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Abstract: Conservation Agriculture (CA) has been promoted in many Latin American countries as an 
alternative to sustainable production management because of its ability to prevent soil degradation, enhance 
crop productivity, minimize climate change impact, and protect soil biodiversity. The main objective of this 
paper was to evaluate the effects of CA on Soil Quality (SQ) in five agroecosystems from Cachipay 
(Cundinamarca): Coffee Crop (CC) chronosequences of (1) 5 (CC5) and (2) 10 (CC10) years of establishment; 
Polyculture Cropping System (PCS) chronosequences of (3) 1 (PCS1) and (4) 6 (PCS6) years, and (5) Fallow 
(F) systems. A Minimum Data Set (MDS) was determined from principal component analysis. Aggregate 
stability index, aggregate stability, water holding capacity, geometric mean diameter, electric conductivity, 
heterotrophic bacterial density, and catalase were finally selected into the MDS and used in the calculation of 
the Soil Quality Index (SQI). CC5 (0.71), CC10 (0.67), PCS6 (0.66), and PCS1 (0.65) had a higher SQI in the 
study area than F (0.60). The study demonstrated the positive effect of CA practices based on minimum soil 
disturbance, lower inputs of agrochemicals, permanent soil organic cover with crop residues, and a diversified 
cropping system on SQ. The MDS-SQI approach represents a practical, promising, and adequate tool for 
monitoring SQ in agroecosystems. 
 
Keywords: indicators, minimum data set, soil quality index, sustainable land management, total data set, 
conservation. 
 
 
Resumen: La agricultura de conservación (AC) se ha promovido en América Latina como una alternativa 
para la gestión sostenible del suelo debido a su capacidad para prevenir la degradación edáfica, mejorar la 
productividad de los cultivos, minimizar el impacto del cambio climático y contribuir a la protección de la 
biodiversidad edáfica. El objetivo de la investigación fue evaluar el efecto de la AC sobre la calidad del suelo 
(CS) en cinco agroecosistemas del municipio de Cachipay (Cundinamarca): una cronosecuencia de cultivos de 
café (CC) de (1) 5 (CC5) y (2) 10 (CC10) años de establecimiento, sistemas de policultivos (SPC) de (3) 1 
(SPC1) y (4) 6 (SPC6) años de edad, y (5) un agroecosistema en descanso (F, del inglés Fallow). Para lo cual, se 
determinó un conjunto mínimo de datos (MDS, del inglés Minimum Data Sets) a partir de un análisis de 
componentes principales. El índice de estabilidad de agregados, la estabilidad de agregados, la humedad, el 
diámetro medio geométrico, la conductividad eléctrica, la densidad de heterótrofos totales y las catalasas se 
seleccionaron en el MDS. Los mayores valores del índice de calidad se obtuvieron en: CC5 (0,71), CC10 (0,67), 
SPC6 (0,66), SPC1 (0,65) vs. F (0,60). El estudio evidenció el efecto positivo de las prácticas de AC basadas 
en una mínima alteración del suelo, una menor dependencia de los agroquímicos, una cobertura orgánica 
permanente y los sistemas agrícolas diversificados sobre la CS. El enfoque MDS-SQI representa una 
herramienta práctica, prometedora y adecuada para hacer seguimiento de la CS en agroecosistemas. 
 
Palabras clave: conjunto total de datos, conjunto mínimo de datos, conservación, indicadores, índice de 
calidad de suelos, ordenación de tierras sostenible. 
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Introduction 
 

Soil is a finite resource considered a vital part of the natural environment and essential for the 
existence of life on our planet (FAO, 2015). As a core component of land resources, agricultural 
development, and ecological sustainability, it is the basis for food, feed, fuel, and fiber 
production, climate change mitigation, and a critical ecosystem service (FAO, 2015). However, 

land degradation is proliferating, and 25 % of agricultural soils worldwide are moderately to 
severely degraded (FAO & ITPS, 2015; Sylvester et al., 2020; Zou et al., 2021). In Colombia, it 

is estimated that close to 40 % of the soils have some degree of degradation caused by erosion, 
salinization, nutrient or organic matter depletion, acidification, loss of biodiversity, compaction, 
and pollution as a consequence of unsustainable agriculture management practices and climate 
change (Sylvester et al., 2020; Vallejo et al., 2018).  
 
