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Abstract: The Bajio—Mexico’s central lowlands—is a region of economic importance because of its
agricultural industry. Over time, agricultural practices have led to soil deterioration, loss of fertility,
and abandonment. In this study, six agricultural soils were analyzed: AGQ, CTH, CTJ, JRM, CRC,
and CYI, and used to develop a soil quality index (SQI) that includes the use of physicochemical,
biological, and ecophysiological indicators to differentiate soil quality. Principal component analysis
(PCA) was used, reducing the indicators from 46 to 4, which represents 80.4% of data variability.
It was implemented the equation of additive weights using the variance of the principal components
as a weight factor for the SQI. The developed SQI was according to the indicators WHC, SLT,
N-NO;~, and qCO,, differentiating the quality of soils from the agricultural management in low
quality JRM < CYI < AGQ) and moderate quality (CT] < CRC < CTH). The use of biological
and ecophysiological indicators added to the PCA and the equation of additive weights allowed
establishing an SQI with a minimum of indicators, sensitive to agricultural management, facilitating
its interpretation and implementation for the Mexican Bajio region and soils in similar conditions
around the world.

Keywords: soil quality index; agricultural soils; principal component analysis; indicators; soil quality

1. Introduction

In recent years, the growth of urban and rural populations worldwide has increased the use of
natural resources at a rapid pace. This situation has compelled governments—at the international,
national, and local levels—to create policies and strategies to meet the shelter, health, education,
and food needs of their citizens, resulting in constant environmental stress and imbalances [1].
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Nowadays, the development of industrial agriculture has led to significant deterioration of the
soil, due to overgrazing, changes in land use, deforestation, post-harvest tillage, and poor management
of agricultural land, among other factors [2]. To revert the deterioration of the soils, improving the
physicochemical and biological properties, some approaches have been implemented such as the use
of cover crops (pasture), not plowing the land, adding organic matter (biosolids, cow, and pig manure),
and crop rotation [3,4]. The governments of Latin American countries, with their own agricultural
policies; have tried to meet the food needs of growing populations, which have resulted in adverse
effects on plants, animals, soil biota, and even human health [5-7]. Since 2003, the Mexican Ministry of
Environment and Natural Resources (SEMARNAT), in conjunction with the College of Postgraduates
in Agricultural Sciences (COLPOS), has reported that 44.9% of the national territory presented some
type of soil deterioration. In Mexico, almost 1.5 million hectares of agricultural land are lost each
year, which results in a decrease of 11 billion dollars in agricultural production [8]. In the Bajio region,
the state of Guanajuato has recorded agriculture as one of its primary activities, with a share of 3.4% of
its gross domestic product (GDP), being the main national producer of strawberry, barley, broccoli,
and goat milk [6]. Nonetheless, the state of Guanajuato has been one of the ten states in Mexico
with the greatest extent of soil degradation. In regard to soil degradation, chemical degradation has
prevailed in the form of lost fertility, affecting 29% of the state’s territory, equivalent to more than
856,000 hectares [9,10].

Agriculture is an important source of employment and income in Mexico, especially at the state
and local level, therefore, it is vital to know the circumstances and quality of fertility in agricultural
soils under different agricultural management conditions. A strategy to evaluate the conditions or
degradation of agricultural soils is through the establishment of a soil quality index (SQI), which depends
on specific indicators related to the sampled soils, type of crops, and agricultural management.
Therefore, the objective of this study was to develop a SQI based on physicochemical, biological,
and ecophysiological indicators, which relate the SQI with different agricultural management histories
(irrigation, fertilization, crops, etc.) in order to differentiate and classify the quality of agricultural
soils. Moreover, this study addressed the inclusion of conventional physicochemical indicators and
biological and ecophysiological indicators related to soil fertility, not used before in the Bajio region
of Mexico for the development of an SQI. At present, no study related to the development of an SQI
for the region of Bajio in México has been carried out. There are some studies related to the topic,
developed by Estrada-Herrera et al. [11], Hernandez-Gonzalez et al. [12], and Castelan-Vega et al. [13],
for agricultural soils in the states of Oaxaca, Hidalgo and Puebla respectively; however, in the studies
previously mentioned, only physicochemical indicators were used.

2. Materials and Methods

2.1. Survey and Sampling Soils

This study was carried out in the lowland plains region of the state of Guanajuato, which altitude
ranges from 1700 to 1800 m.a.s.l. The predominant soils are those of the Chernozem type, with an annual
rainfall of 700 mm and an average annual temperature between 18 and 22 °C [14]. Six agricultural
soils were selected from the region because of their agricultural management history (Table 1). In the
experimental field of Celaya, Guanajuato, the National Institute of Forestry, Agricultural and Livestock
Research (INIFAP) had previously identified these soils with a tendency to have problematic rates of
alkalinity, salinity, and sodicity.

The analyzed soils (Figure 1) were located in Apaseo El Grande “AGQ” (20°33’4.72” N,
100°41’40.11”" W), Cortazar El Huizache “CTH” (20°24’50.22"" N, 100°57’50.84"” W), Cortazar Rancho El
Jore “CTJ” (20°26/28.32"" N, 100°58’57.50”” W), Santa Cruz Juventino Rosas Merino “JRM” (20°34’50.44"
N, 100°51’59.78” W), Cueramaro Rancho Cuarto Blanco “CRC” (20°37/82"" N, 101°39’35.86” W),
and INIFAP Celaya “CYI”, Parcel 12 (20°34’52.77"" N, 100°49'16.41” W).
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Table 1. Agricultural management of sampled soils from Guanajuato’s lowlands.

3o0f24

Agricultural Soils
Management AGQ CTH CTJ JRM CRC CYI
Fodder corn/triticale No cultivation, only
Crop forage Alfalfa Sorghum/barley natural grass Corn/barley Bean
Soil management gypsumy/compost - - - - -
(cow dung)
S Surface with well Surface with well Surface with well Surface with well Surface with well
Type of irrigation Seasonal
water water water water/thermal water water
Treatment Treatment Treatment Treatment
e . 300-60-0 kg/ha for 200-60-0 kg/ha for
Fertilization practices 240-60-0 kg/ha for 100 kg of sulphates/ha sorghum,200-60-0 kg/ha None barley/240-60-0 kg/ha 80-40-0 kg/ha for
corn beans
for barley for corn
. . Zero tillage because it . .
. Only soil preparation . . . Conventional with
Conventional when the crop was Conventional is not sowed or Conventional onlv one cvcle per
Tillage (1 fallow, 4 harrows, . p (1 fallow, 4 harrows, cultivated, only the (1 fallow, 4 harrows, Y yeep
established, then zero . . year (1 fallow, 2
1 crop) . 1 crop) grass is used in 1 crop)
tillage. . harrows, 1 crop)
temporary conditions
. . 8 t sorghum/ha . 10 t maize/ha
Yield 80 t of silo/ha 350 bales/ha 45 t barley/ha Not estimated 6 t barley/ha 2 t beans/ha
Location 20°33'4.72" N, 20°24’50.22” N, 20°2628.32"" N, 20°34’50.44” N, 20°37'82" N, 20°34’52.77"" N,

100°41740.11” W

100°57"50.84” W

100°58’57. 50” W

100°51'59.78"” W

101°39'35.86” W

100°49'16.41” W

AGQ = Apaseo El Grande, CTH = Cortazar El Huizache, CT] = Cortazar Rancho El Jore, JRM = Santa Cruz Juventino Rosas Merino, CRC = Cueramaro Rancho Cuarto Blanco, CYI = INIFAP
Celaya Parcel 12, t = metric tons, ha = hectare. Fertilization practices are based on established NPK units, using urea-based fertilizers and triple calcium superphosphate.
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Figure 1. Sampled soils from Guanajuato’s lowlands.

The sampling consisted of dividing each plot into three sub-plots of 600 m? each. The sampling
was systematic and random, starting at one end of each subplot and moving forward in a zigzag
pattern [15]. The subsamples were taken every 18 m, using an auger with which wells of 40 cm in
diameter and 30 cm in depth were made, taking approximately 2 kg of soil for each subsample. Fifteen
subsamples were obtained from each subplot, which meant a total of 45 subsamples per sampled soil;
with a total of 270 samples for the six soils analyzed After selection, the total weight of each sample
was 10 kg. Each sampled soil was georeferenced using a Garmin® eTrex Legend® H GPS receiver.

