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Abstract: Making quantitative evaluations of the environmental functions of the soil in a quantitative
way is an urgent necessity for transitioning towards the sustainable use of soils. The objective of
this work was to use and improve the Soil and Environment software for soils of volcanic areas, for
which the software was not designed to work on. The study was conducted in the volcanic area
of Michoacan, Mexico. Nine soil profiles were described; samples were taken from each horizon
and the physical and chemical properties of each sample were analyzed. The Soil and Environment
software was used to conduct pedoecological evaluations of the soil samples and, subsequently, an
evaluation of the environmental functions of the soils and the modeling of scenarios was carried
out. The soil profiles studied showed variable properties of hydraulic conductivity, field capacity,
air capacity, effective cation exchange capacity, and soil organic carbon. The soils showed very high
nutrient retention, high naturalness and sorption of heavy metals, and low cultural and natural
archive properties. The Soil and Environment software generally works well with soils of volcanic
areas; however, we suggest improvements in the evaluation method of the following functions:
naturalness and agricultural quality. Additionally, the estimating method of aeration capacity and
hydraulic conductivity should be calibrated for the properties of the volcanic soils. The modeling
of scenarios allowed us to identify the soil profiles that are most vulnerable to degradation. The
modeling of scenarios provided a clear idea of the negative and positive effects that a change in soil
use would have.

Keywords: soils; software; ecological services; soil degradation models; soil conservation models

1. Introduction

Some estimations suggest that about 12 million hectares of soil are lost and degraded per year in
the world [1]. The accelerated growth of the world population has increased the demand for food and
materials obtained from the soil [2]. This phenomenon has exerted ever greater pressure on edaphic
resources and, as a consequence, has accelerated degradation of the soil, putting at risk the capacity of
the soils to provide enough to guarantee food security [3].

Traditionally, the agricultural capacity of soils has been evaluated using quantitative methods [4—6],
but only isolated properties, such as slope, depth, etc., have been taken into account. These evaluations
never consider the properties of the complete soil profile.

In the center of Mexico, the physiographic province called the “transversal Neovolcanic axis” is
located, which has more than two thousand volcanoes, with heights of up to 5610 m above sea level in
the Pico de Orizaba volcano. In this physiographic province, several lakes and aquifers are located,
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as well as the two main rivers of the country, the Lerma River and the Balsas River, and the most
fertile soils of the country (Andosols, Cambisols, Luvisols, Acrisols, and Vertisols). The sustainable
management of these soils of volcanic origin is of immense importance for Mexico [7].

On the other hand, the value of the environmental functions of soils has been recognized in recent
years [8-11], but only qualitative models have been developed for evaluating these functions [12-14].
There are a few examples of quantitative models that consider the environmental soil functions, but
the complete soil profile has never been included in these evaluations [15-19]. The first quantitative
models for evaluating the environmental soil functions considering the complete soil profile were made
by [8,20]. These models were later modified and improved for the development of algorithms [15] and
a commercial multiplatform and multilingual software called Soil & Environment [16,17].

The Soil & Environment software has been evaluated and used successfully [8,18,21]; however, it is
still necessary to calibrate it to work with the specific conditions of all possible soils, such as Andosols.

The objective of this work was to conduct a quantitative evaluation of the environmental soil
functions in volcanic zones to improve the functionality of Soil & Environment software algorithms,
as well as the development of change models by the degradation or conservation of soil profiles.

2. Materials and Methods

2.1. Study Area and Sampling

All the described soils were found in the physiographic province of the Neovolcanic axis in the
municipalities of Cheran, Zacapu, and Quiroga, in the state of Michoacan (Figure 1). The predominant
vegetation in the studied sites is classified as dominated or mixed temperate forests with Pinus,
Quercus, Juniperus, and secondary vegetation [22]. The main economic activity is forestry and the
production of rainfed corn [23]. The climate is temperate, with rains in the summer (Cw); the average
annual temperature is 15 °C + 10, with an average annual precipitation of 800 + 150 mm [24]. The
main soils are Luvisols, Andosols, Phaeozems, Cambisols, Leptosols, Vertisols, and Durisols from
extrusive igneous rocks, mainly basalt, dacite, and basic volcanic breccia [25].
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Figure 1. Sampling area location.
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The sites were selected based on their geomorphological attributes: plains, hills, mountains, high
hills, and low hills. A total of forty-four horizons from nine soil profiles were described by making pits
at least 1.2 m deep or until reaching the parent material (Table 1).

