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ABSTRACT
Keywords: Inadequate grassland management has resulted in the degradation of extensive areas, loss of
Degraded pastures productivity and sustainability of many of them, reflecting a common reality among livestock farmers in
High Andean tropics Colombia. Therefore, at the Paysandl Agricultural Station of the Universidad Nacional de Colombia,
Principal component analysis located in the Santa Elena township of the city of Medellin, a study was carried out to determine a soil
Soil chemical properties quality index (SQI) by evaluating the physical and chemical indicators that were most related to the
Soil physical properties deterioration and dry matter production of kikuyu grass (Cenchrus clandestinus). A minimum data set
Soil quality index (MDS) was established for the most sensitive indicators, selected by principal component analysis

(PCA), and a nonlinear scoring function was used to obtain the SQI. Statistical differences were
found between all the treatments in relation to dry matter production (P<0.05: 1.91x10*). The most
sensitive indicators were bulk density BD > total porosity TP > macropores MAC > micropores MIC >
penetration resistance PR > effective cation exchange capacity ECEC > pH. As a resullt, the following
formula was obtained: SQI = (0.225xBD) + (0.224xTP) + (0.220xMAC) + (0.218xMIC) + (0.113xPR)
+ (0.0879xECEC) + (0.0877xpH). This index should be tested in kikuyu grass-dominated pastures
located in the Colombian high tropics. The baseline is critical at values > 0.58 Mg m* for BD and >
2.25 MPa for PR. In addition, the optimum pH range for kikuyu grass development was between 5.4

and 6.4.

RESUMEN
Palabras clave: El manejo inadecuado de los pastizales ha provocado la degradacion de extensas &reas, la pérdida
Pasturas degradadas de productividad y sostenibilidad de muchas de ellas, reflejando una realidad comun entre los
Tropico alto andino ganaderos de Colombia. Por ello, en la Estacion Agraria Paysandu de la Universidad Nacional de
Analisis de componentes principales  Colombia, ubicada en el corregimiento de Santa Elena de la ciudad de Medellin, se realizd una
Propiedades quimicas del suelo investigacién para determinar un indice de calidad del suelo (SQI) mediante la evaluacién de los
Propiedades fisicas del suelo indicadores fisicos y quimicos més relacionados con el deterioro y produccion de materia seca
indice de calidad del suelo del pasto kikuyo (Cenchrus clandestinus). Se establecié un conjunto minimo de datos (MDS) para

los indicadores méas sensibles, elegidos mediante el anlisis de componentes principales PCA,
y se utilizé una funcién de puntuacion no lineal para obtener el SQI. Se encontraron diferencias
estadisticas entre todos los tratamientos y la produccion de materia seca (P<0,05: 1,91x10%2. Los
indicadores méas sensibles fueron: densidad aparente DR > porosidad total TP > macroporos MAC
> microporos MIC > resistencia a la penetracion PR > capacidad de intercambio cationico efectiva
ECEC > pH. Como resultado, se obtuvo el siguiente SQI = (0,225xBD) + (0,224xTP) + (0,220xMAC)
+ (0,218xMIC) + (0,113xPR) + (0,0879xECEC) + (0,0877xpH). Se sugiere probar el indice en
praderas dominadas por pasto kikuyo ubicadas en el tropico alto colombiano. La linea de base es
critica a valores > 0,58 Mg m* para BD y > 2,25 MPa para PR. Ademas, el intervalo de pH optimo
para el desarrollo del pasto kikuyo se situd entre 5,4 y 6,4.
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ikuyu grass Cenchrus clandestinus (Hochst.

ex Chiov.) Morrone is native to tropical Africa

(northeast, east, central west and south) (USDA

2024). It was introduced into Colombia just before
1930. It is a perennial herbaceous, stoloniferous and
rhizomatous plant. The stolons —aerial, creeping stems—
can exceed 3 min length, while the rhizomes —underground
stems—can reach 1 m deep. Sometimes it develops aquatic
stolons (floating or submerged). These characteristics
allow it to colonize extensive areas superficially as well
as underground, which is desirable during establishment.
However, this can become a negative aspect, since stolons
and rhizomes can reach a high level of deterioration when the
pasture is improperly managed. This detriment, although it
does not affect the persistence of the species, does reduce
the productive potential of the crop and as a consequence,
the quality of the forage.

In the Colombian high tropics, kikuyu grass typically
represents between 65-95% of the botanical composition
of herbaceous plants commonly found in the pastures,
constitutes the main forage source and is the most used
species in specialized dairy production systems in the
country’s dairy belt. However, inadequate management of
the species has led to the degradation of extensive areas,
the loss of productivity and a decrease in the environmental
and economic sustainability of a large number of hectares,
reflecting a reality that ranchers in the tropical high Andean
regions of the country commonly face.

Pasture mulching is the result of the progressive deterioration
of the different vegetative structures of a plant, mainly its
leaves and stems. Consequently, it is common to observe
limited growth of the aerial part (dwarfism); significant
shortening of the distance between knots; lignification of
stems, and death or senescence of leaves located in lower
positions. This detriment can also occur in subterranean
stems (rhizomatous mulching), which sometimes exceeds
1 min depth; or it can also be observed, as typical, in
aerial stems, including stolons (stoloniferous mulching).
This degenerative condition is one of the most influential
aspects in the loss of quality and productivity of kikuyu grass.
In summary, when the deterioration is superficial, small
plants can present a high degree of lignification (especially
favored by continuous overgrazing) or a higher cushion,
generated by undergrazing. On the contrary, when it grows
underground, a network of rhizomes can be observed.