2.2. Preparation and Maintenance of Soil Samples

To perform the biological analyses, the soil samples were taken to the laboratory in sterile plastic
bags and were refrigerated at 4 °C until their respective analyses [16-18]. For the physicochemical
analyses, subsamples of the soils were mixed and transported at room temperature to the laboratory.
Then, the subsamples were air-dried and screened with a clean mesh with an opening diameter of
2 mm. Once dried and sieved, they were stored in plastic bags at 4 °C for further physicochemical
analysis [16-18].

2.3. Sample Preparation for the Establishment of Physicochemical Indicators

The physicochemical indicators related to soil fertility were determined in triplicate. The texture
was determined by granulometric analysis, using the hydrometer method established by Bouyoucos [19],
reporting percentage of sand, silt, and clay. The texture diagram proposed by the USDA was used
to establish the textural class [20]. The potential of hydrogen (pH) was determined by Thomas’s
method [21], using a soil:water ratio of 1:2.5 (w/v). The electrical conductivity (EC) was determined by
the method of Hendrickx et al. [22], reporting in dS m~'. The pH and EC were determined using a
Horiba Scientific F-74BW potentiometer and EC meter. The water content was determined by weight
difference and reported in % of humidity, using 20 g of soil and drying at 105 °C (+2) for 24 hin a
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Riossa H-33 stove [23]. The water holding capacity (WHC) was determined using the methodology
described by Nannipieri [23], i.e., by placing 20 g of soil on a Whatman No. 2 filter paper, adding
100 mL of distilled water, and leaving it to stand for 24 h. The WHC was calculated by the difference
in weight between the value obtained and the weight of the filter without soil (“soilless target”),
reported as % of WHC. The bulk density (BD) was determined by the method established by Blake
and Hartage [24], reported in g mL~!. Total organic carbon (TOC) was established according to
the method of Walkley and Black [25], i.e., by chemical digestion with potassium dichromate and
quantified colorimetrically at 600 nm in a Jenway 6305 spectrophotometer, reported in g C per kg
dry soil. The percentage of organic matter (OM) was obtained with the TOC value and multiplied
by the Van Bemmelen factor (1.724) [15,26]. The total nitrogen (TN) was determined using the micro
Kjeldahl method [27], quantified colorimetrically at 660 nm using a spectrophotometer as described
above, reported in mg N per kg of dry soil. Inorganic nitrogen—expressed as ammonium (N-NH4 "),
nitrites (N-NO; ™), and nitrates (N-NO3~)—was analyzed by prior extraction with K,SOy (0.5 M of
potassium sulfate), at a ratio w/v of 1:5 for 2 h [28]. After extraction, the extract was filtered with a
Whatman No. 2 filter paper. To analyze ammonium-nitrogen (N-NH4"), a solution of salicylic acid
(5% w/v) was used, and colorimetric determinations were performed at a wavelength of 660 nm [23].
A solution of diazonium salt (0.3% w/v) was used for the analysis of nitrites (N-NO, ™), and colorimetric
determinations were performed at a wavelength of 410 nm [23]. For the analysis of nitrates (N-NO3 ™),
a sulfanilamide solution (0.5% w/v) was used, and colorimetric determinations were performed at a
wavelength of 540 nm [23]. The forms of inorganic nitrogen were reported as mg N-NHy* per kg dry
soil, mg N-NO,~ per kg dry soil, and mg N-NO3~ per kg dry soil. Potassium (K*), calcium (Ca*?),
magnesium (Mg*?), and sodium (Na*) ions were quantified using the microwave digestion/ICP [29],
reported in meq. per 100 g of dry soil. The cation exchange capacity (CEC) was obtained following the
methodology described by Cottenie [30], reported in meq. per 100 g of dry soil. Exchangeable sodium
percentage (ESP) and sodium adsorption ratio (SAR) were estimated following the methodology
described by SEMARNAT [15] and Hazelton and Murphy [31], reported in percentage.

2.4. Biological Characterization

Indicators related to the microbial biomass and its enzymatic activity were analyzed in order to
establish the biological indicators. The carbon of the microbial biomass (MBC) was determined by the
substrate-induced respiration (SIR) method, which is based on the addition of an assimilable substrate
(glucose) with the subsequent capture and quantification of the C-CO, emitted by the microbial biomass
under aerobic conditions and captured in an alkaline medium of NaOH 1.0 M. The captured C-CO,
was reported in mg Cpyic kg dry soil™! [32]. The metabolic quotient (qCO,)—related to cell respiration
and used as a measure of the ecophysiological status of microorganisms in the soil [8,33], was estimated
in terms of the emission of g C-CO, per kg of dry soil under aerobic incubation conditions at room
temperature for 10 h [34]. The emitted C-CO, was captured with 1.0 M NaOH solution and calculated
by titration with 0.1 M HCI [28]. The calculated C-CO, was divided by MBC unit and expressed as g
C-CO; mg Cmic ! h™1 [34]. The microbial quotient (qMic) was measured as well, which establishes
the availability and carbon conversion efficiency of organic matter (OM) present in MBC. In addition,
the qMic has also been used to estimate the microbial activity and the accumulation of OM in the soil,
estimated as a ratio MBC:TOC, reported in % [35,36]. With regard to the use of biological indicators
sensitive to change or disturbance in agricultural soils [16,37-42], enzymatic activities were analyzed,
mainly the ones related to the metabolic status of microbial biomass and enzymatic activities and the
ones related to fertility and C, N, and P cycles. The enzymatic activity of dehydrogenase (DHA) was
quantified by colorimetric detection of formazan (INF) after an incubation period of 2 h at 40 °C and
464 nm wavelength, reported in pg INF kg of dry soil ! h™! [43]. Urease activity (UA) was determined
after an incubation period of 2 h at 37 °C, based on the colorimetric determination of ammonium
released at 640 nm wavelength and reported in pg N-NH" kg dry soil™! h™! [44]. The overall
enzymatic activity of proteases, lipases, and esterases were determined by the hydrolysis of fluorescein
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diacetate (FDA). The FDA activity was quantified by a colorimetric method based on the detection
of fluorescein after an incubation period of 1 h at 35 °C and detected at 490 nm, reported in pg of
fluorescein kg of dry soil~1 h~! [45]. Moreover, a Shannon microbial diversity index (H") was included
as one of the biological indicators used for the establishment of the SQI. The H” index evaluates the
diversity of enzymatic functions, where higher values of the indicator reflect that the microorganisms
in the soil have a greater metabolic capacity [46].

Equation (1) was used to establish the Shannon index (H’), using the concentration of enzymatic
activities included in the bioMérieux® semi-quantitative system known as API ZYM®. The results
of the enzymatic hydrolytic activities of the API ZYM® system are determined after an incubation
period of 4 h at a temperature of 37 °C. The reactions of enzymatic activity generate color patterns,
which are compared with a color code and established intensities: very high-intensity level 5
(40 nmol), high-intensity level 4 (30 nmol), medium-intensity level 3 (20 nmol), low-intensity level 2
(10 nmol), very low-intensity level 1 (5 nmol), and no intensity level 0 (0 nmol) [41,42,46-48]. The API
ZYM® system includes the following enzyme activities: alkaline phosphomonoesterase (AP), acid
phosphomonoesterase (APE), phosphohydrolase (PH), esterase (ES), esterase lipase (EL), lipase (LIP),
leucine arylamidase (LAA), valine arylamidase (VAA), cystine arylamidase (CAR), trypsin (TRI),
a-chymotrypsin (AC), a-galactosidase (AGAL), 3-galactosidase (BGAL), 3-glucuronidase (BGLU),
a-glucosidase (AGLU), 3-glucosidase (BGLUC), N-acetyl-f3-glucosaminidase (NABG), x-mannosidase
(AMAN) and «-fucosidase (AFUC) [46,49].

Likewise, another enzyme index was developed, which is called the “synthetic enzyme index”
(SEI). This index reflects the total enzymatic diversity, related to the fertility and biogeochemical cycles
of C, N, and P. In previous studies reported in the literature, this index has been developed from the
API ZYM® system in various types of soils [46]. However, the SEI index developed in this study—in
addition to using the concentrations of enzyme activities from the API ZYM® system—included the
enzyme activities of dehydrogenase (DHA), urease (UA), and fluorescein diacetate (FDA) (Equation (2)).
The API ZYM® system has proven to be a fast and useful tool in establishing profiles of point or
space-time “fingerprint” enzymatic activities in complex environmental matrices, such as soils, compost,
vermicompost, activated sludge, biosolids, and sediments [41,42,46,48,50-52].