Table 1. Geographical location of the soil profiles and their management.

Coordinates
No. Key Geoform Soil Use
X Y Zone
1 Cheran 001 Plain 191137.77  2176993.00 13N Rainfed corn
2 Cheran 002 Hill 807927.56  2184911.75 13N Quercus Forest
3 Cheran 003 Mountain 810550.44  2185337.75 13N Pinus-Quercus forest
4 Cheran 004 Plain 81052512 218521375 13N Rainfed corn (3 years without
cultivation)
5 Zacapu 001 Hill 211840.64  2187352.75 14N Abandoned grassland
6 Zacapu 002 High hills 207175.25 2186290.75 14 N Quercus Forest
7 Zacapu 003 Low hills 213589.80  2185233.70 14N  Secondary Vegetation/Huizachal
8 Quiroga 001 High hills 228113.43  2179897.25 14N Pinus forest
9 Quiroga 002 Hill 237127.81 2174538.75 14N Pinus-Quercus forest

2.2. Description of Soils and Methods

The soils were classified based on the standards of the World Reference Base [26]. The geographical
and geomorphological characteristics, as well as the dominant vegetation and its management, were
described for each site. In addition, the soil structure, pedological traits, wet color, and bulk density of
each soil were analyzed [6,7,27].

A soil sample was collected from each horizon in order to identify diagnostic horizons, properties,
and materials of the soil profiles, and to model the soil functions [5,6,16]. The physical and chemical
properties of the soil samples were analyzed. The pH and electrical conductivity were measured using
a potentiometer and conductivity meter, respectively (1:2 H,O) [6]. The content of organic matter and
organic carbon was analyzed by the wet digestion method [28]. The cation exchange capacity and
exchangeable bases (Ca, Mg, Na, and K) were determined using ammonium acetate (pH 7.0) [29]. The
percentage of particles (sand, silt, and clay) was determined by the American pipette method [30], and
the textural class of the soil horizon was verified using the soil texture triangle [31].

2.3. Evaluation of Environmental Soil Functions

The environmental soil functions were determined with the Soil and Environment software [16],
which is a private software registered by the Mexican company Acts with Science [32]. This tool allows
the environmental functions of soils to be evaluated based on the integration of quantitative and
qualitative attributes of the soil profile and environmental elements such as vegetation, soil management,
soil history, and the physical and chemical properties evaluated in the field and laboratory.

The evaluations carried out by Soil and Environment are based on algorithms of the Technique for
Soil Evaluation and Categorization (TUSEC) [20]. The software provides an evaluation, on a scale of
1-5, where five represents a very high soil aptitude to perform the environmental function, four refers
a high aptitude, three is an intermediate aptitude, two represents a low aptitude, and one is a very
low aptitude [16]. The soil function scenarios that can be modeled are: (1) human habitats, in which
sites suitable for human settlements are identified; (2) decomposition of organic compounds, which
allows the capacity of microorganisms to maintain the cycling of nutrients to be evaluated; (3) the
natural archive, which allows the history of soils to be evaluated through pedological or geological
features in the subsoil; (4) the cultural archive, which considers elements related to ancient populations
such as artifacts; (5) naturalness of the soil, which evaluates the importance of the soil as a reservoir of
diversity of animals and plants; (6) aquifer recharge, which evaluates the importance of soils for the
water purification and recharge of aquifers; (7) retention of nutrients, which analyses soil fertility in
order to plan soil management practices; (8) agricultural quality, which evaluates the capacity of soils
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for food production; (9) soil organic carbon content, which estimates the soil organic carbon content by
horizon and profile; and (10) absorption and adsorption of heavy metals, which evaluates the capacity
of soils to adsorb contaminants such as heavy metals [16,17].

The Soil and Environment software evaluates the environmental soil functions through the
analysis of quantitative and semi-quantitative parameters determined in the laboratory and field,
respectively [17]. For example, heavy metal sorption is estimated using the following equations [8]:

(1) Estimation of the fine earth volume:
FE; (kg m~2) = BD; (g cm™>) * TH; (dm) * (1-(CR; [Vol. %]/100))

where FEi (kg m~2) refers to the soil particles smaller than 2 mm of soil horizon i in kg m~2; BDi
(g cm™2) is the bulk density of soil horizon i in g cm™3; THi (dm) is the thickness of horizon i in
decimeters; and CRi (Vol. %) is the volume of stones in soil horizon i.

