World Reference Base

AH Angus x Hereford

CR Criollo

CB Crossbreed
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BD Bulk Density
MWD  Mean Weight Diameter
AGB  Above-Ground Biomass
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