Grasslands are at risk of degradation due to unsustainable
management practices and climate change (Milazzo et
al. 2023). Therefore, evaluating grazing management
practices on soil quality is essential for ensuring the
sustainability of pastures, which represent the largest land
use in world agroecosystems (Amorim et al. 2020). To this
end, soil quality indices are widely used as comprehensive
tools of soil function for grouping and assessing multiple
soil properties (Chaudhry et al. 2024).

Soil quality is defined as the ability of soil to perform
ecological functions, provide ecosystem services in order
to maintain biological productivity, and environmental
quality, and improve plant and animal health (Joimel
et al. 2017). External factors such as parent material,
climate, topography, or hydrology can alter soil properties,
making it impossible to establish universal values of soil
quality (Blinemann et al. 2018). A common approach to
determining them is through the selection of physical,
chemical and biological indicators (Milazzo et al. 2023;
Koureh et al. 2020; Valle and Carrasco 2018).

These indicators are used as parameters to assess soil
quality. However, the evaluation of soil quality cannot be
performed based on a single parameter. Thus, the need
arises to establish a minimum data set (MDS) including
physical, chemical and biological variables (Joimel et al.
2017). However, the difficulty is when the indicator does
not have an optimal reference value for a specific soil
type and use. Consequently, an indicator is useful if the
value can be interpreted unambiguously and the reference
values are available.

The present study aims to establish soil quality indicators
related to pasture degradation and forage yield of kikuyu
grass (Cenchrus clandestinus).

MATERIALS AND METHODS

Description of the study site

The research was carried out at the Paysandu Agricultural
Station of the Universidad Nacional de Colombia, located in
the Santa Elena township, to the east of the city of Medellin,
Department of Antioquia, at a distance of approximately
18 km from the downtown area (Figure 1). Itis located on
Andisols in the very humid low montane forest (bmh-MB)
life zone, at an altitude of 2,530-2,640 m, average annual
temperature of 16.6 °C, and average annual precipitation of
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2,950 mm. It has a total area of 139.3 ha and geographical
coordinates 6°12'25” north latitude and 75°30°08” west
longitude. The main land use is intensive dairy farming

COLOMBIA

PAYSANDU
AGRICULTURAL STATION

Figure 1: Location of the experiment site.

A 0.5-hectare paddock was selected, which is part
of the dairy cattle strip rotation system in which 20
Holstein cows between 525+43.3 kg of liveweight
grazed. They entered the paddock every 40 days to
consume the forage, interacting with the physical and
chemical properties of the soil through trampling and the
deposition of urine and excretion.

under the rotational grazing model in meadows with steep
slopes, gentle hills and small plateaus dominated by kikuyu
grass (Cenchrus clandestinus).

Afterward, 25 plots of 1 m2 dominated by kikuyu grass
were selected. For this purpose, a scale was used
according to forage yield from 1 to 5, with 5 being those
sites with the highest production and 1 being those
with the least forage biomass. These plots were used
to establish five treatments (T1: low; T2: medium-low;
T3: medium; T4: medium-high; T5: high) (Figure 2). At

Figure 2: Example of treatment selection.
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each site, a set of physical and chemical variables was
evaluated and their relationship with DM production
was quantified. Each variable was measured at the
Soil Laboratory of Universidad Nacional de Colombia,
Medellin Headquarters, except for penetration resistance
and forage production. The first was measured in the

field at a depth of 10 cm, and the second was cut one
day before the animals entered.

Methods and techniques for assessing soil quality
indicators
The methods and techniques are described in Table 1.

Table 1. Methods and techniques used to assess soil quality indicators.

Soil quality attribute

Physical indicators

Texture (%).

Bulk density (Mg m3).

Real density (Mg m?).
Gravimetric humidity (%).
Total porosity (%).

Penetration resistance (MPa). 10 cm
Chemical indicators

pH

Electrical conductivity (dS m™).
Organic matter in the soil (%).
Exchangeable Al (cmol + kg'')
Ca, Mg, K and Na (cmol + kg')
ECEC (cmol + kg

P (mg kg™).

S (mg kg™).

Fe, Mn, Cu and Zn (mg kg™).
B (mg kg™).

Method/Extraction/Technique

NTC 6299 2018/DTD/Bouyoucos
Waxed lump

Pycnometer
Gravimetric/N.A/Kiln dried

[1 - (BD/RD)]x100

Cone penetrometer

NTC 5264 2018/Water 1:1/Potentiometry

NTC 5596 2008/Ext. of Sat./Potentiometry

NTC 5526 2007/Oxid. Wet way/Volumetry

NTC 5263 2017/KCL 1 N/Volumetry

NTC 5349 2016/Ammonium acetate pH 7/Atom. Abs.

NTC 5268 2014/Ammonium acetate pH 7/Volumetry

Internal method/Bray Il/Colorimetry

NTC 5402 2006/Monoammonium phosphate 0.08M/Turbidimetry
NTC 5526 2007/DTPA/Atomic absorption

Internal method/ Hot water/Atomic emission

RESULTS AND DISCUSSION

Descriptive statistics

Descriptive statistics of soil quality indicator values are
summarized in Table 2.