(2) The amount of clay is calculated as

AR; (kg m™2) = FE; (kg m™2) * (PAy, [%]/100)

where ARi (kg m~2) is the content of clay at depth i in kg m~2; FEi (kg m~2) refers to the soil
particles smaller than 2 mm at depth i in kg m~2; and PAh (%) is the percentage of clay at depth i.
(3) The content of organic carbon is calculated as

Cos; (kg m™2) = FE; (kg m~2) * (C; [%]/100)

where COSi (kg m~2) is the content of organic carbon at depth i in kg m~2; FEi (kg m~2) refers to
the soil particles smaller than 2 mm at depth i in kg m~2; and Ci (%) is the carbon percentage at
depth i.

(4) To estimate the sorption index, the values of pHFi, ARFi, and COSFi are converted into factor
values (Table 2) and applied to the following equation:

IABG; = (pHF; + ARF; + COSF;)/3

where IABC; is the adsorption index; pHF; is the pH factor; ARF; is the clay factor; and COSF is
the carbon factor.

Table 2. Value of the pH, clay, and organic carbon factors for an estimation of the sorption index [7].

pH Factor Clays (kg m~2) Factor Organic Carbon (kg m~2)

>7 5 >3 5 >0.8 5
6.5-7 4 2.5-3 4 0.6-0.8 4
6-6.5 3 2-2.5 3 0.4-0.6 3
5.5-6 2 1.5-2 2 0.2-0.4 2
<55 1 <2 1 <0.2 1

Other models for evaluating the environmental soil functions are described in detail in the Soil &
Environment software manual [16].

2.4. Degradation and Conservation Models

The environmental functions of the nine soil profiles were evaluated (Table 3), and three scenarios
were modeled: (a) a degradation scenario for each soil profile considering the loss of horizon A by
simulating an agricultural use; (b) a degradation scenario for each soil profile simulating the loss of
horizon A and half of horizon B as a result of livestock use; and (c) a conservation scenario for each soil
profile in which the thickness of horizon A increases up to 40 cm to represent a forest use [33].
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Table 3. Basic chemical and physical properties of soils.

50f 14

Exchangeable Bases

Profile Key = Horizon Depth cm pH H20 CEC oM BD Sand Silt Clay Texture
Ca2+ Mg2+ Na"' K+
Bwl 0-27 6.07 170 1376 043 082 1018 325 130 4990 31.80  18.30 L
Bw?2 27-38 6.32 1.66 1467 045 051 3149 221 117 4990  31.00  19.00 L
Cheran-001 Bw3 38-97 6.73 166 1781 043 040 1882 273 1.06 4720 3430  18.50 L
Bw4 97-135 6.95 169 1754 051 047 1901  1.82 1.00 5270 3340  13.90 SL
Bw5 135-193 6.95 171 1926 056 059 1210  2.60 1.05 6350 2490  11.70 SL
Ah 0-40 6.05 168 1811 036 067 2726 961 073 3390 5380 1230 SiL
Cheran-002 Bw 40-79 6.84 140 1390  0.34 091 2995 455 0.83 2940 5790 1270 SiL.
C 79-142 6.85 155 1819 043 039 3437 351 091 2600 5660  17.40 SiL
Ah 0-17 6.40 161 2728 049 215 2938  5.46 092 4040 4180  17.80 L
Bwl 17-56 7.17 159 2968 075 240 4512 130 084 2530 4890  25.80 L
2BC 56-74 7.16 149 2712 129 040 3629  1.69 111 5380 3760  8.70 SL
Cheran-003 2C 74-89 7.05 157 3075 094 046 1939 143 1.06 7930 13.00  7.80 LS
3B2 89-116 7.15 1.68 2557  0.62 048 3245 143 126 9210 250 5.40 S
3BC2 116-136 7.34 154 3040 075 075 2746 078 128 8270 1570  1.60 LS
4C2 136-151 6.95 154 3000 073 1.09 1728 082 1.60 9030  2.40 7.30 S
Ah 0-39 6.28 166 1638  0.39 023 2880 416 1.09 3240 5510  12.50 SiL
Cherdnoos  BW1 39-60 6.91 168  19.68 054 023 1862 273 1.04 3240 5120  16.40 SiL
eran-00 Bw2 60-131 6.84 1.61 2504 079 010 2592 2586 0.93 1590 6130  22.80 SiL,
Bw3 131-194 7.45 158 2587 118 008 3379  1.82 094 1550 5780  26.70 SiL
Ah 0-18 5.92 166 1638  0.39 023 2880  4.16 127 3240 5510  12.50 SiL
Zacapu-001 BV 18-59 591 168 1968 054 023 1862 273 139 3240 5120  16.40 SiL,
Bw?2 59-89 6.21 161 2504 079 010 2592 2586 124 1590 6130  22.80 SiL
Bm 89-127 - 158 2587 118 008 3379  1.82 1.60 1550 5780  26.70 SiL
Ah 0-12 6.74 170 2403 036 1.09 2918  3.12 095 1470 5740  27.90 SiCL
Bwl 12-28 6.58 161 2760  0.86 119 4819 234 0.90 480 7140  23.80 SiL
Zacapu-002  BW2 28-53 6.67 168 2115 056 066 4128 273 1.14 850 6740  24.10 SiL
Bw3 53-78 6.62 167 2843 086 094 3782 130 1.03 680 6550  27.60 SiCL
Bw4 78-104 6.67 157 2880  0.79 065 4954 078 1.01 350 6060  35.90 SiCL
C 104-140 6.76 150 2955  0.99 035 5798  0.65 1.00 220 5270  45.10 SiC
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Table 3. Cont.
Exchangeable Bases .
Profile Key = Horizon Depth cm pH H20 8 CEC oM BD Sand Silt Clay Texture
Ca2+ Mg2+ Na"' K+