Tropical soils are lost to agricultural use very quickly because the convergence of physical, 
chemical, or biological degradation will generally lead to detrimental effects on soil properties 
and processes, implying a decline in Soil Quality (SQ) with an associated reduction in ecosystem 
functions and services (FAO & ITPS, 2015; Vallejo et al., 2018). Consequently, there has been 
increased interest in developing sustainable agricultural production practices that would help 
restore SQ and enhance agroecosystem productivity, particularly in the tropics, where there is a 
greater risk of forest loss and impact on the global carbon balance (Lerner et al., 2017). 
 
Conservation Agriculture (CA) is a sustainable alternative to conventional agricultural 
production systems. CA proposes land management practices that involve minimal soil 
disturbance, such as minimum or no tillage, crop rotation, the intercropping of diversified and 
high biomass production crops, and permanent soil protection by preserving crop residues as 
soil organic cover (FAO, 2014). CA has been associated with many environmental benefits, 
including improvement of SQ, increased biodiversity conservation, increased water and nutrient 
use efficiency, soil erosion control, enhanced carbon sequestration in agricultural soils, and 
sustainable crop production (Gura et al., 2022; Morugán-Coronado et al., 2022; Page et al., 2020; 
Sylvester et al., 2020; Verhulst et al., 2011; Zou et al., 2021). 
 
In recent years, studies from around the world have shown the benefits of CA adoption on SQ 
in different soils, under various climatic conditions, and across multiple crop types (Gura & 
Mnkeni, 2019; Sithole et al., 2016). SQ enhancements are about improving  Soil Organic Carbon 
(SOC) content, soil physical status (i.e., aggregate stability, structure, porosity, water infiltration 
capacity, soil moisture, bulk density), soil nutrient contents, and biological condition, all resulting 
from the maintenance of organic soil cover, plant diversification, and minimum disturbance. All 
of these provide a more favorable soil environment for the biological populations, thus 
contributing to better soil microbiological density and diversity (Das et al., 2021; Ranaivoson et 
al., 2017; Sithole et al., 2016)  
 
SQ is a complex functional entity that cannot be measured directly but can be calculated or 
monitored by a combination of SQ indicators and indices that could predict the capacity of soils 
to function and the overall soil agricultural status (Zhou et al., 2020). The SQ evaluation of key 
indicators (chemical, physical, and biological) across time can determine whether adopted soil 
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agricultural practices are increasing or maintaining SQ, allowing the design of measures for soil 
preservation and restoration while improving the decision-making process in soil management 
(Andrews et al., 2002; Yao et al., 2013). However, given the significant variability of soil 
properties, even within the same area, the selection of a specific SQ evaluation method or set of 
SQ indicators could be valid only in particular environments, under given land management 
conditions, or in certain types of soils or regions (Leite Chaves et al., 2017; Yao et al., 2013; 
Zhou et al., 2020). 
 
The Total Data Set (TDS) and Minimum Data Set (MDS) approaches have been used to quantify 
the impact of agricultural management on SQ (Nehrani et al., 2020). The TDS contains an 
extensive data matrix with measurable soil properties and can provide a comprehensive outcome 
in evaluating SQ. Nevertheless, if the evaluation sites are extended over a large area, it will 
inevitably be costly, labor-intensive, and time-consuming. For these reasons, MDS has been 
introduced to reduce the number of indicators used in SQ assessment and to select critical 
indicators that contain the most relevant information about SQ based on management goals, 
reducing data redundancy (Andrews et al., 2002; Qi et al., 2009; Vallejo et al., 2018). 
 
Many methods for SQ evaluation have been proposed and applied successfully. The indexing 
methods to establish a Soil Quality Index (SQI) have been most widely used (Andrews et al., 
2002; Leite Chaves et al., 2017; Qi et al., 2009; Qiu et al., 2019). SQI is a proper and effective 
tool for synthesizing soil attributes with a single score that allows a better understanding of soil 
processes and promotes appropriate management. Usually, the SQI method integrates several 
physicochemical and biological indicators by applying a scoring equation into a single index 
(Andrews et al., 2002). This method has been successfully employed due to its easy usability, 
quantitative flexibility, and close relatedness to soil management practices (Kongor et al., 2019; 
Qiu et al., 2019).  
 
In recent years, numerous studies have been conducted on SQ assessment of different types of 
soils, agriculture management practices, and cropping across multiple agroecosystems (Askari & 
Holden, 2015; Qi et al., 2009; Vallejo et al., 2018). However, scarce information about the SQI 
values in Colombia has been reported in response to sustainable alternatives such as CA. SQI 
approach can provide an opportunity to support the decision-making process in soil 
management and improve CA practices previously implemented, considering that CA practices 
in Colombia are often developed from farmers’ empirical knowledge, with low adoption rates 
on small farms. Therefore, it is urgent to investigate SQ in tropical agroecosystems using holistic 
approaches (TDS and MDS) while considering all three types of soil properties (i.e., physical-
chemical and microbiological) after adoption and conversion to CA.  
 