H = =Y (Xi+In(X)) 1)

k
SEI = Zizlxi )

where X; for Equation (1) is the ratio of the enzyme activity to the total enzyme activity, while for
Equation (2) is the intensity of the enzyme activity obtained from the API ZYM® system and the
enzyme activities DHA, UA, and FDA, respectively.

and

2.5. Statistical Analysis

The statistical analysis was carried out using the R Statistical Software version 3.6.3 [53].
The differences between the indicators were measured using a one-way analysis of variance (ANOVA)
and a subsequent analysis of Tukey means and Fisher value with a significance level p < 0.05.
Correlations were established among the indicators analyzed by means of a Pearson’s product-moment
correlation matrix, those indicators with an 7> > 0.6 [16]. For the principal component analysis (PCA),
indicator data were normalized using natural logarithms, followed by a Kaiser-Meyer-Olkin adequacy
analysis [54,55], whose purpose is to observe the feasibility of using the data for the PCA [56]. Once the
principal components (PCs) were obtained, the eigenvalue selection criterion was used, which represents
the variance of each one of the PCs, selecting those with an eigenvalue > 1 [56,57]. Once the PCs with an
eigenvalue greater than 1 were established, the indicators that had a significant linear correlation with
their principal component (PC) were selected r? > 0.6 [17,18], with a commonality with the PC > 0.6,
which represents the proportion of the variation of the respective component. Subsequently, a process
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of redundancy reduction was carried out among the indicators, which results are significantly related to
their respective PC, and appear under the following criteria and in order of importance: the number of
significant interactions with other indicators > PC belonging (PC1 > PC2 > PC3 > ... > PCn) > correlation
with its PC. To establish the SQI, the resulting indicators and their correlations were standardized to a
range of 0 to 1 [17].

2.6. Development of the SQI

The SQI was established following the methodologies employed by Yu et al. [57], using an additive
weighting Equation (3) and an indicator scoring Equation (4) [57]. The equation of additive weights
was used, using the PC variability obtained from the SQI development process, giving a greater
precision in establishing the quality of the soils. This gives advantages over other techniques (equation
of fixed additive weights, experts” opinion, and linear additive indexes); being one of the techniques
with greater adoption by the community, allowing its comparison with other studies.

SQlw =Y.' WS; ()

where: W; is the proportion of variability of the PC to which the indicator is correlated, S; is the value
of the indicator resulting from the redundancy reduction process, obtained from the analysis of the soil
samples. Equation (4) was used to score indicators whose function in the soil is “the more the better,”
or “the less the better”: .
Si = NG 4
(%)

where: g is equal to the maximum standardized value of the indicator, X, is the average value of the
indicator obtained from the analyses, X is the value of the indicator and b is the slope of the indicator’s
scoring function (—2.5 for indicators whose function is “the more the better” and 2.5 for indicators
whose function is “the less the better”).

Equation (5), was used to score indicators whose function in the soil is considered “optimal” and
whose maximum or optimal value is at the value of 0.5 [58]:

5 — ! ®)

2L(B+X-2L)
(B-L)
(=

where: B is the indicator value where the slope is equal to 0.5, L is the lowest limit value of the indicator
and X is the indicator value. The objective of the SQI was to establish a value between 0 and 1, thus
establishing the soil quality according to the classification shown in Table 2.

Table 2. Soil quality classification [59].

Soil Quality  Very High High Moderate Low Very Low
Scale 0.80-1.00 0.60-0.79 0.40-0.59 0.20-0.39 0.00-0.19
Class 1 2 3 4 5
3. Results

3.1. Physicochemical Indicators

The values of the physicochemical indicators are shown below (Table 3). The soils analyzed
presented a pH between 7.80 and 8.85, establishing three categories, slightly alkaline (CRC), moderately
alkaline (CTJ and CTH), and strongly alkaline (AGQ, CYI, and JRM) [15,31]. Concerning the EC
indicator, the soils were found in the interval of 0.61 to 1.78 dS m~!, all of them considered as
non-saline [15,31]. The WHC indicator was found in a range of 91.93 to 180.55%, establishing two
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categories, low capacity (CYI and AGQ), and moderate capacity for the remaining soils [29]. The texture
test showed clayey soils (CTH, CTJ, JRM, and CRC), and clay loam soils (AGQ and CYI) [20]. The soils
presented BD values between 0.94 and 1.12 g mL~!, establishing two categories, very low density

(AGQ and JRM), and low density for the remaining soils [31].

Table 3. Values of physicochemical indicators of analyzed soils from Guanajuato’s lowlands.

Soils
DV
AGQ CTH CTJ JRM CRC CYI
pH 8.40 £ 0.15 8.07+0.14 7.82 +0.11 8.85 + 0.22 7.80 £ 0.18 8.57 £ 0.10
EC 0.87 +0.11 0.81 + 0.04 0.71 £ 0.05 1.22 +£0.12 1.78 £ 0.27 0.61 +0.12
WHC 94.83 + 4.61 180.55 + 16.98 167.45 + 6.33 116.37 = 5.45 101.79 + 8.08 91.93 + 5.67
SND 34.63 + 4.62 14.75 = 4.07 9.10 = 3.59 17.19 £ 2.25 18.03 + 3.18 34.82 +4.89
CLY 40.24 + 3.81 62.93 + 3.99 69.18 +7.29 52.27 + 6.24 4894 + 3.19 26.18 + 3.68
SLT 25.13 +4.28 2232 +4.76 21.72 £ 5.59 30.55 +7.75 33.03 +2.81 39.00 + 4.95
BD 0.94 = 0.03 1.13 £ 0.01 1.10 + 0.002 0.94 = 0.03 1.06 +0.02 0.94 +0.01
TOC 1097 +£2.27 13.12 +1.17 11.02 = 0.46 13.53 +0.82 14.06 + 0.95 10.30 +1.98
N 468.71 £56.34  391.22 +26.41 336.77 £28.49  351.28 £38.58 55250 £ 36.11  252.00 + 29.99
C/N 23.28 £2.72 33.63 +£3.23 32.84 +1.70 38.88 +£4.10 25.59 +2.81 40.79 £ 491
N-NH4* 24.70 £ 4.21 23.23 +3.62 2591 +7.57 29.89 + 6.05 63.63 + 14.51 56.23 + 10.87
N-NO,~ 0.62 +0.19 1.13 £0.30 0.88 £ 0.16 0.59 +0.12 0.73 £ 0.05 0.63 +0.12
N-NO5~ 23.78 £ 7.50 18.46 + 3.01 15.56 + 3.39 25.52 + 1.51 55.32 £ 7.25 21.27 £ 3.30
K* 1.85+0.15 0.87 £ 0.10 1.79 £ 0.15 457 £ 0.54 1.66 £ 0.27 242 +0.20
Cat*? 2495 +1.94 48.87 £ 1.80 3494 + 1.58 20.59 + 1.36 17.62 + 1.67 15.27 + 0.59
Mg+2 8.20 + 0.60 10.05 + 1.92 10.79 £ 1.33 3.31+0.13 8.47 + 0.63 443 +£043
Nat 2.79 £ 0.15 4.00 £0.18 4.30 £ 043 6.07 £ 0.74 5.56 + 1.03 1.09 £0.27
CEC 37.70 £ 4.50 63.55 + 5.00 52.80 + 10.63 34.50 + 3.63 33.33 £2.64 23.20 +2.88
ESP 7.44 + 0.57 6.31 +£0.38 8.42 +1.90 17.78 £ 3.17 16.81 + 3.44 476 + 1.34
SAR 2.16 = 0.04 2.33 +0.11 2.81 +0.26 5.54 + 0.52 4.88 + 0.94 1.09 £0.24

DV = dependent variable, pH = potential of hydrogen, EC = electrical conductivity (dS m~1), WHC = water holding
capacity (%), SND = sand (%), CLY = clay (%), SLT = silt (%), BD = bulk density (g mL~!), TOC = total organic carbon
(g Ckgdry soil™1), TN = total nitrogen (mg N kg dry soil™1), C/N = carbon to nitrogen ratio, N-NH;* = ammonium
(mg N-NH,* kg dry soil™!), N-NO,~ = nitrites (mg N-NO,~ kg dry soil™!), N-NO;~ = nitrates (mg N-NO;~ kg
dry soil™!), K* = potassium (meq. 100 g™1), Ca*? = calcium (meq. 100 g™'), Mg*? = magnesium (meq. 100 g71),
Na* = sodium (meq. 100 g~!), CEC = cation exchange capacity (meq. 100 g~!), ESP = exchangeable sodium
percentage (%), SAR = sodium adsorption ratio (%). The values are the average of the results per indicator + the
standard deviation (12 repetitions).