Ah 0-21 5.93 1.71 24.06 0.58 2.02 43.39 4.42 1.15 4.20 66.90 28.90 SiCL
Bwl 21-37 6.23 1.59 27.90 0.62 0.89 48.00 5.46 1.06 1.30 60.60 38.10 SiCL

Zacapu-003 Bw2 37-88 6.11 1.62 26.85 0.79 3.79 41.09 1.30 1.10 1.50 49.80 48.70 SiC
Bw3 88-128 6.46 1.65 22.83 0.60 0.99 29.76 0.39 1.33 1.60 51.70 46.60 SiC
2Bbw 128-153 6.75 1.66 2294 0.79 0.99 25.15 0.78 1.53 2.60 67.60 29.80 SiCL

Ah 0-15 6.48 1.64 18.53 0.49 1.08 51.65 4.55 0.98 6.10 72.10 21.80 SiLL
Btl 15-46 6.89 1.68 24.51 0.66 2.53 59.71 0.52 1.24 3.20 57.80 39.10 SiCL
Quiroga-001 Bt2 46-63 7.02 1.66 25.54 1.01 2.02 49.73 0.78 0.93 4.10 58.90 37.00 SiCL
Bt3 63-81 7.02 1.62 26.77 1.05 0.85 45.70 1.30 1.15 4.50 55.10 40.40 SiC
Bt4 81-113 6.49 1.65 27.76 1.35 1.20 51.26 0.00 1.20 4.50 57.00 38.50 SiCL
Bt5 113-150 7.05 1.69 21.82 1.50 0.77 51.07 0.00 1.35 1.80 65.30 32.90 SiCL
Ah 0-29 6.33 1.56 28.18 0.77 2.78 40.13 5.97 0.97 4.30 66.50 29.30 SiCL
Quiroga-002 Bw 29-65 6.69 1.57 30.03 0.97 2.53 31.30 247 1.07 4.00 63.20 32.90 SiCL
& BwC 65-104 7.25 1.56 27.14 1.09 1.89 37.82 0.52 1.00 5.10 56.00 38.90 SiCL
C 104-163 6.85 1.65 28.53 1.97 1.89 39.74 0.78 1.00 4.40 65.00 30.70 SiCL

CEC = cation exchange capacity (cmol kg™1); OM = organic matter (%); BD = bulk density (g cm~3); L = loam; SL = sandy loam; SiL = silty loam; LS = loamy sand; S = sand; SiCL = silty

clayey loam; SiC = silty clay.
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The aptitude graphs to perform the environmental functions from the modeled scenarios were
generated using the Soil and Environment software with a scale of I to V—where V represents a very
high soil aptitude, IV refers to high aptitude, Ill is an intermediate aptitude, Il represents a low aptitude,
and I is a very low aptitude to perform the environmental soil function [16].