The bulk density fluctuated from 0.4 to 0.8 Mg m=3,
which is consistent with that reported in Andisols with a
predominance of allophane in the clay complex considered
by the taxonomy for this order of soils (<0.9 Mg m-®) (Soil
Survey Staff 2022). Furthermore, they have high porosity,
increased by particularly high soil water retention (Hewitt
et al. 2021). However, cattle trampling commonly alters
this variable. The penetration resistance presented values

of 1.6-3.4 MPa, close to 2 MPa, i.e., the critical limit
proposed by Barbosa (2019), over which root growth can
be restricted. The porosity ranged from 61.4 to 79.6%,
which is reportedly high for Andisols. This high porosity
is related to a structural assemblage of poorly crystalline
and non-crystalline secondary minerals into stable (sand-
and silt-sized) aggregates. Allophanic and non-allophanic
Andisols can accumulate large amounts of organic matter.
However, non-allophanic andisols also form highly porous
aggregates and have a high-water retention capacity
(Delmelle et al. 2015). Gravimetric moisture retention
ranged from 119.9 to 199.8% between saturation and
15 bar (Table 2).
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The pH value fluctuated between 5.0 and 7.2 and was
within the recommendations for many grasses, including
kikuyu. However, according to L&uchli (2017), acidic soils
(pH<5.5) and alkaline soils (pH>7.5) fall outside the optimal
pH range and can generate low nutrient availability, ionic
toxicities and nutritional imbalances. The values of Ca, Mg,
and K (Table 2) exceeded the required ranges in pastures
according to Rodelo-Torrente et al. (2022); especially
K, which can become a problem in bovine productivity
(Swanepoel et al. 2014). Although phosphate retention
values of =25% or =85% are common in Andisols (Soil
Survey Staff 2022), P and S sufficiency was found due
to the continuous input of chemical fertilizers. Sufficiency
was established according to the ranges proposed by
Siatwiinda et al. (2024) and Hazelton and Murphy (2016).

The ECEC fluctuated from 9.0 to 46.8 cmol kg, with an
average of 21.47 cmol kg™' (considered high), where the
Ca made the greatest contribution, and the Ca/Mg ratio
was 5.5 on average. Regarding minor elements, only
Cu (0.86 mg kg™') presented deficiency according to the
theoretical optimum suggested by Siatwiinda et al. (2024).
In parallel, a high average soil organic matter was found
(SOM=17.49%), which is typical of Andisols with <25%
organic carbon (Soil Survey Staff 2022). This high content
of surface organic matter is a consequence of the humid
cold climate of the area and the formation of organometallic
complexes that protect it from mineralization (Pérez et al.
2017). A high amount of organic matter can improve soil
functionality, and its ability to provide essential ecosystem
services and soil health (Lal 2020).

Table 2. Descriptive statistics of physical and chemical indicators of soil quality.

Soil quality attribute Mean
Physical indicators

Bulk density BD (Mg m=) 0.58
Real density RD (Mg m~) 1.97
Penetration resistance PR (MPa) 2.37
Total porosity TP (%) 70.64
Macropores MAC >100 um (%) 26.1
Mesopores MES 10-100 um (%) 37.13
Micropores MIC <10 um (%) 36.77
Chemical indicators

pH (1:1) 5.9
Exchangeable Al (Cmol* kg™) 0.16
Exchangeable Ca (Cmol* kg™ 16.52
Exchangeable Mg (Cmol* kg™") 2.99
Exchangeable K (Cmol* kg 0.67
Exchangeable Na (Cmol* kg™ 0.15
Exchangeable ECEC (Cmol* kg") 21.47
P (mg kg™ 61.54
S (mgkg™) 17.79
Fe (mg kg™ 78.22
Mn (mg kg™) 2.05
Cu (mg kg™ 0.86
Zn (mg kg™ 6.56
B (mg kg™) 0.44
Dry matter DM (kg ha™ year™) 3863.9

SEM = standard error of the mean, CV = coefficient of variation (%).

Correlations

The correlation analysis between (physical and
chemical) soil indicators and DM production showed
that the variables with the highest positive correlation
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SEM Ccv Minimum Maximum
0.08 13.86 0.4 0.8
0.1 4.92 1.81 2.27
0.41 17.23 1.60 3.45
3.85 5.44 61.35 79.6
10.54 40.37 0.8 47.37
7.27 19.58 18.09 61.09
5.8 15.78 27.28 53.66
0.51 8.72 5 7.2
0.3 186.43 0 1
7.27 43.99 7.1 35.10
1.19 39.85 1.1 5.6
0.39 58.66 0.14 1.78
0.11 74.54 0.03 0.76
9.67 45.02 9 46.8
54.76 88.98 7 232
6.72 37.76 10 39
449 57.4 18 176
1.01 49.14 0.6 5
0.59 68.21 0.2 3
3.85 58.67 0.9 16
0.11 25.97 0.2 0.8
2352.9 60.9 296.3 10790.5

were K (0.62), Mg (0.54), ECEC (0.50), TP (0.48), Na
(0.47) and Ca (0.39). In turn, those with the highest
negative correlation were BD (-0.52) and PR (-0.49)
(Table 3).
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Table 3. Correlation between soil quality indicators and dry matter production.