The present study aimed to evaluate the effect of CA on SQ in the tropical agroecosystems of 
Colombia. The specific objectives of this study were: (a) to evaluate the SQ in five tropical 
agroecosystems of Colombia using two indicator selection methods: TDS and MDS, and (b) to 
calculate SQI using the weighted index method to identify the effect of CA on soils’ overall 
condition. The following hypothesis was tested: CA increases SQ and enhances soil’s physical 
and microbiological status. 
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Material and methods 
 
Study area 
 
This research was carried out on a small farm (04°44′54″N, 74°25′33″W) in a tropical region of 
Colombia in the municipality of Cachipay (Cundinamarca). The municipality features a varied 
relief, with a predominance of steep slopes; elevations vary from 650 to 2,400 m above sea level. 
Most agroecosystems in the crop area (10 ha) follow CA practices based on systematic crop 
association (polyculture), permanent soil cover by crop residues, minimum mechanical soil 
disturbance, and limited addition of chemical inputs as alternatives to reduce soil degradation 
and conserve/improve soil properties (Table 1). Precipitation in the area is bimodal (January-
July and April-October) with an average annual temperature of 8-24 °C, with an average annual 
rainfall of 1,472 mm. The soils within the study area are mainly Andisols, with a dominant loamy 
sand texture (IGAC, 2014).  
 
Experimental design and soil sampling 
 
Soil samples were taken in July and September 2019. The study had a completely randomized 
design with five treatments of Coffee Crop (CC) chronosequences of (1) 5 (CC5) and (2) 10 
(CC10) years of establishment, Polyculture Cropping System (PCS) chronosequences of (3) 1 
(PCS1) and (4) 6 (PCS6) years, and (5) Fallow (F) systems (Table 1). Each treatment had two 
spatially separated replicates. Within each treatment site, two sampling plots (3 m × 3 m) were 
delimited per crop type, soil type, and soil management. In each sampling site, 20 subsamples of 
topsoil (0-15 cm) were randomly collected and mixed thoroughly to obtain one composite soil 
sample (1 kg). In all, 40 composite soil samples were collected for this study. All soil samples 
were homogenized through a 2 mm mesh sieve to determine the physicochemical and 

microbiological properties. One part of the sample (50 %) was air-dried at room temperature to 
measure physical and chemical properties, and the remaining soil samples were stored at 4 °C 
for soil microbiological property determination (Vallejo et al., 2010).  
 
Soil analysis 
 
Soil physical properties measured, including soil Bulk Density (BD), were determined using 
IGAC’s (1990) cylinder method. Soil Penetration Resistance (SPR) was measured (three reps) 
per delimited plots at a depth of 0-20 cm using a concrete Pocket Penetrometer (3/4” - 19 mm 
day × 7” - 178 mm long). Total Porosity (PR) was calculated from particle density and BD, 
whereas soil particle-size analysis (sand, silt, and clay) was performed by the modified Bouyoucos 
method (IGAC, 1990). Water Holding Capacity (WHC) was measured gravimetrically after the 
soil was oven-dried for 24 h at 105 °C (IGAC, 1990). Water-stable aggregates were determined 
by the wet-sieving method (IGAC, 1990); dry-stable aggregates were measured by the dry-sieving 
method with a set of five sieves with the following opening sizes: 4, 2, 1, 0.5, and 0.25 mm, then 
we calculated the aggregate Stability Index (SI), Aggregate Stability (AS) and Geometric Mean 
Diameter (GMD) (Nimmo & Perkins, 2002). Soil pH was determined in a 1:1 soil/water (v/v) 
ratio (EPA, 2004) and Electric Conductivity (EC) in a 1:5 soil/water ratio (Andrades et al., 2015). 
Soil Organic Carbon (OC) was analyzed using weight loss-on-ignition (Schulte & Hopkins, 
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1996). Heterotrophic Bacterial Density (HBD) and Total Fungal Density (TFD) were 
determined through a plate count method (Fernández et al., 2006), and Catalase (CAT) was 
measured with the Johnson and Temple method (1964).  
 