3. Results and Discussion

3.1. Soil Description

The soils in the study area reflect the characteristic features of volcanic areas and the predominant
role of the parent material and relief as the shaping factors that govern them [34,35]. These soils are
mostly young and deep, with a sequence of horizons of Ah—-Bw—C, except for Luvisol, in which the
sequence of soil horizons is A-Bt-C, and Antrosol, in which horizon A has been lost.

Five of the nine soils were classified as Andosols (Table 3), showing a reaction to the allophane
test, loamy textures, silty loams, and silty clay loams, with a slightly acidic to slightly alkaline pH and
variable organic matter values (Table 3). The pedoecological evaluation showed very high values for
the field capacity and cation exchange capacity, as well as high values for the aeration capacity for the
soils with a greater depth and lower bulk density (Table 4).

Haplic Luvisol (Andic, Cutanic, Differentic, Humic, Loamic, Magnesic, and Profondic) had a pH
that ranged from very slightly acidic to very slightly alkaline, while the percentage of organic matter
was intermediate for the first horizon and null for the deeper horizons (Table 3). In the pedoecological
evaluation, this soil obtained intermediate values of hydraulic conductivity and aeration capacity,
which were attributed to the argic horizon, which limits water filtration. The field capacity and cation
exchange capacity of this soil were very high (Table 4).

Table 4. Chemical and physical properties of the soils expressed per unit area.

HC FC AC FE CEC SOC

Profile Key Soil (emdial) (@Lm2) (Lm?) (kgm?) @molm32) (thal)

Antrosol (Andic,

Cheran-001 Loamic, Sideralic)

24.5 709.95 195.31 2088.20 341.14 310.22

Eutrosilic Skeletic
Cheran-002 Silandic Andosol 123 350.45 87.35 570.61 173.00 198.26
(Profundihumic, Siltic)

Cheran-003  Andosol over 97 364.29 149.72  1082.05 391.51 131.18
Cambisol over Regosol

Cheran-004  Cutrosilic Mollic 87.5 843.41 19097  1820.88 512.76 296.24
Andosol (Siltic)

Eutrosilic Silandic
Zacapu-002 Andosol (Siltinovic) 82 450.20 82.25 1042.60 450.65 105.78

Eutric Skeletic Mollic
Quiroga-002 Silandic Andosol 82 431.95 78.37 923.74 389.04 149.41
(Loamic)

Leptic Cambisol (Siltic

Profundihumic) 20 311.32 67.72 1135.60 320.21 176.86

Zacapu-001

Haplic Luvisol (Andic,
Cutanic, Differentic,
Humic, Loamic,
Magnesic, Profondic)

Quiroga-001 19.5 540.89 91.27 1635.54 857.31 71.69

Cambic Phaeozem
Zacapu-003 (Andic, Clayic, 16 629.45 86.45 1886.60 671.23 185.59
Profundihumic)

HC = hydraulic conductivity; FC = field capacity; AC = air capacity; FE = fine earth; CEC = cation exchange capacity;
SOC = soil organic carbon.
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One of the soils was a Leptic Cambisol (Siltic Profundihumic), with a silt loam texture, organic
matter content that gradually decreased with depth from medium-high to low content, and a pH
that was slightly acidic to very slightly acidic. The pedoecological evaluation showed very high field
capacity and cation exchange values, intermediate hydraulic conductivity, and a low aeration capacity,
which can make plant rooting difficult [36] (Table 4).

Another soil was a Cambic Phaeozem (Andic, Clayic, Profundihumic), with a mollic horizon of
21 cm, a pH that was slightly acidic to very slightly alkaline, and an organic matter content ranging
from medium-high to very low throughout the profile (Table 3). The pedoecological evaluation showed
intermediate values of hydraulic conductivity and aeration capacity, which allow plant rooting to
develop satisfactorily, although with certain limitations [37] (Table 4).

An Anthrosol (Andic, Loamic, Sideralic) was also characterized, and was collected from a plain
with corn cultivation, a loam and sandy loam texture, intermediate organic matter content, and a pH
that was slightly acidic to very slightly alkaline (Table 3). The pedoecological evaluation showed
intermediate values of hydraulic conductivity in soil profile horizons with an intermediate bulk
density [31], and very high values for the field capacity, aeration capacity, and cation exchange capacity,
providing appropriate conditions for agriculture [35] (Table 4).