The TOC values ranged from 10.31 to 14.06 g C kg dry soil~!, which is considered to be low for
all of the analyzed soils [15,31]. The C/N ratio showed values between 23.28 and 40.79, establishing
two categories, medium ratio (AGQ), and high ratio for the remaining soils [31]. According to the TN
indicator, the soils showed values that range from 252.0 to 552.5 mg N kg dry soil ™!, which is considered
to be very low for all of the analyzed soils [15,31]. Regarding the indicator N-NH,*, the soils presented
values that range from 23.23 to 63.63 mg N-NH," kg dry soil™!, and for the indicator N-NO,~ the
values ranged from 0.59 to 1.13 mg N-NO,~ kg dry soil™!. The indicator N-NO;~ presented values in
the range of 15.56 and 55.32 mg N-NOs3~ kg dry soil ™! [15,31].

With regard to the cations that were analyzed, K* presented values in the range of 0.87 to 4.57
meq. 100 g_l, establishing two categories, high concentration (CTH, CRC, CTJ, and AGQ), and very
high (CYI and JRM) [15,31]. In reference to the Ca*? cation, the soils showed values in the interval of
15.27 to 48.87 meq. 100 g~!, establishing two categories, high concentration (CYI and CRC), and very
high JRM, AGQ, CT]J, and CTH) [15,31]. The MgJr2 cation showed values in the range of 3.31 to 10.79
meq. 100 g7!, establishing two categories, high concentration (JRM and CYI), and very high (AGQ,
CRC, CTH, and CT]J) [15,31]. The Na* cation had values in the interval of 1.09 to 6.07 meq. 100 g_l,
considered to be high for the CYI soil and very high for the other soils [15,31]. In relation to the CEC
indicator, the soils presented values in the interval of 23.20 to 63.70 meq. 100 g~!, establishing three
categories, moderate concentration (CYI), high concentration (CRC, JRM, and AGQ), and very high
concentration (CTJ and CTH) [31]. The soils presented ESP values in the interval of 4.64 to 17.52%,
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establishing three categories, non-sodic (CYI), marginally sodic (CTH, AGQ, and CT]J), and strongly
sodic (CRC and JRM) [31]. The sodium adsorption ratio (SAR) showed values in the range of 0.66 to
3.27%, indicating the concentration of Na* cation with respect to Ca*? and Mg*? cations in the soil
solution. The ESP indicator showed a similar interaction of the Na* cation with the other divalent
cations in the soil exchange complex [31].

3.2. Ecophysiological Indicators

The MBC indicator—related to the quantity of microorganisms present in the soil—showed values
in the range of 166.59 to 1222.80 mg Cy,;c kg dry soil™! (Table 4), being the JRM soil the one with
the lowest value, while the CRC soil presented the highest value. The indicator qCO,—which has
been used to measure the microbial population disturbance due to agricultural soil management
conditions—presented values in the range of 2.54 to 33.07 g C-CO, mg Cmic ' h™! (Table 4). The CTH
and JRM soils presented the highest and lowest value of qCO,, respectively. The qMic indicator—which
reflects the amount of OM that is usable by the microbial community in soils; presented values in the
interval of 0.01 to 0.09% (Table 4), with the CYI and JRM soils having the lowest percentage, and the
CRC soil having the highest percentage.

Table 4. Values of ecophysiological indicators of analyzed soils from Guanajuato’s lowland.

Soils
DV
AGQ CTH CTJ) JRM CRC CYI
MBC 536.57 +100.58 1014.95 +109.00  460.74 + 60.39 166.59 +26.37 1222.84 +36.91 171.65 + 32.32
qCO, 3.25 +1.04 2.54 + 041 8.02 + 1.37 33.07 £ 5.27 5.18 £0.12 431 +1.01
qMic 0.05 +0.01 0.08 £ 0.00 0.04 +0.00 0.01 +£0.00 0.09 £ 0.01 0.02 +£0.01

DV = dependent variable, MBC = microbial biomass carbon (mg Cppic kg dry soil™!), qCO, = metabolic quotient
(g C-CO, mg Cmic T hD), qMic = microbial quotient (ratio of microbial carbon to total organic carbon MBC/TOC).
The values are the mean of the results per indicator + the standard deviation (12 repetitions).

3.3. Enzyme Profile

In reference to enzyme analyses obtained from the API ZYM® enzyme system and direct enzyme
activity analyses (UA, DHA, and FDA) (Tables 5 and 6), a variation in enzyme activities was observed
with respect to the sampled soils. The overall enzyme activities presented a sequence from highest to
lowest in the following order: CT] > CRC > CTH > AGQ > JRM > CYI. With regard to the individual
enzyme activities, the following order was established from highest to lowest: EL > PH, CAR > AP,
LIP = TRI > APE > AC > BGAL > LAA = AGLU > AMAN > NABG. The enzymes ES, VAA, AGAL,
BGLU, BGLUC, and AFUC were not detected in the analyzed soils (Table 6). Differences in enzymatic
activities at family level were observed, obtaining activities in the following order from highest to
lowest: phosphatases > esterase lipase > peptidases > aminopeptidases > glycosyl hydrolases (Table 6).

In the SEI indicator, soils showed values in the range of 747.79 to 41,983.45 umol kg dry soil ™!
with the CYI soil showing the lowest enzymatic activity and the AGQ soil showing the highest activity.
Finally, in the indicator H’, soils showed values in the interval of 2.35 to 3.08 (Table 7), which is
considered to be a moderate functional enzymatic diversity for all tested soils.

Table 7 shows the values of the biochemical indicators H” and SEI, obtained from the data in
Table 5. In the analyzed soils, the SEI indicator presented the following order of activity from highest
to lowest: AGQ > CRC > CTH > JRM >CTJ > CYI. With respect to the indicator H’, the microbial
diversity—from highest to lowest—is presented as follows: CTJ > CYI > JRM > AGQ > CRC = CTH.
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Table 5. Enzymatic activities in the sampled soils from Guanajuato’s lowlands.
Enzyme Soils
(umol of Substrate kg of Soil~1) AGQ CTH CTJ JRM CRC CY1
UA 41,813.39  2429.36 766.71 713549  32,733.67 680.78
DHA 1.72 2.87 11.83 6.94 21.40 7.51
FDA 168.19 3054.26 131.72 136.65 58.74 59.16
AP 0.010 0.040 0.040 0.020 0.040 0.005
APE 0.010 0.010 0.030 0.005 0.030 0.005
PH 0.020 0.030 0.020 0.020 0.020 0.020
ES — — — — — —
EL 0.010 0.030 0.020 0.020 0.030 0.010
LIP 0.020 0.020 0.010 0.010 0.020 0.010
LAA 0.005 0.005 0.005 0.005 — 0.005
VAA — — — — — —
CAR 0.020 0.020 0.030 0.020 0.010 0.010
TRI 0.020 0.010 0.020 0.020 0.010 0.010
AC 0.005 0.005 0.010 0.010 0.020 0.005
AGAL — — — — — —
BGAL 0.005 — 0.010 0.005 0.005 —
BGLU — — — — — —
AGLU 0.005 0.005 0.005 0.005 0.005 —
BGLUC — — — — — —
NABG 0.005 0.005 — — — —
AMAN 0.005 0.005 0.005 — — —
AFUC — — — — — —

UA = urease activity, DHA = dehydrogenase activity, FDA = fluorescein diacetate activity, AP = alkaline
phosphomonoesterase, APE = acid phosphomonoesterase, PH = phosphohydrolase, ES = esterase, EL = esterase
lipase, LIP = lipase, LAA = leucine arylamidase, VAA = valine arylamidase, CAR = cystine arylamidase,
TRI = trypsin, AC = a-chymotrypsin, AGAL = a-galactosidase, BGAL = (3-galactosidase, BGLU = 3-glucuronidase,
AGLU = «x-glucosidase, BGLUC = 3-glucosidase, NABG = N-acetyl-3-glucosaminidase, AMAN = «-mannosidase,

AFUC = a-fucosidase.

Table 6. Enzymatic profile by families (API ZYM® system) of sampled soils from Guanajuato’s lowlands.

Families

Enzymes

Soils

Phosphatases

AP
APE
PH

Esterases-lipases

ES
EL
LIP

Aminopeptidases

LAA
VAA
CAR

Peptidases

TRI
AC

Glycosyl
hydrolases

AGAL
BGAL
BGLU
AGLU
BGLUC
NABG
AMAN
AFUC

AGQ CTH

CTJ JRM

CRC CYI
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Table 6. Cont.

Soils
Families Enzymes
AGQ CTH CTJ] JRM CRC CYI
Activity > 1 13 12 12 11 10 9
Activity > 2 7 4 5 7 5 5
Activity > 4 0 3 4 0 3 0
Not detected 6 7 7 8 9 10
m- high intensity 30 to 40 nmol kg of dry soil™1, M = medium intensity 10 to 20 nmol kg of dry soil™l,  =low

intensity 5 nmol kg of dry soil~! and O = not detected.