 
Table 1. Description of the agroecosystems compared in this study 
 

Agroecosystem- 
Land use 

Crop management 

PCS1 

A one-year polyculture crop production system comprising the 
following three crops: Zea mays, Arracacia xanthorrhiza, and Manihot 
esculenta  
Crop residues and synthetic fertilizer additions at about one-half 
recommended rates  
Herbicides used through cultivation and hand hoeing  
1 ha 

PCS6 

A six-year polyculture crop production system comprising the 
following crops: Anthurium, Musa paradisiaca, and Manihot esculenta  
Crop residues and synthetic fertilizer additions at about one-half 
recommended rates  
Herbicides used through cultivation and hand hoeing  
1.3 ha 

CC5 

Five-year vegetation or organic cover formed by crop farm 
residues  
Coffea arabica crop  
No synthetic herbicides or fertilizers  
1 ha 

CC10 

Ten-year vegetation or organic cover formed by crop farm 
residues  
Coffea arabica crop  
No synthetic herbicides or fertilizers  
1 ha 

F 

The arable land has been left without sowing for one year  
1.3 ha  
This area was previously dedicated to conventional livestock  
Periodic additions of vegetation residues from crops 

Note. Coffee Crop (CC) chronosequences of 5 (CC5) and 10 (CC10) years of establishment, 
Polyculture Cropping System (PCS) chronosequences of 1 (PCS1) and 6 (PCS6) years, and 
Fallow (F) systems.  
Source: Elaborated by the authors. 
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Selection of Minimum Data Set (MDS) 
 
One-way analysis of variance (ANOVA) was performed on the 14 indicators to assess the land 
management effects on soil properties in different agroecosystems. The SQ indicators were 
selected based on the results obtained in previous research in the same geographic area (Vallejo 
et al., 2018). Only those indicators having a significant difference (p ≤ 0.05) among the five 
agroecosystems were included in the TDS. Principal Component Analysis (PCA) was performed 
on the TDS to select the best representative indicators for the MDS (Andrews et al., 2002).  
Under each Principal Component (PC), only the variables with eigenvalue ≥ 1 accounting for at 

least 5 % of the variation in the data were retained. Highly loaded indicators receiving weighted 

loading amounts within 10 % of the highest weighted factor were chosen for the MDS. When 
more than one attribute was present within each PC, Pearson’s correlation analysis was 
performed to define redundant attributes. An attribute was kept in the MDS if it was not 
correlated with the highly loaded attributes. Among the well-correlated attributes (r ≥ 0.60), the 
one with the highest factor loading was selected for the MDS (Andrews et al., 2002; Yao et al., 
2013).  
 
Soil Quality Index (SQI) 
 
SQI was determined in three separate steps: (1) selecting fundamental soil properties from the 
TDS for the MDS, (2) scoring and weighting the MDS indicators, and (3) integrating the 
indicator scores into one comparative SQI value (Andrews et al., 2002). With this approach, after 
selecting the MDS indicators, each soil parameter was first assigned a unitless score ranging from 
0 to 1 by employing linear scoring functions (Andrews et al., 2002, 2004; Liebig et al., 2001). Soil 
parameters were divided into groups based on three mathematical algorithm functions: (a) “more 
is better,” (b) “less is better,” and (c) “optimum.” “Optimum” properties have a positive 
influence up to a certain level beyond which the influence could be considered detrimental. 
 
This study considered the soil EC as “less is better.” All other parameters were treated as “more 
is better,” except for WHC considered as “optimum” (Guo et al., 2017). Different SQ variables 
were sorted according to their function, which was calculated using the equations of linear “more 
is better” (Equation 1) and “less is better” (Equation 2) functions: 

 
 

𝐸𝑞1.   𝑆𝐿 =
𝑥

𝑋𝑚𝑎𝑥
                                                                                                       (1)  

𝐸𝑞2.  𝑆𝐿 =
𝑥𝑚𝑖𝑛

𝑥
                                                                                                         (2) 

 

Where: SL is the linear score of the soil indicators, x is the soil indicators value, and Xmax and 
Xmin are the maximum and minimum values of each soil indicator as observed. After soil 
indicators were scored and weighted, the SQI was calculated using the weighted additive method 
as follows (Equation 3):  

𝑆𝑄𝐼 =  ∑ 𝑊𝑖𝑆𝑖𝑛
1                                                                                                         (3) 

 

https://doi.org/10.21930/rcta.vol23_num3_art:2674


Valentina Ardila-Garcia., et al.                                            Conservation agriculture as a potential strategy to increase 

DOI: https://doi.org/10.21930/rcta.vol23_num3_art:2674    

Cienc. Tecnol. Agropecuaria, 23(3): e2674                                             

Where: SQI is the soil quality index, Si is the indicator score (linear), n is the number of soil 
indicators in the minimum, and Wi is the weighting value of soil indicators. Only potential soil 
indicators representing the MDS were included in the SQI calculation (Andrews et al., 2002).  