3.2. Evaluation of Environmental Soil Functions

The aptitude of the soils to perform environmental functions varied. The historical archive
function obtained high scores in sites with buried soils because this function is associated with ancient
soil formations, indications of historical use, or conserved environmental conditions [16,20] (Table 5).

Table 5. Environmental soil functions (1: very low; 2: low; 3: intermediate; 4: high; 5: very high).

. N RA RA SHV AQ
ProfileKey —HH N 19 NA €A DOC o) @w ™ Gem 22 Moa)
Cheran-001 4 1 1 1 1 2 4 5 5 3 5 4
Cheran-002 4 4 5 1 1 5 3 5 4 3 5 3
Cheran-003 1 4 4 5 1 4 3 5 5 4 5 3
Cheran-004 4 4 1 1 1 2 3 5 5 3 5 3
Zacapu-002 4 4 4 5 1 3 3 5 5 4 3 1
Quiroga-002 3 4 5 1 1 5 3 5 5 3 5 3
Zacapu-001 4 4 1 1 1 2 4 3 5 3 3 2
Quiroga-001 5 4 4 1 1 2 5 3 5 4 3 2
Zacapu-003 5 4 4 5 1 2 4 3 5 3 3 2

HH = human habitat; N= naturalness; N (Mod) = naturalness modified; NA = natural archive; CA = cultural
archive; DOC = decomposition of organic compounds; RA = recharge of aquifers; Qa = quality; Qu = quantity;
NR = nutrient retention; SHV = sorption of heavy metals; AQ= agricultural quality; AQ (Mod) = agricultural
quality modified.

The human habitat function allowed us to identify soils suitable for human settlements. For this
function, the presence of contaminants and the generation of dust and humidity in the environment
were evaluated, which are factors that can have negative repercussions on human health [17]. The Eutric
Skeletic Mollic Silandic Andosol (Loamic) had medium aptitude levels with respect to its ability to
perform this function is a result of its weak aggregate stability, causing dust formation, which can
potentially cause gastric or pulmonary diseases [18]. The fact that Andosol was more highly evaluated
than Cambisol and Regosol evidenced the need to complement the evaluation by considering natural
risk factors. Since Andosol was located on a mountain, its initial (very high) aptitude was changed
to a very low aptitude by considering the risks associated with sites with steep slopes, such as mass
movements [2].

In the evaluation of the function of soil naturalness, sites without anthropic alterations were
identified, since these sites may be appropriate for the conservation of native plants and animals [18,38].
The soils were evaluated as having a high aptitude to perform this function, except for Antrosol (Andic,
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Loamic, Sideralic), which had a very low aptitude due to its agricultural use. In order to improve
the evaluation of this environmental function, we proposed integrating other indicators, such as the
soil management, cover type, and thickness of horizon A; in this way, a conserved soil with a deep
A horizon would indicate a more natural soil [39]. Using this criterion, two soils improved their
evaluation results to very high: the Eutrosilic Skeletic Silandic Andosol (Profundihumic, Siltic) and the
Eutric Skeletic Mollic Silandic Andosol (Loamic) (Table 5).

The function of decomposing organic compounds obtained low scores in five of the nine evaluated
soils (Table 5). This environmental function is based on the capacity of microorganisms to produce,
decompose, and transform chemical substances [17,20]. The soils that obtained the lowest scores
had intermediate values of organic matter content and/or a structure of subangular blocks (Table 2).
A better evaluation of this function could take into account: (a) the number of fine roots of plants, since
these can exude organic compounds that promote microbial activity [40], and (b) the cation exchange
capacity, since this influences the adsorption of microbial enzymes that decompose organic matter [41].

To assess the aquifer recharge function, the capacity of soils to filter and infiltrate water was
evaluated. This environmental function assesses hydraulic conductivity using the (a) field capacity to
infer water quality and (b) aeration capacity to estimate the amount of natural recharge water [20,33].
These soils have the peculiarity of having a high-water retention capacity, which is reflected in the high
values of the field capacity. Water can filter through the profile of these soils, but not quickly; thus,
lowering their aptitude, mainly for Andosols, could generate a more reliable scenario.

The function of sorption of heavy metals by soils is of great importance for urban environments,
since it is in cities where human beings agglomerate, and their health can be affected [8,16,42]. The
properties of the soils used to assess this environmental function were the pH, organic matter content,
and clays, since these have the greatest influence on the sorption of heavy metals [8]. The evaluated
soils had intermediate and high scores at a depth of 5 cm, mainly due to their pH values (Table 3).