1S DM BD PR TP MAC MIC pH Al Ca Mg K Na ECEC P S Fe Mn Cu Zn B
DM 1

BD 052 1 - - - - - - - - - -

PR -0.49 0.34 1 - - - - - - - -

TP 048 -093 -032 1 - - - - - - -

MAC  -0.06 -0.30 0.02 034 1 - - - - - - - - - - - - - -
MIC -0.08 022 -013 -0.17 -0.76 1

pH 032 -003 -015 019 -005 -0.08 1

Al -0.30 -008 025 -0.08 012 000 -0.76 1

Ca 039 -006 -0.10 009 -039 0,18 066 -055 1

Mg 054 -023 -038 023 -029 022 061 -059 070 1

K 062 -038 -042 045 -026 019 053 -048 059 063 1

Na 047 -042 -010 035 011 -0.18 -0.11 005 0.02 017 014 1

ECEC 050 -0.18 -029 021 -038 022 068 -055 086 0.87 062 0.06 1

P 040 -0.16 -0.16 0.07 -048 038 001 001 042 055 024 024 057 1

S 039 -003 -017 003 -042 035 019 -023 042 048 034 016 043 061 1

Fe -0.06 -0.17 -0.06 -0.04 003 007 -075 059 -033 -0.17 -0.34 032 -026 034 010 1

Mn 024 009 -011 -013 -039 028 015 -021 047 047 025 025 055 060 059 021 1

Cu 025 020 0.09 -020 -058 035 034 -030 068 049 026 0.04 062 064 060 -0.12 071 A

Zn 050 -0.12 -020 008 -055 036 035 -031 080 072 045 017 081 077 065 006 072 082 1
B 009 -0.02 -013 -0.07 -006 -0.02 012 -0.04 024 044 000 -0.06 040 039 019 021 031 023 038 {1

BD presented a negative correlation with DM productivity ~ for T5. The results of the mean BD values for the
(-0.52). Therefore, the BD values in which the mean treatments T1, T2, T3, T4, and T5 were 0.665,
was higher, corresponded to the most mulched plots  0.599, 0.564, 0.544, and 0.514 Mg m?3, respectively
where DM production was lower (T1), and the opposite  (Figure 3).

0O St 0 S2 Os3 0OS4

0.90
0.80
0.70
E 060 2
2 o
0.50 %
0.40
0.30
T1 T2 T3 T4 T5
Treatment

Figure 3. Bulk Density vs Treatment. S: sample.
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A negative correlation was found between PR and
DM (-0.49). Therefore, higher mean PR values usually
corresponded to treatments where biomass was lower
(T1), and vice versa. Increases in PR explained 49% of
the reduction in productivity (Figure 4). Additionally, a
positive correlation was obtained between BD and PR
(0.34). Consequently, soil compaction leads to reduced
plant productivity, mainly due to poor root density,
low elongation rates, and limited access to water and
nutrients (Colombi and Keller 2019). This is because
compaction produces low connectivity and continuity
of the pore space, reducing the air and water transport
capacity of the soil (Keller et al. 2017). Blanco-Sepulveda
et al. (2024) evaluated different physical properties
of soils (bulk density, total porosity, field capacity,
infiltration, and aggregate stability). They found that bulk

Os1
4.00

3.50
3.00
2.50

MPa

2.00

1.50

1.00
T T2

O s2

density and infiltration are the most useful parameters
to identify areas affected by cattle trampling and that
bulk density is the key property for analyzing the impact
of cattle with respect to increased stocking rates. They
also concluded that the relationship between physical
soil degradation and stocking rate is not linear because
it also depends on environmental factors.

A value of 2 MPa has been estimated as the threshold
that limits root growth when soil compaction is evaluated
using a penetrometer (Barbosa 2019). In all the
treatments (T1, T2, T3, T4, and T5), the mean values
exceeded this limit (2.73, 2.59, 2.20,2.17,and 2.15 MPa,
respectively). High mean PR values corresponded, in
general, to the treatments that produced less dry mass
(T1) (Figure 4).

Oss Os4

i b

T3 T4 T5

Treatment

Figure 4. Penetration Resistance vs Treatment. S: sample.

A positive correlation was obtained between TP and DM
production (0.48). Therefore, increases in TP explained
48% of the increase in dry forage produced. The higher
the TP, the higher the forage yield (Figure 5). The mean
TP values (67.2, 69.1, 70.6, 72.5 and 73.9%) produced
with treatments T1, T2, T3, T4 and T5, respectively, can
be classified as high (Hazelton and Murphy 2016). But
more important than the TP value is establishing the
percentage of macropores, mesopores and micropores.
Macropores presented the widest range (0.8-47.4%)
compared to mesopores (18.1-61.1%) and micropores
(27.3-53.7%). When the percentage of macropores was
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calculated, it was found that, in 10% of the cases, it was
<10%. Rabot et al. (2018) discussed ideal percentages in
the first 20 to 30 cm of depth: micropores: 20-30% (<0.2
um), mesopores: 40-60% (0.2-50 ym) and macropores:
10-20% (>50 pm). Therefore, imbalances were observed
in this study.

Using analysis of variance, the difference between
treatments with respect to dry matter production was
evaluated and found to be statistically significant (P-value:
1.911372x10%). Therefore, there is evidence to reject that
they are equal. In this regard, the means were T1=790kg;




O St

45 o

T1 T2

85.0
80.0

75.0
% 70.0
65.0
60.0

55.0

Figure 5. Total Porosity vs Treatment. S: sample.

T2=2,468 kg; T3=4,005 kg; T4=5,264 kg and T5=6,792 kg.
The grand mean was 3,863 kg in 40 days. Meanwhile, the

9000

6000

kg ha' DM

3000

=
==

0
T1 T2

OS2

0O S3

p ¥

T3 T4 T5

0O S4

Treatment

total effects were T1=-3073.7 kg; T2=-1396.1 kg; T3=141.4
kg; T4=1399.9 kg, and T5=2928.5 kg (Figure 6).