The indexing technique used is SQI weighted additive proposed by Karlen and Stott (1994), 
which has been widely used (Hong et al., 2019; Nabiollahi et al., 2017). Higher SQI values 
indicate better SQ or superior performance on soil function and process (Andrews et al., 2002). 

 

Statistical analyses 

Data were tested for normality using Shapiro-Wilk’s (p ≥ 0.05). An ANOVA (p ≤ 0.05) was 
computed using SPSS software (version 25, IBM Corp., Armonk, New York) to test the land 
management effect on SQ indicators and SQI values. The differences among the means were 
compared with Tukey’s multiple-range test (p < 0.05). PCA was performed using Paleontological 
Statistics (PAST), version 2.17c (Hammer et al., 2001), to select MDS.  

 

Results and discussion 

 
Determination of the MDS for SQ assessment 
 
The analysis of fourteen (14) soil properties evaluated in the five agroecosystems showed no 
significant differences (p ≥ 0.05) for BD, PR, OC, and TFD properties at both soil sampling 
events (Table 2). The results revealed that ten soil properties differed significantly (p ≤ 0.05) 
among the agroecosystems (Table 2), and thus, these potential SQ indicators were chosen as part 
of TDS (SI, AS, GMD, WSA, WHC, SRP, EC, pH, HBD, and CAT) to select the MDS through 
a PCA. PCA has been commonly accepted as a suitable approach for data reduction in similar 
studies (Li et al., 2019; Qiu et al., 2019).  
 
The PC score plot (figure 1) showed that both potential physicochemical and microbiological SQ 
indicators were affected by land management practices in the agroecosystems, as confirmed by 
ANOSIM (global R-value: 0.59; p < 0.0001) (Figure 1). PCA was applied to analyze ten potential soil 
indicators, as shown in Table 3; the first three PCs were selected since they had eigenvalues > 1, 

each explaining at least 5 % of the data variation and accounting for 72.55 % of the total variance. 

The first PC explained 32.37 % of the variation, whereas PC2 and PC3 explained 25.24 % and 

14.94 %, respectively (Table 3). In general, of the three selected PCs, only the parameters with high 
factor loadings (≥ 0.60) were retained for indexing to avoid redundancy (Kongor et al., 2019). 
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Table 2. Soil attributes influenced by different land uses in both soil samples 

Soil attributes  
Agroecosystems 

PCS6 PCS1 CC10 CC5 F 

SI (%) 
1 2.89 a 2.96 a 3.89 a 2.78 a 2.53 a 
2 2.22 a 3.68 a 6.14 b 4.48 b 2.41 a 

AS (%) 
1 88.18 a 90.45 a 89.04 a 91.69 a 82.24 a 
2 91.56 b 94.05 b 95.69 b 96.07 b 85.85 a 

GMD (mm) 
1 1.98 a 2.46 ab 2.50 ab 2.91 b 1.67 a 
2 2.17 b 1.85 a 1.72 a 1.87 a 1.66 a 

WSA (%) 
1 53.72 b 48.54 b 41.28 a 47.79 b 47.17 b 
2 49.99 a 48.77 a 52.61 a 48.71 a 48 a 

WHC (%) 
1 32.02 b 35.35 bc 37.17 bc 21.30 a 37.86 c 
2 38.83 b 34.77 b 33.20 b 21.32 a 43.50 b 

BD (g/cm3) 
1 0.97 a 0.86 a 1.04 a 1.04 a 0.82 a 
2 0.90 a 0.91 a 0.77 a 0.77 a 0.91 a 

PR (%) 
1 47.52 a 57.12 a 43.42 a 50.36 a 53.89 a 
2 47.53 a 52.84 a 52.13 a 53.64 a 45.86 a 

SRP (MPa) 
1 1.58 a 1.55 a 1.51 a 1.83 a 2.30 b 
2 1.90 a 1.83 a 2.08 a 1.90 a 2.00 a 