The agricultural quality function obtained high scores in five of the nine evaluated soils (Table 5).
This environmental function is based on soil properties that favor the growth of plants and crops [16,38].
The evaluation of this environmental function might be improved by considering limiting factors
for agriculture, such as the slope, which is associated with erosion [43]. Another factor that reduces
the agricultural quality of soils is the presence of coarse surface fragments, which hinder tillage [44].
In the specific case of Andosols, this group of soils retains a large amount of phosphates, which greatly
reduces their suitability for agriculture [35]. Electrical conductivity should also be taken into account
as a factor that reduces the agricultural quality of soils, as it is a direct indicator of the presence of salts,
which can cause plants to undergo osmotic stress [45]. The previous suggestions were applied to the
evaluation models. In the case of Andosols, two aptitude classes were subtracted by simulating the
loss of fertility due to the retention of phosphates. As for the soils with andic characteristics, only one
class was subtracted after performing this correction. None of the evaluated soils reached a very high
class, which we consider to be more accurate (Table 5).

The nutrient retention function is based on the evaluation of the natural fertility of soils [15,38].
All the soils under study obtained a very high score, which indicates that they have a good ability to
retain and release nutrients for plants, with a low risk of loss by leaching [20]. The soil properties that
were used to assess this function were the amount of fine earth, the capacity to adsorb interchangeable
cations, and the structure and texture of the soil, all of which are highly important for the supply of
nutrients [46]. To improve the evaluation of this environmental function, we proposed the adoption of
a criterion like that of agricultural quality.

The assessment of the soil organic carbon content function allowed the content of organic carbon
in tons per hectare to be calculated for each soil profile. The deepest soils presented the highest amount
of organic carbon (Table 4), such as the Antrosol (Andic, Loamic, Sideralic) and the Eutrosilic Mollic
Andosol (Siltic).
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Degradation and Conservation Models

The conservation model with forest soil use showed that the naturalness of soils increased with
depth in the A horizon. The capacity to decompose organic compounds and the agricultural quality
of the soils improved as the organic matter content and aeration capacity increased. The scores
corresponding to the human habitat function, archival function, aquifer recharge function, nutrient
retention, and heavy metal adsorption remained mostly the same, without any significant changes.
This is because the properties of the soils that were considered for each of these functions improved,
but not enough to reach a higher score; it was also the case that the soils in their original state had
already been evaluated as having the best aptitude for some of these functions (Figure 2).

Brittosilic Skalefic Silandis Avidosol Andosol over Cambisol over Regosol Eutrosilic Mollic Andosel (Siltic)

(Profundihumic, Siltic)
S0C

Eutrosilic Silandic Andosol (Siltinovic) Eutric Skeletic Mollic Silandic Andosol Antrosol (Andic, Loamic, Sideralic)
(Loamic)

Leptic Cambisol (Siltic Profundihumic) Cambic Phaeozem Haplic Luvisol {Andic, Cutanic, Differentic,
{Andic, Clayic, Profundihumic) Humic, Loamic, Magnesic, Profondic)
socC s0C socC
cA [

NA \ /

\\\ -

~m.
AQ
poc
HV
- Soil profile Degradation scenario - Degradation scenario - Conservation scenario

(agricultural use) (livestock use) (forest use)

HH = human habitat; N= naturalness; NA = natural archive; CA = cultural archive; DOC = decomposition of organic compounds;
RA =recharge of aquifers; NR = nutrient retention; SHV = sorption of heavy metals; AQ= agricultural quality

I: very low; IL: low; III: intermedliate; IV: high; V: very high

Figure 2. Modeling scenarios of the degradation and conservation of soils due to their use.
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Modeling this type of soil use allowed us to identify the capacities that the soils have possibly
lost with their current uses. In the case of Antrosol (Andic, Loamic, Sideralic), a significant change in
capacity was expected; however, only the decomposition of organic compounds and the naturalness of
the soil presented significant improvements. This indicates that although this soil has lost important
capacities, it is still able to perform other functions.