T3 T4 T5

Treatment

Figure 6. Dry Matter vs Treatment.

DM production was 35.3 tons ha™* yr', which is below that
achieved by Villalobos-Villalobos and WingChing-Jones
(2023), who reached 42.4 tons of DM ha'' yr', and above
that reported by Gomez et al. (2014), who obtained 34.3
tons of DM ha™ yr'. However, it should be noted that the
cutting or grazing cycles were every 40, 36 and 45 days,
respectively. Therefore, the DM production ha™' per cycle
was 4,184 kg, which is above that obtained by Villalobos-

Villalobos and WingChing-Jones (2023), who achieved
3,517 kg DM ha™' per cycle and below that found by Gémez
etal. (2014), who achieved 4,230 kg DM ha™' per cycle. Itis
important to stress that the total dry matter production was
obtained by multiplying the average production of each
stratum by 20%, but, for greater precision, the percentage
of participation of each stratum should be determined by
estimating the botanical composition.
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Selection of soil quality indicators for an MDS and three PCs of the physical and chemical properties,
An individual PCA was performed for physical and respectively, showing a cumulative variance percentage
chemical properties. The selection criterion was PCs of 79.04 and 72.88%, respectively, as can be seen in
with an eigenvalue >1. This was met by the first two  Table 4.

Table 4. Eigenvalues, variance (%), and variance cumulative (%) explained by the principal components within each group.

Component Eigenvalues Variance (%) Var. cumulative (%)
Physical indicators

Comp 1 2.51 50.15 50.15

Comp 2 1.44 28.89 79.04
Chemical indicators

Comp 1 6.44 45.97 45.97

Comp 2 2.61 18.65 64.63

Comp 3 1.16 8.26 72.88

Once the PCs were determined, those that presented the ~ MIC, for the second PC. Among the chemical indicators,
highest correlation coefficients (regardless of whether the ECEC exhibited the highest coefficient for the first
they were positive or negative) were preselected ineach  PC, Fe for the second PC, and Na for the third PC (Table
component. Therefore, TP was selected as the most 5). These indicators, despite being selected, can be
representative physical indicator of the first PC; and discarded in the MDS.

Table 5. Eigenvectors, principal components (PC), and communality estimate of the physical and chemical indicators, ranked according to
the magnitude of the vector within each group.

Eigenvector PC1 PC2 PC3 Communality Magnitude of
vector
Physical indicators
Bulk density BD (Mg m-) 0.867 0.373 - 0.891 0.225
Total Porosity TP (%) -0.872 -0.355 - 0.886 0.224
Macropores MAC (%) -0.668 0.649 - 0.868 0.220
Micropores MIC (%) 0.588 0.717 - 0.861 0.218
Penetration resistance PR (MPa) 0.452 0.493 - 0.447 0.113
Chemical indicators
Exchangeable ECEC (cmol + kg~') 0.933 -0.109 -0.118 0.897 0.088
pH (1:1) 0.680 -0.654 -0.067 0.895 0.088
Zn (mg kg™) 0.895 0.305 -0.012 0.895 0.088
Fe (mg kg™) -0.252 0.882 -0.059 0.845 0.083
Exchangeable Ca (cmol + kg™) 0.882 -0.163 -0.025 0.805 0.079
Exchangeable Mg (cmol + kg~') 0.855 -0.057 -0.101 0.744 0.073
P (mg kg™) 0.598 0.618 0.062 0.743 0.073
Cu (mg kg™) 0.826 0.212 0.034 0.728 0.071
Exchangeable Na (cmol + kg~') 0.097 0.201 0.780 0.658 0.064
B (mg kg™) 0.448 0.235 -0.624 0.646 0.063
Mn (mg kg™') 0.678 0.411 0.099 0.639 0.063
Exchangeable Al (cmol + kg™") -0.563 0.527 -0.181 0.628 0.062
Exchangeable K (cmol + kg™) 0.627 -0.330 0.234 0.557 0.055
S (mg kg™) 0.556 0.438 0.151 0.524 0.051
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The indicators with the greatest magnitude within each
group (BD and ECEC) were selected for the MDS.
When these presented the same value, the one with the
highest communality was chosen. A high communality
indicates that a large part of the variance is explained
by said component. Nevertheless, because they explain
more than 79% of the variance in the physical variables,
TP, MAC and MIC were also selected. In addition, pH
was selected because it explains more than 72% of the
variance in the chemical indicators (Table 4).

All these variables presented the highest magnitude and
communality within each group. The previous selection

Table 6. Weight of physical and chemical indicators.

Norefa-Grisales JM, Ramirez Pisco R, Osorio Vega NW

was also based on the weight of the variables and using
as a criterion that it be >10% (for that reason, PR was
also chosen in the physical variables). Although none of
the chemical variables reached that value, those closest
to 10% were selected (Table 6).

Scoring the selected indicators

Nonlinear scoring functions were used to transform the
soil properties in the MDS to values between 0 and 1
(Figure 7). “Less is better” functions were used for
scoring BD and PR; “more is better” functions for ECEC;
and the “mid-point optimum” function for TP, MAC, MIC,
and pH.