Table 7. Values of the synthetic enzyme index (SEI) and enzyme functional diversity indicator (H’) in
the analyzed soils of Guanajuato’s lowlands.

Soils
DV
AGQ CTH CTJ JRM CRC CYI
SEI  41,983.45 + 4848.38 24,290.04 + 1433.42 91053 £175.61  7279.12 + 2501.91 32,814.06 + 3287.31 747.79 + 66.82
H 2.65 + 0.04 2.35 +0.02 3.08 + 0.08 291 +£0.10 2.35 +0.03 2.97 +0.03

DV = dependent variable, SEI = synthetic enzyme index (umol kg dry soil™'), H' = Shannon diversity index.
The values are the mean of the results per indicator + the standard deviation (12 repetitions).

3.4. Analysis of Variance

The ANOVA test (Table 8) showed that the analyzed indicators presented significant differences
(p < 0.05) among the analyzed soils and a high correlation (> > 0.6) with the one-way ANOVA
model, except for the TOC and N-NO,~ indicators, whose correlation was low (> < 0.6). However,
the results of Fisher values and probability were significant (F > 5.0 and p < 0.5) for all of the
indicators, and Fisher values of 14.78 and 17.31 were obtained for the TOC and N-NO, ™ indicators,
respectively. The results obtained made it possible to analyze the indicators individually and to
establish which of them presented differences in the analyzed soils, which allowed for the subsequent

establishment of the SQI.

Table 8. One-way ANOVA (with Tukey test) of soil indicators analyzed from Guanajuato’s lowlands.

Soils
DV F 14
AGQ CTH CT]J JRM CRC CYI

pH** 8.40b 8.07¢ 7.82d 8.85a 7.80d 8.57b 90.39  0.000
EC ** 0.87c 0.81c 0.71cd 1.22b 1.78a 0.61d 117.24  0.000
WHC ** 94.83d 180.55a 167.45b 116.37¢ 101.79d 91.93d 226.54  0.000
SND ** 34.63a 14.75b 9.10c 17.19b 18.04b 34.82a 92.86  0.000
CLY ** 40.24d 62.93b 69.18a 52.27¢ 48.94c 26.18e 118.58 0.000
SLT ** 25.13cd 22.32d 21.72d 30.55bc 33.03ab 39.00a 20.15  0.000
BD ** 0.94d 1.12a 1.10b 0.94d 1.06¢ 0.94d 199.57  0.000
TOC ** 10.97b 13.13a 11.02b 13.53a 14.06a 10.31b 14.78  0.000
TN ** 468.70b 391.22¢ 336.77d 351.30cd 552.50a 252.00e 96.20  0.000
C/N ** 23.28¢ 33.63b 32.85b 38.88a 25.59¢ 40.79a 50.44  0.000
N-NH4*+ ** 24.70b 23.23b 25.91b 29.89b 63.63a 56.23a 50.57  0.000
N-NO, ™ ** 0.62c 1.13a 0.89b 0.59¢ 0.73bc 0.63c 17.31  0.000
N-NO;~ ** 23.78bc 18.46¢d 15.56d 25.53b 55.32a 21.27bed  106.14  0.000
K+ ** 1.85¢ 0.87d 1.79¢ 4.57a 1.66¢ 2.42b 250.08  0.000
Ca*2 * 24.95¢ 48.87a 35.94b 20.59d 17.62¢ 15.27f 823.55 0.000
MgJr2 ** 8.20b 10.05a 10.79a 3.31c¢ 8.47b 4.43c 102.75 0.000
Nat ** 2.79¢ 4.00b 4.30b 6.07a 5.56a 1.09d 12591 0.000

CEC ** 37.78¢ 63.70a 52.82b 34.54c 33.32¢ 23.20d 508.85  0.000
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Table 8. Cont.

Soils
DV F 14
AGQ CTH CT]J JRM CRC CYI
ESP ** 7.39bc 6.27¢ 8.14b 17.52a 16.67a 4.64d 211.09  0.000
SAR ** 1.30c 1.38bc 1.69b 3.27a 3.00a 0.66d 151.71  0.000
MBC ** 536.60c 1014.90b 460.70c 166.59d 1222.80a 171.65d  478.24 0.000
qCO, ** 3.25¢ 2.54¢ 8.02b 33.07a 5.18¢ 4.31c 311.28 0.000
qMic ** 0.05¢ 0.08b 0.04d 0.01e 0.09a 0.01e 293.73  0.000
SEI ** 41,983.0a  24,290.0c 910.5e 7279.0d 32,814.0b 747.8e 519.41 0.000
H ** 2.65¢ 3.08a 2.35d 2.91b 2.35d 2.97b 367.72  0.000

DV = dependent variable, F = Fisher value, p = probability value. Values in bold indicate the maximum and
minimum data for each indicator, same letters in the rows indicate that there is no significant difference among the
soils sampled using the one-way ANOVA test, with subsequent Tukey test. (**) Means that the test was statistically
significant for the indicator under p < 0.05and p < 0.01, respectively.

3.5. Principal Component Analysis

The analysis of Pearson’s product-moment correlation coefficient (Figure 2) showed that all of the
indicators presented a significant correlation (12 > +0.6), except for the TOC indicator which showed
no correlation with any other indicator.

Table 9 provides an overview of all the analyzed indicators, as well as the significant correlations
(> > 0.6) they presented with other indicators. The indicator with the largest amount of significant
correlations was BD, while the TOC indicator was the only one that did not present significant correlations
with any other indicator. The other indicators presented an average of 6 significant interactions.

With reference to the PCA (Table 10), three PCs were obtained, which explained 80.4% of the
variability of the data, where the variability of the components is distributed as follows: PC1 (44.1%),
PC2 (21.6%), and PC3 (14.7%). There were significant linear correlations (> > 0.6) among the analyzed
indicators and each one of the established PCs (Table 11). PC1 presented significant correlations in
the indicators of pH, WHC, CLY, SLT, BD, N-NO,~, K*, Mg+2, CEC, MBC, and qMic. PC2 presented
significant correlations in the indicators of EC, TN, N-NO3~, SEI, and H'. Regarding PC3, significant
correlations were established for Na* and qCO,. The resulting indicators for each one of the established
PCs were obtained after the redundancy reduction process (Table 12).

The relationship between the resulting indicators and the components PC1 and PC2 is shown in
Figure 3, whose cumulative variance is 65.7%. Indicators Mg*? and K* showed a significant positive
and negative correlation with PC1, respectively, whereas the resulting indicators N-NO3~ and EC
presented a significant and positive correlation with PC2. The correlations of the other indicators were
distributed between components PC1 and PC2.

Table 9. Significant correlations among the various indicators.

Significant Negative Correlation

Indicator Significant Positive Correlation with Other Indicators with Other Indicators
pH K* BD, Mg*2, MBC, and qMic
EC TN, N-NO;~, Na*, ESP, and SAR —

WHC CLY, BD, N-NO,~, Ca*2, and CEC SND
SND — WHC, CLY, BD, and CEC
CLY WHC, BD, Ca*?, Na*, and CEC SND and SLT
SLT — SND, Ca*?, and CEC
BD WHC, CLY, N-NO,~, Ca*2, Mg*2, CEC, MBC, and qMic pH, SND, and K*
TOC — —
TN EC, MBC, gMic, and SEI C/N and H’
N-NH,* — Ca*? and CEC

N-NO;~ EC —
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Table 9. Cont.