The degradation model with agricultural soil use showed that the erosion of the A horizon results
in a complete loss of naturalness of the soils. The ability to decompose organic compounds was also
significantly reduced and agricultural quality was slightly affected. Nevertheless, the human habitat
function, archival function, aquifer recharge function, and nutrient retention remained unchanged
or showed no significant changes (Figure 2). The function of the sorption of heavy metals did show
significant changes, with the scores of some soils improving at a 30 cm depth. This happened because,
in these soils, the subsurface horizons have pH values of around 7, which benefits this environmental
function [8]. This model showed a major negative change in the capabilities of the Eutric Skeletic
Mollic Silandic Andosol (Loamic) and the Eutrosilic Skeletic Silandic Andosol (Profundihumic, Siltic).

The effects of agriculture on soil are usually associated with negative aspects, such as erosion by
tillage, compaction, a loss of soil structure, nutrient degradation, and salinity [47]. However, in the
case of the soils studied here, the capacity to regulate heavy metals improved. The functions that are
key for this type of soil use, such as agricultural quality and nutrient retention, are still effectively
performed according to the characteristics of the evaluation technique used [15,20].

The degradation model with livestock soil use showed that the disappearance of the A horizon
and part of the B horizon results in a total loss of naturalness and a drastic decrease in the capacity of the
soil to decompose organic compounds. The agricultural quality score was also significantly reduced,
and the functions of aquifer recharge and nutrient retention were also affected. The functions related to
human habitat and heavy metal adsorption decreased by very little at a 5 cm depth, while heavy metal
adsorption improved in Andosol, which obtained higher scores than Cambisol, Regosol, and Eutrosilic
Skeletic Silandic Andosol (Profundihumic, Siltic). The most vulnerable soils in the scenario of livestock
use were again the Eutrosilic Skeletic Silandic Andosol (Profundihumic, Siltic) and Eutric Skeletic
Mollic Silandic Andosol (Loamic), as well as Andosol, over Cambisol and Regosol. Therefore, it is
recommended that the current use of these soils is maintained to preserve their environmental functions.

Given that the decrease in the capacity of the soils was considered significant before running
this degradation model (Figure 2), it is suggested that the soils selected for livestock use should have
characteristics that provide resistance to the degradation factors associated with grazing [48]; for
example, coarse textured soils that minimize the effects of compaction by trampling. It is also suggested
that soils with low scores for their environmental soil functions are selected.

Environmental soil functions are a broad concept that can include ecosystem services and
pedoecological properties. An evaluation of these functions must consider the physical and chemical
properties of the soil, as well as soil management practices and the cultural and geological history of
the complete soil profile [16]. The Soil & Environment software evaluated soil properties that can be
associated with ecosystem support services, regulation, culture, and soil provision services [14,46,49,50].
The evaluations carried out using the Soil & Environment software were based on a quantitative,
objective analysis of the ecosystem services of the soil, considering the entire soil profile, not only the
arable layer or the surface horizons of conserved sites [16,17,33].

This study will serve as an input for modifying and improving the evaluation algorithms of the
Soil & Environment software. In the future, these evaluation models could provide results in economic
terms that would better communicate the value of soil for different users.

The growing degradation of the world’s soils urgently requires the modernization of soil science,
which should consist of the generation of information and communication technologies to: (a) generate
thousands of millions of data at the level of the soil profile with proximal sensors; (b) the analysis of
large databases with apps and software for evaluating the environmental soil functions; and (c) transfer
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the pedological information to the decision makers. All of this is part of the new line of work, soil
security [51,52].

4. Conclusions

The method and algorithms employed for assessing the functions of soil naturalness and
agricultural quality should be improved for the evaluation of soils in volcanic zones. The estimating
method of aeration capacity and hydraulic conductivity should be calibrated for the particular
characteristics of the Andosols.

The modeling of scenarios in this case was very particular due to the soil management practices
of the local farmers, which change from forest to corn cultivation and then to livestock use. However,
in other cases, the dynamics of land use may be totally different and thus the models must be different.
In this case, the modeling of scenarios provided a clear idea of the negative and positive effects that
a change in land use could have. The models also served to identify the soil profiles that are most
vulnerable to disturbance, as well as the soil profiles with agricultural or livestock potential.

Given the current need to ensure the security, conservation, and improvement of soil resources,
a quantitative evaluation of the environmental functions of soil allows us to recognize the value of
soil profiles and to develop sustainable management strategies to produce food, fibers, textiles, fresh
water, etc., as well as to preserve diversity and rely on soil functions as a buffer against pollution and
climate change.
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