EC (dS/m) 
1 0.06 a 0.06 a 0.07 a 0.06 a 0.06 a 
2 0.03 b 0.04 b 0.03 b 0.02 a 0.05 b 

pH 
1 5.53 b 5.21 a 5.36 a 5.40 a 5.24 a 
2 5.41 a 5.72 a 5.36 a 5.48 a 5.42 a 

OC (%) 1 4.89 a 4.82 a 3.58 a 3.60 a 2.93 a 

 2 4.52 a 5.03 a 4.18 a 5.41 a 3.43 a 

HBD (Log UFC/g) 1 8.55 b 6.63 b 7.07 b 6.66 b 5.32 a 

 2 6.87 b 6.77 b 6.53 b 6.55 b 5.97 a 

TFD (Log UFC/g) 1 5.55 a 5.28 a 4.67 a 4.73 a 5.56 a 

 2 5.43 a 5.98 a 5.73 a 5.54 a  5.98 a 

CAT (mmol H2O2 / g*h) 
1 0.42 a 0.44 a 0.43 a 0.46 a 0.30 a 
2 0.44 a 0.43 a 0.44 a 0.51 c 0.34 b 

Note. SI = Stability Index; AS = Aggregate Stability; GMD = Geometric Mean Diameter; WSA = 
Water-stable Aggregates; WHC = Water Holding Capacity; BD = Bulk Density; PR = Porosity; SRP 
= Soil Penetration Resistance; EC = Electric Conductivity; OC = Organic Carbon; TFD = Total 
Fungal Density; HBD = Heterotrophic Bacterial Density; CAT = Catalase. Values followed by 
different letters within the same parameter under different land uses are significantly different (p < 
0.05).  

Source: Elaborated by the authors 
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Table 3. PCA summary for measured soil parameters 

 

Principal component PC1 PC2 PC3 

Eigenvalue 3.24 2.52 1.49 
Variability (%) 32.37 25.24 14.94 
Cumulative (%) 32.37 57.61 72.55 
Factor loading    
SI 0.681  -0.123  -0.034  
AS 0.943  0.104  -0.155  
GMD -0.150  0.939  -0.195  
WSA 0.394  -0.454  0.224  
WHC -0.692  -0.445  0.075  
SPR -0.105  -0.592  -0.512  
EC -0.497  0.684  0.290  
pH 0.504  -0.256  0.440  
HBD 0.088  -0.044  0.905  
CAT 0.841  0.475  -0.127  

Note. SI = Stability Index; AS = Aggregate Stability; GMD = Geometric Mean Diameter; WSA 
= Water-stable Aggregates; WHC = Water Holding Capacity; SPR = Soil Penetration Resistance; 
EC = Electric Conductivity; HBD = Heterotrophic Bacterial Density; CAT = Catalase. 
Underlined factor loading corresponds to soil indicators included in the MDS.  
Source: Elaborated by the authors 
 
Under PC1, SI, AS, WHC, and CAT were selected; GMD and EC were selected under PC2, 
while HBD was the only parameter selected under PC3 (Table 3). The selected soil parameters 
under PC1 were significantly correlated (range (r): 0.68–0.94) (Table 3). AS had the highest factor 
loading (0.94) in PC1; GMD in PC2 (0.93), and HBD was retained since it had the highest factor 
loading (0.90) for PC3 (Table 3). In addition, the results showed low correlations between most 
of the indicators (data not shown). Thus, soil indicators included in the MDS decreased from 
ten (TDS-from the ANOVA results) to seven (MDS-PCA); in this context, MDS consisted of 
four soil physical indicators (SI, AS, GMD, and WHC), one chemical indicator (EC) and two 
microbiological indicators (CAT and HBD).  
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Figure 1. PC ordination of physicochemical and microbiological properties from the PCS and 
CC chronosequence treatments (CC5, CC10, PCS6, PCS1) and F agroecosystem (filled triangle: 
F, X-symbol: CC10, square: PCS1, diamond: CC5 and cross: PCS6). The percent variance 
explained by each PC is shown in parentheses.  
Source: Elaborated by the authors 
 
These indicators warned us early about the impact of CA on SQ in the tropical agroecosystems 
evaluated in this study. It suggests that proper assessment of SQ requires the consideration of 
physical and microbiological indicators with priority, being these the most responsive and 
comprehensive to improved management practices in tropical agroecosystems of Colombia. 
Seven SQ indicators with the MDS method suggested by the literature were also chosen as 
potential indicators for SQ evaluation (Askari & Holden, 2015; Li et al., 2019). 
 