Significant Negative Correlation

Indicator Significant Positive Correlation with Other Indicators with Other Indicators
N-NO,~ WHC, BD, Ca*?, and CEC —

K* pH, gCO,, and H’ BD, Ca*?, Mg*?, MBC, and qMic
Ca*? WHC, CLY, BD, N-NO, -, Mg*?, and CEC SLT, N-NH4*, and K*
Mg*+? BD, Ca*2, CEC, MBC, and qMic pH, K*, and qCO,

Na* EC, CLY, ESP, and SAR —

CEC WHC, CLY, BD, N-NO,~, Ca*?, and Mg*? SND, SLT, and N-NH,*

ESP EC, Na*, SAR, and qCO, —

SAR EC, Na™, ESP, and qCO, —
MBC BD, TN, Mg*?2, qMic, and SEI pH, C/N,K*, and H'
qCO, K*, ESP, and SAR Mg*?2 and qMic
qMic BD, TN, Mg+2, MBC, and SEI pH, C/N, K*, qCO,, and H’
SEI TN, MBC, and qMic C/N and H’
H K* TN, MBC, qMic, and SEI
o iIoo o
i L] = F 2 Z O oo o o 2 _
1982280252235 .82388583838 - 1
pH | 1 0.52 ¥ 05e Th] ¥ 078
EC | 1 043 | 063 0T 0T 084 | DE3 057
WHC | 1 o713 08 L 1] 088 | 046 [ 0a
SND | 1 as 0%
CLY | 1 |47 |osr 5 072 | 048 077 (078 0.58
0.5
SLT | 059 0EF 05
BD 1 07 | 0&T | 0 gl or 1]
TOC | 1 |os4 4 0.54 054 - 0.4
TN | 1 e 0.58 0.5% 053 (073 065 | 084 |03
CHN |1 QLT | <
0.2
N.NH4 | 1 |oss 4 03
N.NO3 | 1 0.5%
N.NOZ | 1 0E |0.53 1 52 -0
K1 1078 075 | 081|083 g3
Ca | 1 |oss [1-4]
- -0.2
Mg | 1 wET L] || 0Bd
Na | 1 | o5 o&2 | 03s 4G
CEC | 1 54 13 - -0.4
ESP | 1 |o3s 1=
SAR 1 1]
0.6
MBC | 1 038 | 053 031
qCo2 | 1 [ae 5
gMic | 1 | ose |0 -0.8
SEl | 1 |-a=2
H.o |1

-1

Figure 2. Pearson’s product-moment correlation matrix. N.NH4 = ammonium, N.NO3 = nitrates,
N.NO2 = nitrites, K = potassium, Ca.2 = calcium, Mg.2 = magnesium, Na = sodium, H. = Shannon
diversity index. Indicators with positive correlation in blue, indicators with negative correlation in red,
indicators with correlation close to zero, are not shown.
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Table 10. Principal soil components analyzed from Guanajuato’s lowlands.

Components PC1 PC2 PC3
Eigenvalue 9.227 4.535 3.088
Variation ratio 0.441 0.216 0.147
Cumulative variation 0.441 0.657 0.804

PC = principal component.

Table 11. Indicator weights in the principal soil components analyzed from Guanajuato’s lowlands.

Indicators PC1 PC2 PC3 Communality
pH -0.729 -0.165 0.139 0.845
EC 0.135 0.700 0.647 0.929
WHC 0.722 -0.586 0.150 0.925
SND -0.584 0.369 -0.495 0.905
CLY 0.774 -0.275 0.528 0.956
SLT -0.632 0.358 — 0.658
BD 0.860 -0.151 — 0.919
TN 0.517 0.699 0.237 0.879
N-NH4* -0.439 0.464 -0.253 0.846
N-NO;~ — 0.836 0.302 0.831
N-NO,~ 0.700 -0.206 -0.154 0.573

K* -0.788 — 0.538 0.913

Cat*? 0.802 -0.492 — 0.943
Mg*2 0.855 — -0.286 0.841
Na* 0.511 0.145 0.820 0.958
CEC 0.854 -0.341 0.137 0.938
MBC 0.861 0.469 -0.146 0.985
qCO, —0.426 -0.225 0.859 0.981
qMic 0.837 0.427 -0.263 0.965
SEI 0.497 0.651 0.146 0.968

H 0.580 -0.675 0.100 0.937

Values in bold indicate high correlations (> > +0.6).

1.0 i
N-NOB
1
' EC 3
N-NH4 | /
1
BC
051 SND i qldic
SLTy \
:
1
1 Na
! Mg2
[aV}
O 00f-kmmmrm oo "=
. ' BD
qco I 'Y
I CEC
1
05 | g2
- ; VHC
1
1
1
1
1
:
-1.04 !
10 05 0.0 05 10
PC1

Figure 3. Correlation between components PC1 and PC2.
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Table 12. Resulting indicators by main component of the analyzed soils of Guanajuato’s lowland.

Indicators PC1 PC2 PC3

WHC 1.000 — —

SLT 0.067 — —

N-NO;3~ — 1.000 —
qCO, — — 1.000

3.6. Procurement of the SQI

The indicators established in the redundancy reduction process were transformed using the
scoring functions (Equations (4) and (5)), considering the function “the more the better” for the WHC
and N-NO;3™ indicators, the function “the less the better” for the qCO, indicator, and the “optimal”
function for the SLT indicator. Finally, the SQI for the sampled soils can be obtained as follows:

SQly = (0.441 X Swpc) + (0.441 x Sgr1) +(0.216 X Sy_no, ) + (0.147 X Sqc0,) (6)

The SQI values for soils showed significant differences, presenting values—from best to worst
quality—in the following order: CTH > CRC > CTJ > AQG, CYI > JRM. In addition, the analyzed
soils presented low to moderate qualities. According to Table 2, the soils with moderate quality
were: CTJ = 0.434, CRC = 0.480 and CTH = 0.519; and the soils with low quality were: JRM = 0.316,
CYI = 0.352 and AGQ = 0.379. Moreover, the model used in this study presented a very significant
correlation (p < 0.05) and high Fisher values (F > 5.0) (Table 13), showing that the SQI conformed to
the selected indicators and made it possible to differentiate the quality of the soils.

Table 13. One-way ANOVA (with Tukey test) of quality values for the analyzed soils from
Guanajuato’s lowlands.

Soils

DV F |4
AGQ CTH CIJ] JRM CRC CYI

SQI**  0379d 0.519a 0.434c 0.316e 0.480b 0.352d 83.2 0.000

DV = dependent variable, SQI = soil quality index. Values in bold indicate the maximum and minimum data for
the indicator, same letters in the row indicate that there is no significant difference among the soils sampled using
the one-way ANOVA test, with subsequent Tukey test. (**) Means that the test was statistically significant for the
indicator under p < 0.05 and p < 0.01, respectively.

4. Discussion

4.1. Physicochemical Indicators

The soils analyzed were classified relative to the pH indicator as slightly alkaline (CRC), moderately
alkaline (CTJ < CTH < AGQ), and strongly alkaline (CYI < JRM), possibly due to irrigation practices
with well water and the various fertilization regimes used, which are characteristic of the region [60,61]
(Table 1). For the EC indicator, soils were classified as non-saline, when the effect on soil structure
due to salt concentration could be considered as negligible [15,31]. Regarding the CEC indicator,
one of the soil fertility measures, soils were classified as moderate capacity (CYI), high capacity
(CRC < JRM < AGQ), and very high capacity (CT] < CTH) (Table 3). A higher CEC value for CTH soil
may be due to higher CLY and TOC contents (Table 3), improving its exchange capacity to the negative
charges in the CLY fraction [26]. This capacity would decrease as the percentage of the CLY fraction in
the soils decreases (Figure 2). Likewise, the other indicators related to the ratio of cations in the soil
are ESP and SAR. Regarding the ESP indicator, soils were classified as non-sodic (CYI < CTH), sodic
(AGQ < CT]J), and strongly sodic (CRC < JRM). High values of the ESP indicator for the JRM soil are
mainly due to a higher concentration of Na* cations than the one established as adequate (Table 3)
(0.3 to 0.6 meq. 100 g~1) [15,31]. Regarding the SAR indicator, soils were classified as non-sodic soils.
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In sum, the analyzed soils present certain trends towards alkalinity and sodicity, with the JRM soil
being the one that presents a greater impact on its structure, due to cation concentration, which could
affect crop growth and present greater susceptibility to water and wind degradation [8].

In the same context, soil structure has been related to degradation processes from agricultural
management, considering a higher amount of CLY as a sign of physical degradation. However,
Castelan-Vega [13] mentions that clay and loam soils present better quality. The analyzed soils were
classified according to the analysis of SND, CLY, and SLT indicators as clayey (CRC < JRM < CTH < CTJ),
and clay loam (CYI < AGQ) (Table 3). The soil structure is also related to the function of providing water
to crops; this function was represented in the study by the indicators WHC and BD. The analyzed soils
were classified as low capacity (CYI < AGQ), and moderate capacity (CRC < JRM < CTJ < CTH) [31].
Regarding the indicator BD, they were classified as very low compaction (AGQ = JRM = CYI), and low
compaction (CRC < CTJ < CTH). In summary, the analyzed soils presented a certain degree of physical
degradation, since the values of the indicators WHC and BD are a consequence of the fractions that
compose them (mainly CLY and SND) and agricultural management (Table 1) reducing their capacity
to provide water to crops.