Physical Chemical
Indicator Weight (%) Indicator Weight (%)
BD 22.5 ECEC 8.79
TP 22.4 pH 8.77
MAC 22.0 -
MIC 21.8
PR 11.3
More is better Less is better Midpoint optimum
o AN &
1 =~ 1 - 1
0 > 0 > 0 >

Figure 7. Representations of nonlinear scoring functions.

BD was represented using a decreasing score
curve (less is better). Therefore, a BD of 0.4 Mg m?*
presented a higher score than a BD of 0.8 Mg m?.
The cumulative normal distribution of BD shows that
most data fell in the range 0.4-0.6 Mg m* (explaining
a high probability of occurrence), while 0.7 Mg m?
is already very close to the lower asymptote (Figure

8). However, by determining the baseline, it can be
established that a BD above 0.58 Mg m? is related to
scores below 0.5, which is undesirable with respect to
production. Therefore, the best scores are observed at
a BD below 0.58 Mg m* down to 0.40 Mg m?, where
they stabilize and reach a constant value, favoring dry
matter productivity.
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Stop value

0.58 0.6 0.7 08

Baseline BD

Figure 8. Scoring curve of Bulk Density (BD).

Likewise, PR presented a decreasing score curve
(less is better). The cumulative normal distribution of
PR indicates that most data have a high probability of
falling between 2.0 and 3.5 kPa, which is undesirable
(Figure 9). Furthermore, by determining the baseline,
it can be established that a PR above 2.25 kPa is

1.00 top value

0.75

Score
o
3

0.25

0.00

2.0 2.25
Baseline

Figure 9. Scoring curve of Penetration Resistance (PR).

TP and pH presented optimal plateau score curves (Figures
10 and 11). Regarding the former, a TP of approximately
70% presented the highest score. The cumulative normal
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related to scores below 0.5, which is also undesirable
with respect to production. On the one hand, the best
PR scores are observed below 2.25 kPa, which favors
dry biomass productivity. On the other hand, values
greater than the optimum impair the productivity and
functions of the soil.

Stop value™~—

25 3.0 35
PR

distribution of TP shows that most pores are in the 66-
75.2% range and that values less than 60% and greater
than 80% have a very low probability of occurrence and




may be undesirable (Figure 10). Nevertheless, a proper high probability of values close to 5.8, which favors forage
distribution between MAC and MIC is no less important.  production. It was found that the most favorable pH range
Similarly, pH exhibited an optimal plateau, indicating a is between 5.4 and 6.4 (Figure 11).

0.100  Stop value

0.075
(6]
S 0.050
(&)
n

0.025

0.000 Stop value

60 66 70 75.2 80
Baseline TP Baseline

Figure 10. Scoring curve of Total Porosity (TP).

0.8
0.6
o
g 04
DN
0.2
0.0 e
4 5 5.4 6 6.4 7 8
pH

Figure 11. Scoring curve of pH.
ECEC presented a “more is better” scoring curve, there is a score above 50%, which is desirable for

showing a higher probability of occurrence for values the pasture. ECEC is especially favored by high
above 18.5 (Figure 12). If the ECEC is above 18.5, concentrations of Ca.
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Figure 12. Scoring curve of Effective Cation Exchange Capacity (ECEC).

A soil quality model/index

The data in the MDS were re-evaluated by PCA to
obtain vector magnitudes for all the soil components.
These values were used to calculate the weights of
the different soil quality indicators. As a result (Table

6), a soil quality index (SQI) was obtained (Equation
1). The weight of the indicators ranged between 8.7
and 22.5%, while the variables BD, TP, and MAC
contributed the most to the model, with 22.5, 22.4, and
22.0%, respectively.

SQl = (0.225xBD) + (0.224xTP) + (0.220xMAC) + (0.218xMIC) + (0.113xPR) + (0.0879xECEC) + (0.0877xpH) (1)

Swanepoel etal. (2014), who studied kikuyu and ryegrass
pastures in South Africa, evaluated an MDS using PCA
and obtained the magnitudes of the soil components,
which they used to select the PCs with the highest
weight. When they determined the SQl, they found that
gravel (16%), moisture retention capacity (15%), and
PR (13%) were the most relevant physical indicators; P
(17%) and Mn (12%) were the most important chemical
indicators; and SOM (13%) was the most influential
biological indicator. Thus, the only variable in common
between their study and this investigation was PR (13
vs 11.3%). On the other hand, Sharma et al. (2014)
evaluated Pennisetum americanum grass and found
the key soil quality indicators and their contributions
to the SQI: organic carbon (19%), available N (20%),
exchangeable Ca (3%), available Zn (4%) and Cu
(17%), labile carbon (20%), and mean weight diameter
of soil aggregates (17%).
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It was found that the physical variables presented
the greatest contribution to the SQI compared to their
chemical counterparts, and a more marked trend was
observed when the index was determined separately.
The physical variables showed a decreasing trend,
contrary to the chemical properties, which exhibited high
sufficiency values. However, no determining correlation
was found between the total SQI and the forage yield of
the crop.

CONCLUSION

A Soil Quality Index (SQI) was established as a baseline
for assessing the degradation and forage yield of kikuyu
grass at the Paysandu Agricultural Station. This index can
also be used as a reference for similar studies in the high
Andean tropics of Colombia. Principal Component Analysis
(PCA) facilitated the identification of key indicators that are
most influential in the soil quality of kikuyu grasslands, and it
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was used to develop the SQI. The most sensitive indicators
identified here were bulk density (BD)>total porosity
(TP)>macropores (MAC)>micropores (MIC)>penetration
resistance (PR)>effective cation exchange capacity
(ECEC)>pH. The SQI was calculated using Equation
(1): SQI = (0.225xBD) + (0.224xTP) + (0.220xMAC)
+ (0.218xMIC) + (0.113xPR) + (0.0879xECEC) +
(0.0877xpH).