Additionally, other SQ indicators (BD and SOC) content, usually identified in MDS and found 
relevant for soil functionality and sensitivity by most previous studies (Shao et al., 2020), were 
not crucial to indicate the differences in soil management practices between the agroecosystems 
evaluated here. The results obtained in the present study have shown that CA did not result in 
any changes in SOC values. It demonstrates the necessity to evaluate other variables associated 
with the organic carbon stocks, which might be more informative and respond in a short time 
scale to changes in agricultural soil management.  
 
Similarly, two SQ indicators retained in our MDS (EC and GMD) were reported by other studies 
(Abd-Elwahed, 2019; Sharma et al., 2018; Udom & Omovbude, 2019). According to Sharma et 
al. (2014), aggregates play significant roles in several aspects of soil health: the movement and 
storage of water, soil aeration, physical protection of soil organic matter, prevention of erosion, 
root development, and microbial community activity. Measuring aggregate stability gives 
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valuable data about soil structural degradation. The key indicator, GMD, ranged from 1.66 mm 
to 2.91 mm in this study and was considerably moderate-to-high (Diniz et al., 2016; Zhou et al., 
2020). Thus, findings from this study suggest that permanent soil cover with organic residues 
from the crops supports abundant plant diversity in polycultures or intercropping. A lack of or 
a minimum mechanical soil disturbance improved soil physical structure and specific GMD on 
most agroecosystems.  
 
Past research has shown that SI and AS are important physical indicators of SQ because they 
reflect the soil’s ability to resist mechanical disruption that may lead to soil erosion, and these 
have been usually selected into MDS by most studies (Qiu et al., 2019; Yao et al., 2013). 
Generally, the highest values of soil aggregation indicators (SI and AS) were obtained from PCS 
and CC (Table 2), independent of agroecosystem age and composition of crops among 
agroecosystems. These results are consistent with those of other studies, where the positive 
impact of CA on soil physical condition was also demonstrated (Das et al., 2021). The highest 
aggregation under CA could be related to C inputs from crop residues on topsoil; the amount 
and quality of SOC strongly influence the aggregate stability, and fresh crop residues act as a 
continuous source of labile OC and promote aggregate formation (Li et al., 2019; Sithole et al., 
2016). The physical responses indicate that CA practices improve or maintain SQ under tropical 
conditions (Vallejo et al., 2018).  
 
WHC reflects the water storage capacity of agroecosystems soils, which had been selected into 
MDS as one of the most common contributors to SQ by most previous studies (Qiu et al., 2019; 
Thierfelder et al., 2013). WHC is considered an essential indicator since plant growth and soil 
biological activities depend on water for hydration and delivery of nutrients (Basche et al., 2016; 
Saurabh et al., 2021). Our SQ assessment suggests an improvement in WHC due to the soil 
remaining resting to recover from previous agricultural management practices, thus resulting in 
higher WHC under F conditions for both sampling sets. The accumulation of crop vegetation 
residues provided a physical barrier on the soil surface that reduced evapotranspiration, 
improving WHC further.  
 
Apart from the physical and chemical SQ parameters, soil microbiological attributes such as 
HBD and CAT appeared to be critical indicators for these soils. These parameters are very 
dynamic or variable and serve as potential early sensitive indicators of soil degradation (Sharma 
et al., 2014). Therefore, HBD seemed particularly useful for the SQ assessment because of its 
essential role in maintaining soil fertility and its rapid response to environmental changes. The 
decrease of soil disturbance and the organic residues input adopted in the agroecosystems could 
change the soil habitat by affecting the nutrient status, organic matter amount and quality, and 
the aggregation/microbial habitat, stimulating HBD (Choudhary et al., 2018; Onet et al., 2019; 
Vallejo et al., 2018). In the present study, the retained crop residues of mixed crops were a perfect 
substrate that contributed to a proliferation of bacterial density. HBD indicator confirmed that 
it was significantly higher in PCS and CC (Table 2). 
 
On the other hand, CAT enzyme activity was significantly lower in the F system (Table 2). This 
type of agroecosystem had previously been subjected to different management practices that 
negatively affected SQ (Vallejo et al., 2018). In agreement with other studies (Xun et al., 2015; 
Zhao et al., 2018), stover removal and physical disturbance produced by tillage reduce soil 
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microbial activity, with concomitant consequences for soil functioning. CAT activity is generally 
higher in high-quality soils, and its activity may be altered when soil pH and nutrients decrease, 
the temperature reaches extremes, or contaminants pollute the soil, and soil physical status 
becomes affected by soil compaction (Dubey et al., 2019; Xun et al., 2015).  
 