Another factor that affects the structure of the soil and therefore its quality is the OM content.
It has been reported that soils with OM values above 3% are considered fertile soils [8,18,26], and soils
with low OM values (<2%) present physical degradation. In the present study, the indicators related to
soil nutritional quality were TOC, OM, TN, N-NH4", N-NO,~, and N-NO;~. For the TOC indicator,
soils were classified as low concentration (CYI), medium concentration (AGQ < CTJ] < CTH < JRM),
and moderately high concentration (CRC). The OM presented the same trend as the TOC indicator for
the analyzed soils. The OM content is possibly related to the degree of physical degradation due to
agricultural management and the use of nutrients by crops (Table 1) compared to soils under natural
conditions (forest or grassland soils) [8,18,26]. Soils were classified regarding N, with the N-NO3~
indicator being considered as the main source of N and crops growth, as an adequate concentration
(CRC) or a deficient concentration (CTJ] < CTH < CYI < AGQ < JRM) (Table 3). The N-NO3~ deficiency
could be due to intensive agriculture carried out in soils, confirming the previous argument regarding
OM, reducing microorganisms capacity for N reincorporation into the soil. Another indicator that
provides valuable information is the C/N ratio, which presents a relative measure of the N content
in the soil OM. Regarding the C/N indicator, soils were classified as medium (AGQ), and high
(CRC < CTJ < CTH < JRM < CYI). In sum, all the analyzed soils present physical degradation due to
agricultural management (crops, type of irrigation, and fertilization regime) (Table 1), with N being the
limiting element for the development of crops and microorganisms in all the soils except for the CRC
soil. The CYI and JRM soils present the most adverse nutritional conditions, with low C and N contents
with slow OM mineralization processes, possibly due to their high cellulosic content and needing
the addition of OM with higher N content to accelerate mineralization and improve soil nutritional
conditions [31].

4.2. Ecophysiological Indicators

Ecophysiological indicators relate the conditions of microorganisms to specific soil functions [2,16,42].
The ecophysiological indicators analyzed in this study were MBC, qCO,, and qMic. The indicator MBC
relates to the enzymatic capacity of the microbial population in the cycle and use of the OM (higher
values of MBC are related to higher values of OM). The indicator qCO; establishes a measure of soil
maturity, overall enzymatic activity, and stress of soil microorganisms (lower qCO, values are related to
more mature soils, less stressed microorganisms, and higher enzymatic activity). The indicator qMic
provides a measure of the use of OM by the microbial population (MBC) of the soil (higher values of qMic
are related to higher efficiency by the microorganisms). The analyzed soils were classified concerning
the indicators MBC, qCO,, and gMic according to the analysis of means using the Tukey test (p < 0.05).

Concerning the MBC indicator, they were classified into four categories, such as high concentration
(CRC), medium concentration (CTH), low concentration (CT] < AGQ), and very low concentration
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(JRM < CYI) (Tables 4 and 8). The differences in the MBC indicator values for the CRC and JRM
soils are possibly due to the OM contents shown by both soils, with the JRM soil presenting a greater
nutritional limitation than the CRC soil. The values obtained from the MBC indicator in this study are
above the range of 14.9 to 141.6 mg Cp;c kg~! for degrades soils [11], and the difference in values may
be due to the physical degradation presented by the soils of the study, supported by the indicators
WHC, BD, and OM.

Regarding the indicator qCO,, the soils were classified into three categories: high stress level
(JRM), medium stress level (CTJ), and low stress level (CTH < AGQ < CYI < CRCQ). The difference in
the values of the indicator qCO; presented by the JRM and CTH soils, is possibly due to stress caused
by the nutritional limitation and salt concentration presented by the JRM soil, while the CTH soil
presents higher concentrations of OM and lower concentrations of cations (Tables 4 and 8). The values
obtained for the indicator qCO; are in the range of 0.3 X 1073 t0 5.0 x 103 g C-CO,; mg Cmic ' h™! for
other studies carried out on soils under 28 and 21 days of incubation [62], forest soils [33], and soils
in recovery under various cover crops under 20 days of incubation [16]. The variation of the qCO,
indicator could be due to the conditions presented in the studies shown; however, the results are within
the reported ranges.

Likewise, for the gMic indicator, the soils analyzed were classified into four categories, such as
high harvest (CRC), intermediate harvest (CTH), low harvest (CT] < AGQ), and very low harvest
(JRM < CYI). The difference in the values presented by the qMic indicator for the CRC and JRM soils
could be because the microorganisms present in the JRM soil are focusing the use of resources (energy
and OM) on the maintenance of their metabolic functions, possibly due to the osmotic stress under
which they are found as a result of cation concentrations. In contrast, the microorganisms present in
the CRC soil, are under less adverse conditions (no limitation of nutrients) so they present a better
use of available resources. The values obtained for the qMic indicator are below the range of 0.59 to
3.61% for studies under different types of agricultural soils [63], and different agricultural management
types [63,64]. In sum, the CRC soil presents better environmental conditions for microbial population
development. In contrast, JRM soil presents the most stressful conditions for microorganisms, possibly
due to osmotic stress from cation concentration.

4.3. Enzymatic Indicators

Enzymatic activities have been established as highly sensitive indicators influenced by land use
and management [8,41], with a correlation with indicators such as MBC, TOC, TN, and OM (Figure 2).
Three indicators related to enzymatic activities were analyzed, the enzymatic profile (API ZYM®
system), SEI (UA, DHA, FDA, and enzymatic profile), and H'. The soils analyzed were classified base
on the SEI and H'’ indicators based on the analysis of means using the Tukey test (p < 0.05) (Table 4).

Regarding the enzymatic profile, the CTH < CRC < CTJ soils presented a higher enzymatic
intensity, in contrast, the CYI soil presented a lower enzymatic activity (Table 6). The activities
of 13 of the 19 enzymes analyzed were detected, and they belonged to the enzymatic families of
phosphatases, esterases-lipases, peptidases, aminopeptidases, and glycosyl hydrolases in order of
highest to lowest activity. A greater intensity of activity of the phosphatases family has been related
to low availability of the element P, causing microorganisms to excrete enzymes to assimilate it into
their structure (membrane and energy accumulation) [41,42,50]. High enzymatic activity in the family
of esterases-lipases, which is responsible for the C cycle in the soil and degrading water-soluble
compounds (ester bonds and organic acids) [41,42]. The activities in the family of peptidases and
aminopeptidases were also observed, which are responsible for the transformation of protein N into
amino acids and its later degradation. These enzymatic families are used as indicators of N assimilation
in the soil [42]. Finally, it was observed that the family of glucosyl hydrolases, enzymes that indicate
the acquisition of C through the degradation of hydrocarbon compounds such as glucose, cellulose,
and hemicellulose, had the lowest enzymatic activity [42,46,50].
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For the SEI indicator, the analyzed soils presented values in the range of 747.79 to 41983.45 pmol
kg dry soil !, being classified into five categories such as very high activity (AGQ), high activity (CRC),
medium activity (CTH), low activity (JRM), and very low activity (CYI < CTJ).

Regarding the indicator H’, the analyzed soils presented values in the interval of 2.35 to 3.08,
and they were classified into four categories (Table 8). However, the indicator H’ presents values below
the values considered as high diversity by other studies [65-67]. The higher intensity of enzymatic
activity presented by the CTH and CRC soils relative to the JRM, CYI, and CTJ soils could be because
the first group of soils presents better conditions (structural and nutritional) for microorganisms, related
to the CLY, TOC, N-NO3~, and MBC indicators (Tables 3 and 4). The AGQ soil presents a behavior
that differs from the previous; it presents low values of TOC, N-NO3~, and MBC, which contrast
with its high enzymatic activity (SEI) (Table 3). This contrast could be due to the delay of microbial
activity (MBC) due to the high value of the CLY indicator, which could provide conditions that protect
extracellular enzymes, allowing them to maintain their activity for a longer period [42,46].

4.4. SQI and Key Indicators

The methodology used (PCA) for the development of the SQI allowed the reduction of the initial
set of indicators (46) to a minimum set (4) (Table 12), which presented the highest variability and
inference on soil quality. The SQI is integrated by three PCs, PC1 (WHC and SLT indicators) related to
the soil structure, PC2 (N-NO3™ indicator) related to the nitrification process and N availability for
crops, and PC3 (qCO; indicator) related to the activity and stress (pH, cation concentration or nutrient
limitation) of the microorganisms that affect the nutrient cycle (C, N, P, and S) [8,39]. The additive
weighting equation allowed the classification of the analyzed soils in the categories of moderate quality
(CTJ < CRC < CTH), and low quality JRM < CYI < AGQ) (Table 13). The SQI developed allowed
differentiating the quality (Table 13) from the agricultural management present in the analyzed soils
(Table 1). The CTH soil presented the highest quality value (0.519) under conditions of zero tillage,
alfalfa cultivation, and a fertilization regime of 100 kg of sulfates per hectare. The JRM soil presented
the lowest quality value (0.316) under abandonment conditions, due to the high concentration of
cations (Tables 1 and 3).