The physical variables were found to contribute more
significantly to the SQI than their chemical counterparts.
This index offers a valuable tool for preventing grassland
degradation because it is based on the most sensitive
indicators and provides guidance for effective management.
These findings can serve as a reference for establishing
SQls at a regional level in the municipalities in the dairy
belt of eastern and northern Antioquia.

For bulk density (BD), the baseline threshold is critical at
values exceeding 0.58 Mg m™. For penetration resistance
(PR), the baseline threshold is critical at values greater
than 2.25 MPa. Additionally, the optimal pH range for
the development of kikuyu grass is between 5.4 and 6.4.

ACKNOWLEDGMENTS

The authors thank Professor Ramiro Ramirez Pisco for
his accurate and timely academic contributions. They
are also grateful to Universidad Nacional de Colombia
(Medellin Headquarters) for allowing them to conduct this
study at the Paysandu Agricultural Experiment Station and
use the Soil Physics Laboratory to evaluate the samples.

REFERENCES

Amorim H, Ashworth A, Moore P et al (2020) Soil quality indices
following long-term conservation pasture management practices.
Agriculture, Ecosystems and Environment 301: 107060. https://doi.
org/10.1016/j.agee.2020.107060

Barbosa L, Magalhdes P, Bordonal R et al (2019) Soil physical
quality associated with tillage practices during sugarcane planting in
south-central Brazil. Soil and Tillage Research 195: 104383. https:/
doi.org/10.1016/j.still.2019.104383

Blanco-Sepulveda R, Gémez-Moreno ML and Lima F (2024)
An approach to the key soil physical properties for assessing soil
compaction due to livestock grazing in Mediterranean Mountain Areas.
Sustainability 16(10): 4279. https:/doi.org/10.3390/su16104279

Blinemann E, Bongiorno G, Bai Z et al (2018) Soil quality: A
critical review. Soil Biology and Biochemistry 120: 105-125. https:/
doi.org/10.1016/j.s0ilbio.2018.01.030

Chaudhry H, Vasava H, Chen S et al (2024) Evaluating the soil
quality index using three methods to assess soil fertility. Sensors
24(864): 1-15. https://doi.org/10.3390/524030864

Colombi T and Keller T (2019) Developing strategies to recover
crop productivity after soil compaction: A plant eco-physiological
perspective. Soil and Tillage Research 191: 156-161. https://doi.
org/10.1016/j.still.2019.04.008

Delmelle P, Opfergelt S, Cornelis J and Ping C-L (2015) Chapter
72 - Volcanic Soils. The Encyclopedia of Volcanoes (Second edition), pp
1253-1264. In: The Encyclopedia of Volcanoes. https://doi.org/10.1016/
B978-0-12-385938-9.00072-9

Gomez A, Silva A, Salazar J et al (2014) Produccion de materia
seca y calidad del pasto kikuyo P. clandestinum en diferentes niveles
de fertilizacion nitrogenada y en asocio con aliso Alnus acuminata en
el trépico alto colombiano. En: Anais do 10 Simposio Internacional de
Arborizacao de Pastagens em Regides Subtropicais. https://ainfo.cnptia.
embrapa.br/digital/bitstream/item/123660/1/p32-41-Doc.-268-Anais.pdf

Hazelton P and Murphy B (2016) Interpreting soil test results: what
do all the numbers mean? Third edition. CSIRO Publishing. Australia.
http://doi.org/10.1071/9781486303977

Hewitt A, Balks M and Lowe D (2021) The soils of Aotearoa
New Zealand. World Soils Book Series. USA, 332 p. https://doi.
org/10.1007/978-3-030-64763-6

Joimel S, Schwartz C, Hedde M et al (2017) Urban and industrial
land uses have a higher soil biological quality than expected from
physicochemical quality. Science of The Total Environment 584-585:
614-621. https://doi.org/10.1016/j.scitotenv.2017.01.086

Keller T, Colombi T, Ruiz S et al (2017) Long-term soil structure
observatory for monitoring post-compaction evolution of soil
structure. Vadose Zone Journal 16(4): 1-13. https:/doi.org/10.2136/
vzj2016.11.0118

Koureh H, Asgarzadeh H, Mosaddeghi M et al (2020) Critical
values of soil physical quality indicators based on vegetative growth
characteristics of spring wheat ( Triticum aestivum L.). Journal of Soil
Science and Plant Nutrition 20(2): 493-506. https://doi.org/10.1007/
§42729-019-00134-8

Lal R (2020) Soil organic matter content and crop yield. Journal of
Soil and Water Conservation 75(2): 27A-32A. https:/doi.org/10.2489/
jswe.75.2.27A

Lauchli A and Grattan S (2017) Plant stress under non-optimal
soil pH. pp 201-216. In: Shabala S (eds.). Plant stress physiology.
Second edition. Ediciones S. Shabala. USA 362 p. https://doi.
org/10.1079/9781780647296.0201

Milazzo F, Francksen R, Abdalla M et al (2023) An overview of
permanent grassland grazing management practices and the impacts
on principal soil quality indicators. Agronomy 13(5): 1-16. https:/doi.
org/10.3390/agronomy 13051366

Pérez N, Jaramillo D, Ruiz O et al (2017) Caracterizacién de
un Andisol de la cuenca alta de la quebrada Santa Elena, oriente
antioqueno, Colombia. Revista de la Facultad de Ciencias 6(1): 24-38.
https:/doi.org/10.15446/rev.fac.cienc.vén1.60628

Rabot E, Wiesmeier M, Schiliter S et al (2018) Soil structure as an
indicator of soil functions: A review. Geoderma, 314: 122-137. https://
doi.org/10.1016/j.geoderma.2017.11.009

Rodelo-Torrente S, Torregroza-Espinosa A, Moreno M et al (2022)
Soil fertility in agricultural production units of tropical areas. Global
Journal of Environmental Science and Management 8(3): 403-418.