Effects of land management in agroecosystems and SQI 
 
The results indicated that the SQI values did not differ significantly (P > 0.05) among soil 
sampling events and analyses. In addition, differences in SQI across the studied sites were found 
among some selected agroecosystems. SQI calculated using our MDS ranged from 0.60 to 0.71 
across land management in agroecosystems (Figure 2). Higher and similar SQI values were 
observed in the agroecosystems: CC5 > CC10 > PCS6 = PCS1 (Figure 2). However, the SQI 
value of F was slightly lower (0.60) than PCS6 (0.66), PCS1 (0.61), and CC10 (0.67), although 
there was a statistically significant difference only with CC5 (0.71) (p < 0.05) (Figure 2). The 
relative contribution of each indicator towards the SQI from different agroecosystems (Figure 

3) showed that HBD, GMD, and WHC (14.70, 11.16, and 11.15 %, respectively) made the 

highest contribution towards the SQI, and SI made the lowest contribution (7.80 %).  
 

 
                                   AGROECOSYSTEMS 

 
Figure 2. Average effects on soil management in tropical agroecosystems on SQI. SQI values 
refer to the averages between the two sampling times; averages that do not share a letter are 
significantly different (p ≤ 0.05) according to Tukey’s test. 
Source: Elaborated by the authors 
 
The results regarding SQI showed the positive effects of adopting CA in agroecosystems for 
sustaining SQ in tropical regions. In this study, CA practices were based on minimum soil 
disturbances, permanent soil cover, crop diversification, and minimum use of chemical 
fertilizers, revealing great potential as a sustainable production system without deteriorating SQ 
(Parihar et al., 2020). Previous studies have shown the positive impact of CA adoption on SQ 
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and an increase in microbial diversity and activity (Page et al., 2020; Verhulst et al., 2011). 
Additionally, the rest period in agroecosystems previously subjected to conventional 
management allows an improvement in the natural condition of the soil, which is reflected in 
the prevalence of some properties. 
 
Improvement of soil OC, CAT activity, AS, SI, and HBD-based management practices under 
CA might have resulted in higher SQI values for CC and PCS, independent of the 
agroecosystem’s age. On the other hand, the average SQI in this study differed from the SQI 
values of 0.49 and 0.41 reported in the cacao agroforestry system in the Orinoco Region, 
Colombia. A similar approach improved cocoa production in six cocoa-growing regions in 
Ghana (Kongor et al., 2019; Parra-González & Rodriguez-Valenzuela, 2017). Sharma et al. 
(2014) evaluated the effect of agricultural conservation practices on SQ, comprising 
conventional and low tillage, as well as conjunctive use of organic and inorganic sources of 
nutrients in the soils of India. SQIs varied from 0.86 to 1.08 across the tillage, and nutrient-
management treatments were practiced for the pearl millet system. 
 
In the case of the F system, the low SQI results from the short period since rest or minimum 
disturbance from previous intensive grass monoculture was dedicated to livestock for the past 
15 years, which may have caused soil degradation and adversely impacted SQ (Cubillos et al., 
2016; Vallejo et al., 2010). Another F factor can be related to soil tillage management and 
continuous agrochemical additions in this agroecosystem, which have adversely affected soil 
properties, influencing SQ. These results demonstrate that agroecosystems require a longer time 
to recover their physical, chemical, and microbiological conditions so the SQ can be positively 
impacted and adequately perform its functions. This result of SQI coincided with a previous 
study by Leite Chaves et al. (2017), who reported that SQ decreased with the intensity of soil use 
(i.e., maize, pasture, and 1-y reforestation) in an Oxisol under different land uses in the Brazilian 
savannah.  
 
 

Conclusions 
 
Based on sustainable intensification through crop diversification, continuous crop residue 
addition, and minimum soil physical disturbance, CA improves SQ in agroecosystems. The 
approach presented here provided an effective, rapid, reproducible, and reliable method for 
assessing the effects of different management practices on SQ and can help select the best 
agricultural practices for the benefit of farmers and monitor the changes in SQ after 
implementing a CA strategy. This study reported improvement in soil physical and 
microbiological properties under CA independent of the age of establishment of the 
agroecosystem and the type of crop, which may influence soil ecosystem functioning. 
 
This study improved comprehension of SQ changes induced by sustainable practices such as 
CA in this tropical region of Colombia. Further investigations using these tools to assess SQ are 
recommended to validate our findings further, including studies in many sites for different soil 
types, climates, and cropping systems. These efforts will support decision-making concerning 
expanding more sustainable agricultural management practices in Colombia. 
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