Other studies have developed SQIs in different parts of the world, using different methodologies
and analyzing soils under different agricultural conditions. Nakajima et al. [68] developed a longitudinal
SQI using eight physicochemical indicators and one ecophysiological indicator, analyzing a soil under
four different managements, the SQI was calculated using scoring and weighting equations according
to the linear correlation between the indicators with the crop yield, in the State of Ohio, USA. The use
of a single soil decreases the applicability margin of the developed SQI, added to the fact that the
established indicators are only related to the soil productivity function, without taking into account the
effects caused by the fertilization regime on the ecophysiological indicator used (MBC). One point that
contributes to the SQI is that the indicators were analyzed for one year; however, the developed SQI
could not differentiate between the various agricultural managements analyzed. This was possibly due
to the establishment of indicators that were not closely linked to quality. On the contrary, the analysis
in this study of six agricultural soils, with representative managements of the region and using PCA
and the equation of additive weights, allowed the development of an SQI to differentiate the quality of
the analyzed soils.

Vasu et al. [17] developed four SQIs using 24 physicochemical indicators while analyzing 182 soil
profiles at different depths. The SQIs were calculated using expert opinion methodology, PCA, additive
equations, and additive weighting equations in the Telangana region, India. The inclusion of expert
opinions in the selection of indicators linked to soil quality can be a risky choice because it requires
highly trained or experienced personnel who know the area to be analyzed very well. The use of 182
soil profiles gives very important support to the developed SQIs; however, the implementation of only
physicochemical indicators reduces the importance of the processes carried out by microorganisms
in the soil, making the developed SQIs not very sensitive to small changes in the soil. The results



Sustainability 2020, 12, 9754 19 of 24

obtained by the study show that with the help of experts and the PCA, it was possible to establish
those indicators that were better related to the quality of soils, together with the use of the equation of
additive weights. In contrast, in the present study, when analyzing enzymatic and ecophysiological
indicators, the processes of nutrient cycling carried out by microorganisms were taken into account,
thus detecting small disturbances in the soil structure, even before the physicochemical indicators
were altered.

Valbuena-Calderon et al. [5] developed an SQI using nine physicochemical indicators, analyzing
two coffee farms under two agricultural management types. The SQI was calculated using PCA and
additive index equation. The analysis only of physicochemical indicators reduced the sensitivity of the
developed SQI. The implementation of PCA allowed reducing from 29 initial indicators to select the
nine indicators with greater incidence in the quality of soils. However, the analysis of only two farms
could interfere in the variability of the indicators, with the number that integrated the SQI making
the analysis of results and their implications or interpretation in the soils complicated. In contrast,
the present study included a greater number of soils that were representative of the study area and with
different agricultural management and crops as well as enzymatic and ecophysiological indicators,
allowing the introduction of a greater variety of data and giving more amplitude of processes involved
in the quality of soils. This reduced the number of indicators necessary for the development of SQI,
and, therefore, decreased the complexity in the interpretation of results.

At the local level, Prieto-Mendez et al. [59] and Hernandez-Gonzalez et al. [12], developed SQIs
using eight and eleven physicochemical indicators for three agricultural feedlot soils and one field
under five cover crops, respectively, the developed SQIs were calculated using the weighted average
methodology, using linear equations for the indicator scores. The studies were carried out in the State
of Hidalgo, Mexico. The SQI developed by Prieto-Mendez et al. [59], did not differentiate the quality of
the three soils. The SQI developed by Hernandez-Gonzalez et al. [12], allowed differentiating the soil
quality according to the cover crop. As opposed to the present study, the use of linear scoring equations
prevents having a proper analysis of the behavior of some indicators. This is because indicators that
do not have a linear behavior in the soil, such as pH, are analyzed. In addition, the application of
weighted averages makes it impossible to establish the indicators with the greatest impact on soil
quality, which together with the analysis of physicochemical indicators prevents the availability of
an SQI that allows the sensitive and rapid detection of small changes in quality. At the same time, a
large number of indicators that make up the SQI makes it difficult to interpret the results and make
decisions, contrary to what was achieved in this study with the number of indicators resulting in the
SQI developed.

Estrada-Herrera et al. [11] elaborated univariate SQIs using seven physicochemical indicators
and one ecophysiological indicator for five agricultural soils, the score of the univariate indexes was
made using a linear equation, in the Mixteca Alta, Oaxaca, Mexico. The implementation of univariate
indicators makes the interpretation of the obtained results difficult. This is because it is necessary to
analyze indicator by indicator, and there is not a clear idea of the interactions that could present as a
whole. On the contrary, the SQI developed in this study did not present this difficulty, giving a unique
result that takes into account the indicators individually as well as their interactions, and it can give a
more precise interpretation of the quality of soils studied.

Rangel-Peraza et al. [18] developed an SQI using 30 physicochemical indicators for 23 agricultural
soils, the SQI was calculated using PCA, which reduced the number of indicators to eight, the SQI
used the equation of additive weights allowing the differentiation of the quality of the soils in the
agricultural region of Culiacan, Sinaloa, Mexico. Despite the implementation of a similar methodology,
the developed SQI, being based only on physicochemical indicators, reduces its sensibility. This can
be observed in the number of indicators that integrate it, compared to the number of indicators that
integrate the SQI developed in this work, affirming that the analysis of ecophysiological indicators
grants a greater sensibility. This reduces the amount of necessary analysis to give information about
the quality of soil, and the complexity of the interpretation of results.
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The results of the various SQIs developed by the studies mentioned above give rise to the following
statements: (i) there is no consensus on the number of soils to be analyzed for the development
of the index, possibly due to the geographical differences and needs of the study regions, (ii) the
physicochemical indicators are the most used in the various studies, decreasing the sensitivity of the
indexes to changes or land use (the use of this type of indicators is possibly due to the simplicity and
speed of the methodologies used for the determinations, making the developed SQI widely applicable),
(iii) in most of the mentioned studies, the indicators are established through the opinion of the authors
or experts, without scrutinizing other indicators, possibly due to the generalization of practices for
the analysis of soils, and (iv) the use of the equation of additive weights allows differentiating the
quality of soils according to their location and agricultural management. With the linear equations,
this is possibly a consequence of the selected indicators showing non-linear behavior (i.e., pH and BD).
Finally, the SQI developed in the study from the PCA, allowed the selection of those indicators with
greater relation and inference to the quality of the analyzed soils. Since it is made up of the minimum
amount of necessary indicators (three physicochemical and one eocophysiological), it allows the quick
and sensitive calculation of SQI while taking into account the linear and non-linear behavior of the
indicators that compose it.

5. Conclusions

The SQI model developed from the different PCs made it possible to differentiate the quality of the
analyzed soils, according to the indicators that the SQI comprises, and classify them into two categories:
low quality (JRM < CYI < AGQ), and moderate quality (CT] < CRC < CTH). The PCA methodology
reduced the number of indicators analyzed (from 46 to only 4), making it possible to establish—from
a minimum data set—the indicators that have a direct influence on soil quality. The equation of
additive weights allowed differentiating soil quality in comparison with the methodologies used in
other studies.

The indicators that constituted the SQI are 50% physical, 25% chemical, and 25% biological, giving
a range of flexibility to the SQI. The physical indicators determine the structure of the soil, the chemical
indicators show the present state of the cycle of nutrients of the soil, and the biological indicators—the
heart of the processes of the soil—show the present state of the microorganisms and their activity.

The presence of different categories of indicators in the SQI allows the model to be highly sensitive
to changes in management or soil composition. Based on the management of the soil, the indicator
qCO; has allowed for obtaining information; in a precise and fast way about the conditions in which
the microorganisms exist in the soil (maturity of the soil, enzymatic activity, and level of stress of the
microorganisms). The indicators WHC, SLT, and N-NO3™ are indicators of slow change and provided
information on the changes inherent to the soil and its spatial variation. The study of six soils, as
well as the use of physicochemical, biological, and ecophysiological indicators, allowed for having
enough variability to establish an SQI with a reduced number of indicators (in comparison with other
studies), thus obtaining a simpler interpretation regarding soil quality with the simplicity that will
allow decision-makers to propose better strategies for the maintenance or improvement of similar
agricultural soils under different conditions in the Mexican Lowlands or other locations in the world.
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