Sharma K, Grace J, Chandrika S et al (2014) Effects of soil
management practices on key soil quality indicators and indices in
pearl millet (Pennisetum americanum (L.) Leeke)-based system

Rev. Fac. Nac. Agron. Medellin 77(3): 10811-10825. 2024


https://doi.org/10.1016/j.agee.2020.107060
https://doi.org/10.1016/j.agee.2020.107060
https://doi.org/10.1016/j.still.2019.104383
https://doi.org/10.1016/j.still.2019.104383
https://doi.org/10.3390/su16104279
https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.3390/s24030864
https://doi.org/10.1016/j.still.2019.04.008
https://doi.org/10.1016/j.still.2019.04.008
https://doi.org/10.1016/B978-0-12-385938-9.00072-9
https://doi.org/10.1016/B978-0-12-385938-9.00072-9
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/123660/1/p32-41-Doc.-268-Anais.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/123660/1/p32-41-Doc.-268-Anais.pdf
http://doi.org/10.1071/9781486303977
https://doi.org/10.1007/978-3-030-64763-6
https://doi.org/10.1007/978-3-030-64763-6
https://doi.org/10.1016/j.scitotenv.2017.01.086
https://doi.org/10.2136/vzj2016.11.0118
https://doi.org/10.2136/vzj2016.11.0118
https://doi.org/10.1007/s42729-019-00134-8
https://doi.org/10.1007/s42729-019-00134-8
https://doi.org/10.2489/jswc.75.2.27A
https://doi.org/10.2489/jswc.75.2.27A
https://doi.org/10.1079/9781780647296.0201
https://doi.org/10.1079/9781780647296.0201
https://doi.org/10.3390/agronomy13051366
https://doi.org/10.3390/agronomy13051366
https://doi.org/10.15446/rev.fac.cienc.v6n1.60628
https://doi.org/10.1016/j.geoderma.2017.11.009
https://doi.org/10.1016/j.geoderma.2017.11.009

in hot semi-arid inceptisols. Communications in Soil Science and
Plant Analysis 45(6): 785-809. https://doi.org/10.1080/00103624.2
013.867048

Siatwiinda S, Ros G, Yerokun O et al (2024) Options to reduce
ranges in critical soil nutrient levels used in fertilizer recommendations
by accounting for site conditions and methodology: A review. Agronomy
for sustainable development 44 (9): 1-22. https://doi.org/10.1007/
§13593-023-00943-3

Soil Survey Staff (2022) Keys to soil taxonomy, 13th edition. USDA-
Natural Resources Conservation Service. https://www.nrcs.usda.gov/
sites/default/files/2022-09/Keys-to-Soil-Taxonomy.pdf

Swanepoel P, du Preez C, Botha P et al (2014) Soil quality
characteristics of kikuyu-ryegrass pastures in South Africa. Geoderma

232-234: 589-599. https://doi.org/10.1016/j.geoderma.2014.06.018

USDA, Agricultural Research Service, National Plant Germplasm
System (2024) Germplasm resources information network (GRIN
Taxonomy). National Germplasm Resources Laboratory, Beltsville,
Maryland. https://npgsweb.ars-grin.gov/gringlobal/taxon/
taxonomydetail?id=464260

Valle S and Carrasco J (2018) Soil quality indicator selection in
Chilean volcanic soils formed under temperate and humid conditions.
Catena 162: 386-395. https://doi.org/10.1016/j.catena.2017.10.024

Villalobos-Villalobos L and WingChing-Jones R (2023) Forage
biomass estimated with a pre-calibrated equation of a rising platemeter
in pastures grown in tropical conditions. Grasses 2(2):127-141. https:/
doi.org/10.3390/grasses2020011

Rev. Fac. Nac. Agron. Medellin 77(3): 10811-10825. 2024



https://doi.org/10.1080/00103624.2013.867048
https://doi.org/10.1080/00103624.2013.867048
https://doi.org/10.1007/s13593-023-00943-3
https://doi.org/10.1007/s13593-023-00943-3
https://www.nrcs.usda.gov/sites/default/files/2022-09/Keys-to-Soil-Taxonomy.pdf
https://www.nrcs.usda.gov/sites/default/files/2022-09/Keys-to-Soil-Taxonomy.pdf
https://doi.org/10.1016/j.geoderma.2014.06.018
https://npgsweb.ars-grin.gov/gringlobal/taxon/taxonomydetail?id=464260
https://npgsweb.ars-grin.gov/gringlobal/taxon/taxonomydetail?id=464260
https://doi.org/10.1016/j.catena.2017.10.024
https://doi.org/10.3390/grasses2020011
https://doi.org/10.3390/grasses2020011




